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ABSTRACT
The evaluation of accident phenomena and the offsite consequences of s ere reactor accidents
has been the subject of considerable research by the NRC over t~az
al decades. As a
consequence of this research focus, analyses of severe accidents at nuclear power reactors is
more detailed, integrated and realistic than at any time in the past. Adesi-re-to-leverage~his
qapability to I i&'.
.
.- aspects of previous .reactor accident analys"-i
46g-was a \ajor-motivating factor in the genfesi-sof the State-of-the-Art Reactor Consequence
Analysis (SOA 'CA) project. By applying modern analysis tools and techniques, the SOARCA
project seeks to ýrovide a body of knowledge that will support an informed public understanding
of the likely outdomes of severe nuclear reactor accidents. The primary objective of the
SOARCA project is to provide a best estimate evaluation of the likely consequences of important
severe accident/ events at reactor sites in the U.S. civilian nuclear power reactor fleet. To
accomplish this objective the SOARCA project utilized integrated modeling of accident
progression and off site consequences using both state-of-the-art computational analysis tools as
well as best/modeling practices drawn from the collective wisdom of the severe accident analysis
community.
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State-of-the-Art Reactor Consequence Analyses (SOARCA)
Executive Summary for the Full NUREG for Peach Bottom and Surry
Background and Objective
The evaluation of accident phenomena and offsite consequences of severe reactor accidents has
been the subject of considerable research by the U.S. Nuclear Regulatory Commission (NRC),
the nuclear power industry, and the international nuclear energy research community. As part of
an NRC initiative to assess plant response to security-related events, updated analyses of severe
accident progression and offsite consequences were completed utilizing the wealth of
accumulated research and incorporating more detailed, integrated, and realistic modeling than
past analyses. The results of those security-related studies confirmed and quantified what was
suspected but not well-quantified -namely, that some past studies of plant response and offsite
consequences (for non-security events) were conservative to the point that predictions were not
useful for characterizing results and guiding public policy. The subsequent misuse and
misinterpretation of these estimates further suggests that communication of risk attributable to
severe reactor accidents should be based on realistic estimates of the more likely outcomes.
The State-of-the-Art Reactor Consequence Analyses (SOARCA) project involves the reanalysis
of severe accident consequences to develop a body of knowledge regarding the realistic
outcomes of severe reactor accidents. In addition to incorporating the results of over 25 years of
research into severe accident phenomenology and an understanding of the effects of radiation
exposure on humans, the objective of this study is to include important plant changes (e.g.,
system improvements, training and emergency procedures, offsite emergency response
improvements, power uprates and higher core burnup) which have been made by plant owners
and are not reflected in earlier NRC assessments. The changes evaluated also include those
enhancements recently made in connection with security-related events. Thus, a key component
of this study was to evaluate the benefits of the recent mitigation improvements in preventing
core damage events or in minimizing the offsite release should one occur. The NRC expects that
the results of the SOARCA study would provide the foundation for communicating severeaccident-related aspects of nuclear safety to Federal, State, and local authorities; licensees; and
the general public. This evaluation of severe accident consequences also would update the
quantification of offsite consequences found in earlier NRC publications such as
NUREG/CR-2239, "Technical Guidance for Siting Criteria Development," dated December
1982, known as the Sandia Siting Study, and NUREG/CR-2723, "Estimates of the Financial
Consequences of Reactor Accidents," dated September 1982, known as the Strip Report.
NUREG/CR-2239 and NUREG/CR-2723 are companion documents and reference is made to
both in the SOARCA documentation. For clarity, when referring to these documents, we will
reference them as the Sandia Siting Study (or merely the siting study).
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This report describes the analysis of two reactors, the Peach Bottom Atomic Power Station and
the Surry Power Station, which served as pilot plants for the study. Peach Bottom is generally
representative of a major class of U.S. operating reactors, General Electric boiling water reactor
(BWR) designs that that have Mark I containments. Surry is generally representative of a second
major class of U.S. operating reactors. Westinghouse pressurized water reactor
(PWR) designs with large, dry containments.
Method
The approach was to utilize the detailed, integrated, phenomenological modeling of accident
progression (reactor and containment thermal-hydraulic and radionuclide response) that is
embodied in the MELCOR code coupled with modeling of offsite consequences (MACCS2
code) in a consistent manner (e.g., accident timing) to estimate offsite consequences for the more
significant, albeit still remote, core melt accidents, as described below.
Scenario Selection
The process of selecting sequences for analyses in the SOARCA project was the subject of
considerable deliberation, discussion, and review. The central focus of this reassessment is to
introduce the use of a detailed, best-estimate, self-consistent quantification of sequences based
on current scientific knowledge and plant capabilities. The essence of the analysis methodology
is the application of the integrated severe accident progression modeling tool, the MELCOR
code. The analysis used an improved off-site consequence (MACCS2) code, including both
improved site-specific and non-site specific code input and updated sequence-specific emergency
response. Because the priority of this work was to bring more detailed, best- estimate, and
consistent analytical modeling to bear in determining realistic outcomes of severe accident
scenarios, the benefits of this state of the art modeling could most efficiently be demonstrated by
applying these methods to a set of the more important severe accident sequences.
SOARCA is intended to provide perspective on the likely (ie. best estimate) outcomes of a
severe accident at a nuclear power plant. The updated SOARCA requantification of
consequences might include consideration of those sequences important to risk as demonstrated
by a full-scope level 3 Probabilistic Risk Assessment (PRA). In practice, that is not feasible
since there are no current full scope level 3 PRAs generally available, considering both internal
and external events, to draw upon. However, the preponderance of level 1 PRA information,
combined with our insights on severe accident behavior, is available on dominant core damage
sequences, especially internal event sequences. This information, combined with our
understanding of containment loadings and failure mechanisms together with radionuclide
release, transport and deposition, allow us to utilize core damage frequency (CDF) as a surrogate
criterion for risk. Thus, for SOARCA we elected to analyze sequences with a CDF greater than
10.6 per reactor-year. In addition, we included sequences that have an inherent potential for
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higher consequences (and risk), with a lower CDF - those with a frequency greater than 10-7 per
reactor-year. Such sequences would be associated with events involving containment bypass or
leading to an early failure of the containment. By the adoption of these criteria, we are
reasonably assured that the more probable and important core melt sequences will be captured.
All the sequences identified in the SOARCA study are significant in an absolute sense. The
American Society of Mechanical Engineer's "Standard for Probabilistic Risk Assessment for
Nuclear Power Plants," ASME RA-Sb-2005, which was endorsed by the staff in Regulatory
Guide 1.200, defines a significant sequence, in part, as one that individually contributes more
than 1 percent to the core damage frequency (CDF). A CDF of 104 per reactor-year is an
acceptable surrogate for the quantitative health objectives contained in the Commission's Safety
Goal Policy Statement [51 FR 28044] (see Appendix D of NUREG-1860). It then follows that
the SOARCA sequence selection criterion of 10-6 is 1 percent of an acceptable CDF goal and the
SOARCA sequences are consistent with previously issued regulatory guidance.
Another way to judge the impact of low-frequency events is to consider the increase in the latent
cancer consequences that would be necessary to offset the lower frequency. Conceptually, an
event with a larger radiological release could have greater latent cancer risk if the increase in the
radiological release is larger than the decrease in frequency of the event. For example, assuming
the accident timing remains the same and using an LNT risk assumption, a 10-8 per reactor year
event must have a radiological release more than 10 times the magnitude of an event with a
frequency of 10-7 per reactor year in order to pose greater latent cancer risk. Since we are
including events with substantial volatile releases on the order of 10 percent, it is, practically
speaking, not feasible to achieve greater latent cancer fatality risk by increasing the magnitude of
the release by more than a factor of 10.
Other than the magnitude of the radiological release, a major impact on both early and latent
cancer fatality risks is derived from the timing of the offsite release. In this respect, we have
examined candidate SOARCA sequences with timing in mind, both the timing of core damage
and the timing of containment failure. As part of this consideration, we addressed, for the Peach
Bottom plant, an additional sequence, the short term station blackout (SBO), even though it did
not satisfy our selection criterion. The short-term SBO frequency is roughly an order of
magnitude lower than the long-term SBO (3x 10- 7 per reactor-year versus 3x1 0- 6 per reactor
year); however, the short-term SBO has a more prompt radiological release and a slightly larger
release over the same interval of time. Our initial qualitative assessment of the short-term SBO
led us to conclude that it would not have greater risk significance than the long-term SBO.
Because, while it was a more prompt release (8 hours versus 20 hours), the release was delayed
beyond the time needed for successful evacuation. In order to demonstrate the points regarding
risk versus frequency for lower frequency events, we nonetheless included a detailed analysis of
the short-term SBO. Table 5 shows the results of that analysis, and it can be seen that the
absolute risk is indeed smaller for the short-term SBO than for the long-term SBO. Table 6
shows the same trends for the Surry sequences, where the lower frequency sequences may have
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greater conditional risk but absolute risk is smaller than or equivalent to other higher frequency
sequences.
Finally, we routinely considered core damage initiators and phenomenological containment
failure modes in SOARCA that have been considered in the past, except for those which have
been excluded by extensive research (alpha mode failure, direct containment heating, and gross
failure without prior leakage). Our detailed analysis includes modeling of behavior (including
radionuclide transport and release) associated with long-term containment pressurization, Mark I
liner failure, induced steam generator tube rupture, hydrogen combustion, and core concrete
interactions.
We also have compared the SOARCA sequences against those identified as important to risk in
NUREG-1 150 for the Surry and Peach Bottom plants. Adjusting for the improvements in our
understanding of phenomena due to the research completed since the NUREG-1 150 study was
completed (roughly 18 years ago), we have found that, with one exception, SOARCA addresses
the more likely and important sequences identified in that landmark study. The one exceptiona sequence identified in NUREG 1150 that has not been analyzed for the SOARCA projectinvolved an extreme earthquake that directly results in a large breach of the reactor coolant
system (large loss-of-coolant accident [LOCA]), a large breach of the containment, and an
immediate loss of safety systems. We conclude that this sequence is not appropriate for
consideration as part of SOARCA for a number of reasons. Foremost, the state of quantification
of such extreme and low-frequency seismic events is poor, considerable uncertainty exists in the
quantification of the seismic loading condition itself, and a detailed soil-structure interactions
analysis was not performed for the plant (and its equipment) response to the seismic loads. The
analysis of the plant's components to the seismic acceleration-commonly referred to as fragility
analysis-is a key component, and the lack of detailed analysis in this area makes current
consideration of this event incompatible with the thrust of SOARCA, which is the performance
of detailed, realistic analyses. Further, recent experience at nuclear plants in Japan strongly
suggests that nuclear plant designs possess inherently greater capability to withstand the effects
of extremely large earthquakes. In addition, it would not be sufficient to perform a nuclear plant
risk evaluation of this event (even if it were currently feasible) without also performing an
assessment of the concomitant nonnuclear risk associated with such a large earthquake. This
assessment would have to include an analysis of the impact on public health of an extremely
large earthquake-larger than that generally considered in residential or commercial construction
codes-to provide the perspective on the relative risk posed by operation of the plant.
While we conclude that analysis of such an extreme earthquake that involves simultaneous
failures of the reactor system, safety systems, and containment is not warranted as part of
SOARCA, we believe that such events because of their potential for risk should be assessed as
part of a separate future study. This future study, which will be integrated into the NRC seismic
research program, will include the development of detailed mechanistic models for site-specific
plant response as well as assessment of the nonnuclear seismic impacts on the general public.
xii
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In summary, SOARCA addresses the more likely (though still remote) and important sequences
that are understood to compose much of the severe accident risk from nuclear plants. We
conclude that the general methods of SOARCA (i.e., detailed, consistent, phenomenologically
based, sequence specific, accident progression analyses) are applicable to PRA methodology and
should be the focus of improvements in that regard.
Mitigation Measures
In preparation for the detailed, realistic modeling of accident progression and offsite
consequences, the staff had extensive cooperation from the licensees to develop high fidelity
plant systems models, define operator actions including the most recently developed mitigative
actions and develop models for simulation of site-specific and scenario-specific emergency
planning. Further, in addition to input for model development, licensees provided information
from their own PRA on accident scenarios. Through table-top exercises (with senior reactor
operators, PRA analysts, and other licensee staff) of the selected scenarios, licensees provided
input on the timing and nature of the operator actions to mitigate the selected scenarios.
The licensee input for each scenario was used to develop timelines of operator actions and
equipment lineup or setup times for the implementation of the available mitigation measures.
This includes mitigation measures beyond those treated in current PRA models. Mitigation
measures treated in SOARCA include Emergency Operating Procedures (EOPs), Severe
Accident Management Guidelines (SAMGs), and 10 CFR 50.54(hh) mitigation measures. 10
CFR 50.54(hh) mitigation measures refer to additional equipment and strategies required by the
NRC following the terrorist attacks of September 11, 2001, to further improve severe accident
mitigation capability. NRC inspectors completed the verification of licensee implementation
(i.e., equipment, procedures, and training) of 10 CFR 50.54(hh) mitigation measures in
December 2008. Based on this verification and the previously discussed assessment of
mitigation measures, including emergency operating procedures, severe accident management
guidelines, and security-related mitigation measures, the staff concluded that all the identified
scenarios could reasonably be mitigated.
Scenarios identified in SOARCA included both externally and internally initiated events. The
externally initiated events frequently included events for which seismic, fire, and flooding
initiators were grouped together. For the externally initiated events, the timeline of operator
actions was developed assuming the initiator was a seismic event because the seismic initiator
was judged to be the most severe initiator in terms of timing and with respect to how much
equipment would be available to mitigate. Thus, there is some conservatism in attributing all of
the event likelihood to a seismic initiator.
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Accident Progression and Radionuclide Release
At the beginning of this project, an independent expert panel was assembled to review the
proposed severe accident modeling approach of MELCOR to identify priority areas that would
benefit from improvement prior to undertaking the SOARCA calculations. MELCOR is NRC's
detailed mechanistic model that incorporates our best understanding of plant response and severe
accident phenomenology. The SOARCA project team evaluated comments and
recommendations made by the panel, and refinements or adjustments were made to the code and
input files to improve the models.
MELCOR plant system models for Peach Bottom and Surry also were upgraded based on
updated information from the licensees (e.g., system flow rates and actuation criteria). In
addition, updated containment structural and leakage performance models were added to the
MELCOR Peach Bottom and Surry models based on an extensive containment experimental
research program conducted at Sandia National Laboratories that revealed concrete containments
would experience an increase in leakage that would prevent catastrophic failure. With respect to
Peach Bottom, improved modeling of drywell head leakage was incorporated. The use of
MELCOR for SOARCA represents a significant and fundamental improvement over past
consequence and risk studies.
The assessment of the mitigation measures was undertaken with support from integrated accident
progression analyses using the MELCOR code. The MELCOR models were constructed based
on the previously discussed conclusion regarding the effective implementation of mitigative
measures. MELCOR analyses were used to both confirm the time available to take mitigation
measures and to confirm that those measures, once taken, were adequate to prevent core damage
or to significantly reduce radiological releases. In other instances, MELCOR analyses using
only installed equipment revealed that PRA success criteria were overly conservative, indicating
core damage where MELCOR analysis indicated no core damage.
To assess the benefits of the various mitigative measures (which were scenario specific) and to
provide a basis for comparison to past analyses of unmitigated severe accident scenarios, the
SOARCA project analyzed these same groups of scenarios assuming the event proceeded as
unmitigated.
Offsite Radiological Consequences
An independent expert panel was assembled to review the proposed severe accident modeling
approach of MACCS2 to identify areas that would benefit from improvement. MACCS2
includes atmospheric transport and dispersion (ATD) of the released radioactive material,
emergency response of the population, and health effects from doses received._The SOARCA
project team evaluated the comments and recommendations made by the panel team and made
refinements or adjustments to the code and input files to improve the models. A major
xiv

0OF/C/

UO

TU Version: 8/25/2009 7:54:00 AM

improvement made to the code was expansion to 64 radial directions for plume travel instead of
16. Several input value improvements were made as well, including: (1) use of short (1 hour
long) plume segments, (2) risk coefficients from the 5th Committee on the Biological Effects of
Ionizing Radiation (BEIR V), (3) a radionuclide inventory that reflects modem bumup practices,
and (4) non-site specific parameters that reflect an expert elicitation by the NRC and the
Commission of European Communities.
MACCS models for Peach Bottom and Surry are based on 1 year of hourly weather data from
the licensees' meteorology towers and were updated to include site-specific population
distributions for 2005. Also, site-specific public evacuation models were developed for each
scenario based on the licensees' updated Emergency Preparedness programs and state emergency
response plans to reflect the actual evacuation time estimates and road networks at Peach Bottom
and Surry.
These public evacuation models also are more detailed in that they use multiple evacuating
cohorts. A cohort is any population subgroup, such as schoolchildren, general public, and
special needs individuals that moves or shelters differently from other population subgroups.
Each cohort moves at a different time and speed and may have different sheltering characteristics
that allow more realistic representation of shielding factors applied to the population. Cohorts
modeled within the Emergency Planning Zone (EPZ) included the general public, school
children, special facilities such as hospitals, and a nonevacuating cohort. The nonevacuating
cohort of 0.5 percent of the public was used to represent individuals who do not follow the
protective action recommendations. Research of large-scale evacuations has shown that only a
small percentage of the public does refuse to evacuate (NUREG/CR-6864, 2005), and
establishing this cohort helps to quantify this small population group.
A cohort outside the EPZ was used to represent a shadow evacuation. A shadow evacuation
occurs when people evacuate from areas that are not under an evacuation order, and shadow
evacuations are commonly observed in large-scale evacuations (NUREG/CR-6864, 2005). An
estimate of 20 percent of the public in the area from 16 to 32 km (10 to 20 miles) from the plant
was used to define the shadow evacuation. The shadow evacuation begins when an evacuation
order is issued for residents of the EPZ. This 20 percent value was derived from a national
telephone survey conducted to support NUREG/CR 6953, Volume II, "Review of NUREG-0654,
Supplement 3, 'Criteria for Protective Action Recommendations for Severe Accidents"' (2008).
The offsite consequence analysis is based on the radioactive material release to the environment
for the first 48 hours of the accident. The truncation of the release at 48 hours is intended to
reflect the eventual termination of the release as a result of continually escalating mitigation
action using both onsite and offsite resources. Because the release for the Surry long-term SBO
does not start until 45 hours, consequence calculations for this sequence instead use a release
truncation time of 72 to provide a basis for comparison to past analyses of unmitigated severe
accident scenarios.
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Offsite radiological consequence estimates are provided for each important scenario expressed as
the average individual likelihood of an early fatality and latent cancer fatality conditional to the
occurrence of a severe reactor accident and expressed as a risk metric factoring in the frequency
of the scenario. The modeling of latent cancer fatality risk has been an issue of considerable
controversy because evidence regarding risk is inconclusive in the low-dose region. To provide
additional information on the potential range of health consequences, the SOARCA project has
developed latent cancer risk estimates representing the range of health effects corresponding to
the models proposed by international and national bodies. SOARCA assumed the LNT model
and a range of truncation doses below which the cancer risk is not quantified. The LNT model is
a basic assumption in many regulatory applications and is the model endorsed by the National
Council on Radiation Protection and Measurements (NCRP) and the National Academies of
Science (BEIR VII Report). Inclusion of dose truncation values is not meant to imply any NRC
endorsement of a truncation value. Dose truncation values used for SOARCA included 10
mrem/year representing a small dose and the trivial dose below which the International
Commission on Radiological Protection (ICRP) suggests avoiding summing doses, 620
mrem/year representing background radiation levels in the environment, and 5 rem/year with a
10 rem lifetime cap representing the Health Physics Society Position Statement in "Radiation
Risk in Perspective," August 2004.
Results and Conclusions
Scenario Selection
The result of our scenario selection process, using updated and benchmarked Standardized Plant
Analysis-Risk (SPAR) models and the best available plant-specific external events information,
was the identification of two major groups of accident scenarios. The first group, common to
both Peach Bottom and Surry, was events, usually referred to as Station Black Out (SBO)
scenarios, that include variations identified as short-term and long-term SBO. These scenarios
involve a loss of all alternating current (ac) power, and the short-term SBO also involves the loss
of turbine driven systems through loss of direct current control power or direct loss of the turbine
system. The short-term SBO has a lower frequency because it involves more extensive system
failures. These scenarios were typically initiated by some external events-fire, flood, or
seismic initiators. The initiators were not always well differentiated in external events PRA. For
the purpose of SOARCA analyses, it was assumed the SBO was initiated by a seismic event.
Notwithstanding the SOARCA process, SBO scenarios are commonly identified as important
contributors in PRA because of the common failure mode nature of the scenario and the fact that
both containment safety systems and reactor safety systems are affected.
The second scenario group, which was identified for Surry only, was the containment bypass
scenario. For Surry, two bypass scenarios were identified and analyzed-one involved an
interfacing systems Loss of Coolant Accident (ISLOCA) due to an unisolated rupture of low
xvi
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pressure safety injection piping outside containment, and the other scenario involved a thermally
induced steam generator tube rupture. The SPAR model frequency for the ISLOCA of 3xl 0
8/reactor-year falls below the SOARCA screening criteria for bypass events (lxl0-7/reactoryear). However, SOARCA analyses included this scenario because the licensee's PRA for Surry
included an ISLOCA frequency of 7x 10 7/reactor year and it has been commonly identified as an
important contributor in PRA. The thermally induced steam generator tube rupture scenario
occurs as a variant of an SBO scenario. This scenario also is generally understood to be an
important potential contributor to risk in PRA. The scenarios are listed in Tables 1 and 2.
Table 1

Peach Bottom Scenarios Selected for Consequence Analysis

Scenario

Initiating
Event

Long-term SBO

Seismic, fire,
flooding

Short-term SBO

Table 2

Seismic, fire,
flooding

Core damage
frequency (per
reactor-year)
3x10.6

3x1O.7

Description of scenario

Immediate loss of ac power and
eventual loss of control of
turbine-driven systems due to
battery exhaustion
Immediate loss of ac power and
turbine-driven systems

Surry Scenarios Selected for Consequence Analysis

Scenario

Initiating
Event

Long-term SBO

Seismic, fire,
flooding

Core damage
frequency (per
reactor-year)
2x

10-5

OF#I##

Description of scenario

Immediate loss of ac power and
eventual loss of control of
turbine-driven systems due to
battery exhaustion

9DU6T

,0CO'Wr
21 V W

Short-term SBO

Seismic, fire,

2x 10"6

flooding

Thermally
induced steam
generator tube

I/TU
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Immediate loss of ac power and
turbine-driven systems

Seismic, fire,
flooding

5x1O0-7

Immediate loss of ac power and
turbine-driven systems,
consequential tube rupture

rupture

Interfacing
systems LOCA1

Random failure
of check valves
3x 10.

Check valves in high-pressure
piping fail open causing lowpressure piping outside
containment to rupture,
followed by operator error

Mitigation Measures
The security-related measures to provide alternative ac power and portable diesel-driven pumps
were especially helpful in counteracting SBO scenarios. For the ISLOCA scenario, installed
equipment was adequate to prevent core damage owing to the time available for corrective
action. For all events except one, the mitigation was sufficient to prevent core damage. For one
event, the Surry short-term SBO, the mitigation was sufficient to enable flooding of the
containment through the containment spray system to cover core debris. The assessment of the
mitigation measures was undertaken with support from integrated accident progression analyses
using the MELCOR code. MELCOR analyses were used to both confirm the time available to
take mitigation measures and to confirm that those measures, once taken, were adequate to
prevent core damage or significantly reduce radiological releases. In other instances, MELCOR
analyses using only installed equipment revealed that PRA success criteria were overly
conservative, indicating core damage, where MELCOR analysis indicated no core damage. In
addition, the release was truncated at 48 hours as a result of continually escalating mitigation
actions, including containment and reactor building flooding.
Accident Progression and Radionuclide Release
An important result of the MELCOR accident progression analyses was the insight that accident
progression in severe accidents proceeds much more slowly than earlier treatments indicated.
The reasons for this are principally twofold-(1) research and development of better
phenomenological modeling has produced a much more protracted and delayed core degradation
transient with substantial delays of reactor vessel failure and (2) all aspects of accident scenarios
receive more realistic treatment, which includes more complete modeling of plant systems, and
often yields delays in core damage and radiological release. In general, bounding approaches
1 The

licensee's PRA core damage frequency was 7x10-7.
xviii
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have been used in past simplified treatments using qualitative logical models. In SOARCA,
where specific self-consistent scenarios are analyzed in an integral fashion using MELCOR, the
result is that accident conditions or attributes that contribute to a more severe response in one
area may produce an ameliorating effect in another area.
In the most likely accidents considered in SOARCA (assuming no mitigation)-the long-term
SBO--core damage was delayed for 10 to 16 hours and reactor vessel failure was delayed for
approximately 20 hours. Approximately 20 hours (BWR) or 45 hours (PWR) were available
before the onset of offsite radiological release due to containment failure. In the most widely
referenced siting study scenario (identified as the SST1 release), it was assumed that a major
release occurs in 1½/hours. The SOARCA analyses showed that ample time is available for
operators to take corrective action and for input from plant technical support centers even if
initial efforts are assumed unsuccessful. Even in the case of the most rapid events (i.e., the
unmitigated short-term SBO where core damage may begin in 1 to 3 hours), reactor vessel
failure is delayed for roughly 8 hours allowing time for restoration of cooling and preventing
vessel failure. In these cases, containment failure and radiological release is delayed for 8 hours
(BWR) or 24 hours (PWR). For the bypass events, substantial delays occur or, in the case of the
thermally induced steam generator tube rupture, the radiological release is shown by analyses to
be substantially reduced. Tables 3 and 4 provide key accident progression timing results for
SOARCA scenarios.

Table 3

Peach Bottom Accident Progression Timing Results

Scenario

Long-term SBO
Short-term SB®

Table 4

Time to start of
core damage
(hours)
10
1

Time to lower
head failure
(hours)
20
8

Time to start of release to
environment (hours)
20
8

Surry Accident Progression Timing Results

Scenario

Long-term SBO
Short-term SBO
Thermally

Time to start of
core damage
(hours)
16
3
3

Time to lower
head failure
(hours)
21
7
7.5

Time to start of release to
environment (hours)
45
25
3.5
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induced steam
generator tube
rupture

9

Interfacing

15

10

systems LOCA

The SOARCA study also demonstrated that the magnitude of the radionuclide release is likely to
be much smaller than used in past studies, again as a result of extensive research and improved
modeling and as a result of integrated and more complete plant simulation. Some releases of
important radionuclides such as iodine and cesium are predicted to be about 10 percent, but are
more generally in the range of 0.5 to 2 percent. By contrast, the siting study used an iodine
release of 45 percent and a cesium release of 67 percent. Figures 1 and 2 provide the
radionuclide release results for iodine and cesium.
Iodine Release to the Environment for Unmitigated Cases
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Figure 1. Iodine Releases to the Environment for SOARCA Unmitigated Scenarios
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Cesium Release to the Environment for Unmitigated Cases
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Figure 2. Cesium Releases to the Environment for SOARCA Unmitigated Scenarios
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Sequences involving large early releases have influenced the results of past PRAs and
consequence studies. For example, the siting study results were controlled by an internally
initiated event with a large early release that was assigned a representative frequency of l x 10
5/year, based on knowledge available at
the time. However, in the SOARCA study, no
sequences with a frequency above lxi 0 7/year resulted in a large early release, even considering
external events and unsuccessful mitigation. This is a result of research conducted over the last 2
decades that has shown that phenomena earlier believed to lead to a large early release are of
extremely low probability or physically unfeasible. This research was focused on phenomena
that have been previously assumed to be prime contributors to severe accident risk, including
direct containment heating and alpha mode failure.
The PWR SBO with a thermally induced steam generator tube rupture has in the past been
believed to result in a large, relatively early release potentially leading to higher offsite
consequences. However, MELCOR analysis performed for SOARCA showed that the release
was small owing to thermally induced failures of other reactor coolant system components after
the tube rupture. Also, the release was somewhat delayed; for the short-term SBO where no
injection occurred at the start of the accident, the tube rupture and release began about 3.5 hours
into the event. Further, core damage, tube rupture, and radiological release could be delayed for
many hours if auxiliary feedwater were available even for a relatively short time period.
Offsite Radiological Consequences
The result of the accident progression and source-term analysis is that releases are delayed and of
a diminished magnitude, Because of this and the realistic simulation of emergency response,
essentially no early fatalities were predicted, as close-in populations were evacuated before or
shortly after plume arrival.
Latent health effects calculated using any of the dose-response models referenced in this study
are small in comparison to the Safety Goal. Much of the latent cancer risk for the close-in
population was in fact derived from the relatively small doses received by populations returning
to their homes in accordance with emergency planning guidelines. For example, for the Peach
Bottom long-term SBO, about 70 percent of the latent cancer risk to individual's within 50 miles
is from returning home. Here, the prediction of latent cancer risk, though very small, is strongly
influenced by the relationship between low-dose health effects modeling and criteria for allowing
return of populations.
Estimates of conditional (i.e., assuming the accident has occurred) individual latent cancer risk
range from roughly 10-3 to 10 4, using the LNT dose response model (other dose models result in
lower or much lower conditional risk). If one also accounts for the probability of the severe
accident itself, without successful mitigation (denoted as the absolute risk below), the risk to an
individual for an important severe accident scenario is on the order of 10-9 to 1010 per reactor
year. These risk estimates are a million times smaller than the U.S. average risk of a cancer
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fatality of 2xl03 per year. Tables 5 and 6 provide the risk estimates for individual SOARCA
scenarios without successful mitigation using the LNT dose response model. The risk estimates
are based on an assumed truncation of the release at 48 hours as a result of continually escalating
mitigation actions, including containment and reactor building flooding.
Table 5

Peach Bottom Results for Scenarios Without Successful Mitigation and Assuming
LNT Dose Response Model

Core damage
frequency
(per
reactor-year)

Conditional risk
of latent cancer
fatality for an
individual
located within
10 miles

Long-term SBO

3x10"6

2x 10"4

6x10'°

Short-term SBO

3x10-7

2x 10"4

7x101"

Scenario

Table 6

Absolute risk of
latent cancer
fatality for an
individual located
within 10 miles
(per reactor-year)

Surry Results for Scenarios Without Successful Mitigation and Assuming LNT
Dose Response Model

Core damage
frequency
(per
reactor-year)

Conditional risk
of latent cancer
fatality for an
individual
located within
10 miles

Absolute risk of
latent cancer
fatality for an
individual located
within 10 miles
(per reactor-year)

Long-term SBO

2x 105

5x 105

7x 10°

Short-term SBO

2x 10-6

9x 105

1x1 0 l°

5x 10- 7

3x 10 4

1x 10-1

3x 108

7x 10-4

2x 10"

Scenario

Thermally induced
steam generator tube
rupture
Interfacing systems
LOCA
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To provide additional information on the potential range of health consequences, the SOARCA
project has developed latent cancer risk estimates assuming the LNT (endorsed by NCRP) and a
range of truncation doses below which the cancer risk is not quantified. Dose truncation values
used for SOARCA included 10 mrem/year (representing ICRP), 620 mrem/year (representative
background radiation) and 5 rem/year with a 10 rem lifetime cap (endorsed by HPS). Tables 7
and 8 show the results of sensitivity calculations for dose truncation values for background and
the Health Physics Society position compared with LNT results. Using these truncation values
makes the already small latent cancer fatality risk estimates even smaller, in some cases by
orders of magnitude. Using the 10 mrem/year truncation value made a relatively small change in
the latent cancer risk compared with the LNT model and, therefore, these results were not
included in Tables 7 and 8.
SOARCA analysis included predictions of individual latent cancer fatality risk for 3 distance
intervals, 0 to 10 miles, 0 to 50 miles, and 0 to 100 miles. The analysis indicated that individual
latent cancer risk estimates generally decrease with increasing distance in large part due to plume
dispersion and fission product deposition closer to the site.
As noted above, the SOARCA offsite consequence estimates are smaller than reported in earlier
studies. For example, the Siting Study predicted 92 early fatalities for Peach Bottom and 45
early fatalities for Surry for the SST1 source term. In contrast, SOARCA predicted that the early
fatality risk was essentially zero for both sites. For latent cancer fatality results, the exact basis
for the Siting Study estimates could not be recovered, but literature searches and sensitivity
analyses with MACCS2 suggested that these estimates are for the population within 500 miles of
the site. However, given this uncertainty SOARCA does not make a direct comparison to the
Siting Study latent cancer fatality estimate.

Table 7

Peach Bottom Results for Scenarios without Successful Mitigation for LNT and
Alternative Dose Response Models

Scenario

Absolute risk of latent cancer fatality for an individual
located within 10 miles (per reactor-year)
Linear No
Health Physics
Threshold
Background
Society

Long-term SBO

6x10-'0

3x1011

5x10-12

Short-term SBO

7x101"

6x10' 2

4x1012
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Surry Results for Scenarios Without Successful Mitigation for LNT and
Alternative Dose Response Models

Scenario

Absolute risk of latent cancer fatality for an individual
located within 10 miles (per reactor-year)
Linear No
Health Physics
Threshold
Background
Society
2xl0"1

2x1 0-14

1xl011

2x10-14

lx10-1o

4x10-1

3x 10-12

2x10"

8x 101 2

5x 1012

Long-term SBO

7xl0l°

Short-term SBO

lxl

Thermally induced
steam generator tube
rupture
Interfacing systems
LOCA

0 "1°
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ACRONYMS
AC
AFW
CCI
CDF
CFR
CST
DC
EAL
ECCS
ECST
EPZ
ETE
FR
GE
HPCI
HPI
IPEEE
ISLOCA
LLNL
LOCA
LOOP
LPI
LTSBO
MSIV
NG
NPP
NRC
OREMS
ORO
PGA
PRA
PORV
RCIC
RCP
RCS
RWST
SAE
SBO

J

Alternating Current
Auxiliary Feedwater
Core Concrete Interactions
Core Damage Frequency
Code of Federal Regulations
Condensate Storage Tank
Direct Current
Emergency Action Levels
Emergency Core Cooling System
Emergency Condensate Storage Tank
Emergency Planning Zone
Evacuation Time Estimate
Federal Register
General Emergency
High Pressure Coolant Injection
High Pressure Injection
Individual Plant Examination - External Events
Interfacing Systems Loss-of-Coolant Accident
Los Alamos National Lab
Loss Of Cooling Accident
Loss Of Offsite Power
Low Pressure Injection
Long Term Station Blackout
Main Steam Isolation Valve
C r(
Noble Gas
L,- r
Nuclear Power Plant
Nuclear Regulatory Commission
Oak Ridge Evacuation Modeling System
Offsite Response Organization&
Peak Ground Acceleration
Probabilistic Risk Assessment
Power operated relief valve
Reactor Core Isolation Cooling
Reactor Coolant Pump
Reactor Coolant System
Refueling Water Storage Tank
Site Area Emergency
Station Blackout
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SG
SGTR
SOARCA
SORV
SPAR
SRM
SRV
STSBO
TAF
TD-AFW
UE

Steam Generator
Steam Generator Tube Rupture
State-of-the-Art Reactor Consequence Analysis Project
Stuck Open Relief Valve
Simplified Plant Analysis Risk
Staff Requirements Memorandum
Safety Relief Valve
Short Term Station Blackout
Top of Active Fuel
Turbine Driven Auxiliary Feedwater
Unusual Event

Alxxix

RA

/

0
TU Version: 8/25/2009 7:54:00 AM

1.0

INTRODUCTION

This docu nt describes the NRC's state-of-the-art, realistic assessment of the accident
progressio radiological releases and offsite consequences for important severe accident
sequence
primary focus of Volume I is to provide the background and objectives of the
study and summarizel the methods used to perform the analysis. The Executive Summary also
summarizes the key results. Volumes A and IV, discuss the detailed modeling practices and the
plant-specific results.
•
.The

1.1

Purpose of SOARCA

The evaluation of accident phenomena and offsite consequences of severe reactor accidents has
been the subject of considerable research by the U.S. Nuclear Regulatory Commission (NRC),
the nuclear power industry and the international nuclear energy research community. Most
recently, with Commission guidance and as part of plant security assessments, updated analyses
of severe accident progression and offsite consequences were completed utilizing the wealth of
accumulated researcl.
•
These analyses are considerably more detailed, integrated, and realistic than past analyses.
Further, as a result of past risk assessments and in response to the terrorist attacks of
September 11, 2001 nuclear plants have made additional safety enhancements which reduce the
risk of severe accidents as portrayed in earlier NRC a~ssgssments.
The objective of the Stateof-the-Art Reactor" onseq nce Analyses (SOARCA) project is to
develop,* updated estkmates of potential site-speci ic offsite consequences from severe
accidents for operatin' nuclear power plants (NPPs). The Peach Bottom Atomic Power Station
and the Surry Power •tation were the first two plants selected to perform
consequence analyses. The licensee provided detailed information on the current plant designs
and configurations including their existing and newly developed mitigative measures,,toptr
•1q
tia~~l. The analyses were performed using state-of-the-art thermal-hydraulic severe
accident progression odeling, state-of-the-art consequence analysis modeling, and the latest-'emergency prepared ess assumptions and criteria to assess the potential effectslto public health
and safety.". e=unt*
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The resultant hea t fconsequences were used to determine average probability of an individual
•"
dying from
fatality and latent cancer fatality cancer that were conditional on the
occurrence of a severe reactor accident The results of these recent studies have confirmed and
quantified what was suspected but not ell-quantified - namely, that some past studies of pItif
,
'-LW
es were onservative to the point that predictions were not useful
for characterizing/results •agli
or guiding public policy. Th-e,
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The results from the SOARCA project to date provide an updated reference of the likely
outcomes of severe reactor accidents at the Peach Bottom and Surry sites, based on the most
current emergency preparedness (EP) and plant capabilities. It is also anticipated that the stud,
will be a resource for improvements
modeling<')4kJ~e~s1.2

Background

In the first decade of nuclear power, the reactors were low power and of experimental designs.
The fission product inventories and heat removal requirements of these low power reactors were
much lower of those today. As newer designs approaching 500 MWa were developed, the
Atomic Energy Commission (AEC) began serious studies of accidents and their consequences.
Over the following 40 years the AEC and later the NRC would produce a number of reports that
examined the broad spectrum of reactor risk and consequence. Each study built upon the prior
stud6 and added newer research and experience to sharpen the models of nuclear accidents.

a-

1.2.1 WASH-740, Theoretical Possibilities and Consequences of Major Accidents in Large
.4"n t
X
Nuclear Power Plants, 1957
An important technical inp to establishing the indemnity provisions of the Price-Anderson Act
was the report WASH-7 [1], which was prepared by Brookhaven National Laboratory and
published by the AEC. Using what would later prove to be extremely pessimistic assumptions
A
including a core meltdown with the release of fifty percent of the core fission products to the
atmosphere, the worst case consequences of a 500 MWt reactor accident were estimated to be -1ý9 I .
3,400 early fatalities, 43,000 acute injuries, and a 7 billion (1957) dollar financial impact. There
was a consensus among those involved in the WASH-740 study that the likelihood of a
meltdown accident was low, but quantitative probability estimates could not be supported given
the lack of operating plant experience..-Sýifil-Fly, the likelihood of containment failure or
b untilass1966.•1
iven1'ameftdown
'
accident was not quantified or uantifiable, at the time).s ower,
e,mam
intact even ifh ore -etd-heey p~ý
tfgany lr rele as e o.f.ad-iion-c1ide t
atmospher• It was recognized
could~~~~~h
sfoT
thatfai'lure of the containment-Iui'i
ocorefr3~ped1in ,
elting,o
e core
could ocur-fseqoenexeampfea
gross rupture ofth reactorkpressu e vessel-ut
uch events-e`r-e not considered credible. Containment failure was not expected to occur simply
,ecause the core melted.
1.2.2 WASH-1250, The Safety of Nuclear Power Reactors (Light Water-Cooled) and
Related Facilities, 1973

ADr

AP)

Senator John Pastore requested a comprehensive assessment of reactor safety. The AEC's first
response to this request was the WASH-1250 report [2], which was published in final form in
Crc
July 1973. WASH-1250 provided factual information regarding the conservatisms applied in the
design of nuclear power plants. It did not, however, address the likelihood or potential
consequences of beyond-design-basis, that is, failures beyond those postulated under the single
failure criteria.
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,, " adionuclide releases from fuel assumed in conservative design-basis L o
(LOC analyses could only be realized if significant core melting occurred. Consequently, for a C-i
severe accident in which containment remained functional, the resulting offsite doses would be C-cct 4."1
comparae to those conservatively calcu
i
et
Analsis Report for design-basis
et t~e possibi ity
ains o severe accidents in which containmen is-eithes-l
pasedI's
location,
c'4nism,
me
on
the
Depeffling
phenonmena.
of
sever.apcident
a
result
aor breached
and timing o containent failure/ and the mete*rolggicaa conditions, o6ffsite dkes could be
substantially (100 tines)wrst aadservatively calculated for the design-basis LOCA. That
51,
is, the accidents with t e greatest potential public consequences are uncontained severe
LMccidents.
1.2.3 WASH-1400, (NUREG-75/014), Reactor Safety Study: An Assessment of Accident
Risks in U.S. Commercial Nuclear Power Plants, 1975
Tht,
se~veral questions had to be addressed in order to respond to Senator Pastore's
request for a comprehensive assessment of reactor safety. What accidents could result in
significant core damage and containment breach or bypass? How likely are these accidents?
What would be their health and economic consequences? These are fundamental questions that
WASH- 1250 did not address. Such questions are addressed in pro;!itie-i:k.........
<
but, at the time, ligmt probabilistic estimates wire quite limited in scope and highly
subjective.
-I
.

'-

In the summer of 1972 he AEC initiated a major probabilistic study, the Reactor Safety Study.
Professor Norman C. rasmussen of the Massachusetts Institute of Technology served
amebm as the studydirector. Saul Levine of the AEC served as fa iw staff director of the
AEC employees that performed the study with the aid of many contractors and consultants.
The team attempted to make a realistic estimate of the ote ial effects of light water reactor
(LWR) accidents on the public health and safety. OnBWRPeach Bottom Unit 2, and one
-c
LWý, Surry Unit 1, were analyzed in detail to estimate the ikelihood and consequences of
potential accidents. These plants were chosen because they were the largest plants of each type R4
that were about to start operation.

10&

W stated purpose was to quantify the risks to the general public from commercial
operation.
This logically required identification, quantification, and phenomenological analysis of a wide
range of low-frequency, relatively high-consequence scenarios that had not previously been
considered in much detait. The introduction at this point of the concept of "scenario" is

;,,t-.C:ig--t "L"e'en• ", WASH-1400 [3]
1
Xing to large radiological releases from each of two-tyT &.w,9
ighly complex scenarios involving success and Nilure of many and diverse
i~so~mata, as well as operator actions and Phenomenlogical events.
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The team adapted methods previously used by the Department of Defense and the National
Aeronautics and Space Administration to predict the effect of failures of small components in
large, complex systems. The overall nethodology,
is still utilized, is caldlc
The team first identified events that could potentially lead to core damage. Event trees were then
used to delineate possible sequences of successes or failures of systems provided to prevent core
meltdown and/or the release of radionuclides. Fault trees were used to estimate the probabilities
of system failures from available data on the reliability of system components. Using these
techniques, thousands of possible core melt accident sequences were assessed for their
occurrence probabilities. The public health and economic consequences of th=im e severe
accidents were estimated using computational models§that were developed as art of the overall
effort.
• Z .

e. _

The insights gained from the Reactor Safety Stud•y included: (a) melt
of the reactor core does
not necessarily result in an accident having large public co2n-sie-qu--nces, (b) th4..,g
fa-.Y
d om -t
m
"
i
n ing-of-d-core is much
A-.
smaller than t
'Ias .C.e6
osions and.4.ae,
cofmerijeti-lelt-et i e, and (c) t e
d
" o
"''"the
"tont_
densi-ties-where-reactors-are-l eated-ancdWtv"d
P
"ie
ie"fe-of
c
e
A. --k.
a•
these can ca use- pc~teantl accident consequences to increase-y100 to1lQ0 timeso
4
c.,
however,_the probabri.li:Lyof.suGh-acGi
•4s-eonId-6decr
-by-gen-e-raly similar factors.
It was assumed that therZeAe 10
wer actors and tha t4
rsksequal to the average
risks for Surr
each Bottom. This assumption was n rigorously investigatedi---n
particular-the study stated as a limitation that it would not b appropriate to extrapolate the --- ,'#
results beyond 100 reactors and 5 years. This limitation wa based on the observation of
continued attention to improved safety. The assumed impr vement depended strongly on the
continuing existence of competent and well supported regu atory and reactor safety research
programs and reasonably conservative extrapolation of cu ent practice.
, While the risks from nuclear power appeaxlto be very low, e'-ie-actor Safety Study did indicate
that core melt accidents were more likely than previously thought (approximately 5x1 0- per
reactor year for Surry and Peach Bottom), and that light water reactor risks are mainly
attributable to core melt accidents. The Reactor Safety Study also demonstrated the wide variety
of accident sequences (initiators and ensuing equipment failures and/or operator errors) that have
the potential to cause core melt. In particular, the report indicated that, for the plants analyzed,
accidents initiated by transients or small LOCAs were more likely to cause core melt than the
traditional large design-basis LOCAs.
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In addition to providing some quantitative perspective o severe/accident risks, WASH- 1400
provided other results whose significance has helped tod4ii-te the i, umd application of PRA in
the commercial nuclear power arena. It showed, for example,/that some of the more frequent,
less severe initiating events
.g., transients/ilead to severe accidents at higher expected
frequencies than do some of the less frequent, more~evere Q (e.g., very large pipe breaks). It
led to the beginning of the understanding of the level of design detail that must be considered in
PRA if the scenario set is to support useful findings (e.g., consideration of support systems and
environmental conditions). Following the s'vre-eeft-4magoe event at Three Mile Island (TMI)
in 1979, application of these insights gaine
omentum within the nuclear safety community,
leading eventually to a PRA-informed re-exa ination of the allocation of licensee and rogt.,y t6w
)
safety esources.
""e
ome
signitrica
ustnnts-o safep?1ities at NPs;tion
itself is
worth whi~le1.2.4

MelnoK ateti n-on g7as-off5I1ant safety where that a-f-enfis more

NUREG/CR-2239, Technical Guidance for Siting Criteria Development, 1982

Following the TMI accident, NRC contracted 6Qndia National Laboratory to develop a technical
guidance report for siting future reactors [4]. Guidance was requested regarding (1) criteria for
4 -i-r
\population
distances
of• plants
•¾
= &D•'k.,-•
• sites, and•(2) standoff
1 future
/
hazards.and distribution surrounding
from offsitedensity
hh•e9V
study was so large that rather than model the release from e
se rately, 5 types of accidents would be imposed on each plant. The accidents or "siting source
term events" would be derived from the previous Reactor Safety Study
anl each
SST event would be assumed identical regardless of the reactor size or plant desig . Although
the absolute numerical results may be questionable due to the arbitrary source t ers, the relative
impact of population density, weather, and evacuation times would be a
nt for every sitef
the United States.
,.,x rr-,ý

V,

SST1 - Severe core damage. Loss of all safety systems and loss of containment after 1.5 hours.
SST2 - Severe core damage. Containment systems (e.g., sprays, suppression pools) function to
reduce radioactive release but containment leakage is large after 3 t,
SST3 - Severe Core damage. Containment systems function but small containment leakage (1
% per day) after 1 6+
SST4 - Modest core damage. Containment systems function but small containment leakage after

SST5 - Limited core damage. Containment functions as designed with minimal leakage.
The results for most of the 92 reactor p
were similar due to a low population density. Using
the SST1 model with a population density of 50 persons per square mile resulted in 47 to 140
5
O/D•FiNO/Y
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early fataliti and 730 to 860 1 tent cancers. For the more realistic release represented by SST2
events, the m an values from ypical plants were zero early fatalities and 95-140 latent cancers.
For high populaton density sites the
s were higher, although not proportionally
higher and this is result m
several
factors.
First,
the study computed latent cancers based on the
u&7'
aggregate popult n dose
: e As the d istance from the accid ent site
~ ~
ag e a ep o pua t n d os a h t ~ i h
increases,,
ane,-and
haiaei
gher
population density. Thus, a di*
e fraction of the latent cancers were derived from
large distant populations that had recieived small individual doses. Secondly, it was assumed in
CRAC2 (and in the present study) that long-term off-site response ctions would be taken to
reduce the doses. For instance, the amount of land removed from p blic use (interdicted) was
found to be sensitive to the release fraction of cesium, while the tot population dose was less
affected. The factor that affected the split between the interdicted laa d and the population dose
'
was the criterion that was used to define interdiction (the habitabilit criterio)---he thighest
consequence site using the SST1
I!l with a NrAM population densi resulted in a latent
cancer increase of 0.06% yove ormnal incidence.l For the more realisti release represented by
SST2 events the same
ion resulted in a latent cancer increase of 0. 04% increase over
normal incidence
,
,
i
&(
Powero-n Assessment for Five U.S. Nuclear
1.2.5 NUREG-1150, Severe Accident Risks:
Plants, 1990
J &w
-NUREG-1 150 [5] documents the results of an extensive NRC-sponsored PRA. The study
examined five plants, representative of classes of reactor and containment designs to give an
understanding of risks for these particular plants. Selected insights regarding the classes of
plants were also obtained in the study. The improved PRA methodology used in the NUREG1150 study significantly enhanced the understanding of risk at nuclear power plants, and is
considered a significantly updated and improved revision to the Reactor Safety Study. A major
improvement was the specific inclusion of an uncertainty estimate for the core damage frequency,
and source term portions of the study, but not for the off-site consequence portion. The
uncertainty estimate was based on extensive use of expert elicitation.
The five nuclear power plants analyzed in NUREG- 1150 are:
Unit 1 of the Surry Power Station, a Westinghouse-designed three-loop reactor in a sub
atmospheric containment building, located near Williamsburg, Virginia;
Unit 1 of the Zion Nuclear Power Plant, a Westinghouse-designed four-loop reactor in a
large, dry containment building, located near Chicago, Illinois;
Unit 1 of the Sequoyah Nuclear Power Plant, a Westinghouse-designed four-loop reactor
in an ice condenser containment building, located near Chattanooga, Tennessee;
Unit 2 of the Peach Bottom Atomic Power Station, a General Electric designed BWR-4
reactor in a Mark I containment building, located near Lancaster, Pennsylvania; and
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Unit 1 of the Grand Gulf Nuclear Station, a General Electric-designed BWR-6 reactor in
a Mark III containment building, located near Vicksburg, Mississisppl

gtaJe--v_

h

The various ccident sequences that contribute/t6 the core damage frequency from internl initiators
can be gr ped by common factors into categf/ries. NUREG-1150 uses the accident categories
depicted in Table 9 below: station blSkoulanticipated transients without scran1ther transients,-,
reactor coolant pump seal LOCAM~i'terfaciAg system LOCA and other LOCAs The selection of
such categories is not unique, but merely a convenient way to roup the results.
IW

1k

Summary of Core Damage Frequency from NUREG- 1150

Table 9
Plant Name

-Internal Initiators'

7

External

Initiators
SBO

ATWS

F'

TRANS

SG/IF

Sys

c
Surry
Peach Bottom

1.3

T
2.tE-5
2.2E-6

LOCA

Fire&&

Damage

Seismic

, /

2:6E-5
2.3E-5

,

Total! r

S7

Objectiv4 0\SZ

Core

'

1
1.6E-6
1.9E-6

2.OE-6 1.4E-7

3.4E-6 -

6.OE-6
2.6E-7

4.OE-5
4.5E-6

V,\,D

the SOARCA project is to utilize t4self-c-&nsistent, integrated modeling
Theb-bhtfir
of accident progression and offsite consequences drawn from current best practices modeling, to
estimate offsite consequences for important classes of events. This will be accomplished by
modeling accident progression (reactor and containment thermal-hydraulic and fission product
response), which is embodied in the MELCOR code, coupled with modeling offsite
consequences-in the MACCS2 codepin a consistent manner (e.g., accident timing) and with
improved input in important areas. Selection of the events for analysis was based on a
consideration of insights from past and current PRA-and from research on accident behavior and
election of events for quantification also
failure modes important to latent ann~eary~rs
700pk* included probability in order to focu on ore likely and important contributors. It is
e by focusing on a relatively few important
believed that more can be learned
events and quantifying the plant and offsite response rigorously and realistically than by
approximate modeling of many events, including extremely rare events. This approach of
explicitly
focusing on a relatively few, but important events, also allows us to o
address the benefits of additional mitigation in further reducing the likelihood of core damage
ific
and offsite consequences.
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in* 'atives, as
5ity se/
part of the industry's r"spose to the-NRC's
well In esa"lant in m on wasdncludedin/the scenario,selectiirn ealutic and
incorporatn/plan
dling.

that hay been incorporated

N.",

1.4

Scope

1.4.1

SOARCA and Full Scope Level 3 PRA

The process of selecting sequences for analyses in the SOARCA project was the subject of
considerable deliberation, discussion, land review. The central focus of this reassessment is'to
introduce the/use of a detailed, best-estimate, self-consistent quantification of sequences.based
on current scientific knowledge and plant capabilities. The essence of the analysis methodology
is the application of the integrated severe accident progression modeling tool, the MELCOR I
code. The analysis used an improved off-site consequence (MACCS2) code, including both
improved site-specific and non-site specific code input and updated sequence-specific emergency
respon0se. Because the priority of this work was to bring more dletailed, best-"estimate, and
consistent analytical modeling to bear in deter/mining realistic outcomes of severe accident
scenarios, the benefits o fthis state of the art modeling could most efficiently be demonstrated by
pplying these methods to a set of the more important severe accident sequences.

*

\

SOARCA is intended to prov e perspective on the likely (ie. best estimate) outcomes of a
severe accident at a nucle power plant. The updated SOARCA requantification of
consequences might inc de consideration of those sequences important to risk as demonstrated
by a full-scope level 3 .
O-o
RAf In practice, that is not feasible
since there are no c ent full scope level 3 PRAs generally available, considering both internal
]and external events, to draw upon. However, the preponderance of level 1 PRA information,
combined with our insights on severe accident behavior, is available on dominant core damage
sequences, especially internal event sequences. This information, coAine
h our
understanding of containment loadings and failure mec anismst
r.d1 uide
release, transport and deposition, allow us to utilize core damage frequency (CDF) as a surrogate
criterion for risk. Thus, for SOARCA we elected to analyze sequences with a CDF greater than
10.6 per reactor-year. In addition, we included sequences that have an inherent potential for
higher consequences (and risk), with a lower CDF - those with a frequency greater than 107 per
reactor-year. Such sequences would be associated with events involving containment bypass or
leading to an early failure of the containment. By the adoption of these criteria, we are
reasonably assured that the more probable and important core melt sequences will be captured.
1.4.2

O

Multiple Units at One Site

Certain initiating events have the potential to affect multiple units at a given site or multiple
sites. For example, on August 14, 2003, a widespread loss of the U.S. electrical power grid
(blackout) resulted in loss of offsite power events at nine U.S. commercial nuclear power plants
located at six different sites. An earthquake could similarly affect multiple units at the same site.
Most PRAs developed to date do not explicitly consider multi-unit accidents because current
NRC policy is to apply the Commission's Safety Goals (51 FR 28044) [6] and subsidiary risk
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acceptance guidelines (see Regulatory Guide 1.174) on a "per reactor' basis [7]. Therefore, no
multi-unit accident scenarios were selected for the SOARCA project.
•.2C-o
ml-nacdnser

1.4.3

A.•
_)T 0
----

*

Mitigated and Unmitigated Cases

•AT.4-

...

An important objective of the SOARC~p oject was to assess the impact of severe accident
mitigative features and reactor opeator actions to mitigating the accident. This was done by
evaluating in detail the operatopactions and equipment which may be available
SIl7
mitigate the specific accident sequences~o determnineif time was available to take correcti action and whether the equipment itself would be available given the.
sequence. These miti tive measures analyses were qualitative, sequence-specific systems and
-operational analyses ased on licensee identified mitigative measures from Emergency Operatie ta_,
Procedures (EOPs) Severe Accident Mitigation Guidelines (SAMGs), and other severe accident
.
.d°guidelines6o6lwe pplicable to, and determined to be available during a scenario '
availability, capability and timinigi'- utilized as an input into the MELCOR anifyses. A
limitationl to sappr-eaeh- fat a comprehensive human reliability assessment has not been
per-f'rmed to quantify the probabilities of plant personnel succeeding in implementing these
measures and the likelihood of success or failure is unknown. However, the NRC has issued 10
CFR 50.54.(,fh) requiring plant licensees to possess the equipment develop the strategies and
have trained personnel to implement these mitigative measures. or sequences in which it was""'
determitied that mitigative measures would be taken, detailed ac ident progression analyses were
con/,ucted to assess the efficacy of those measures, given prope implementation.-For such
s quences accident progression and offsite consequence analy s.were also performed assuming
Foe mitigative measures were not taken, in order to demonstir e the relative

-

" a Y

importance/significance of those measures

For those scenarios within the scope of SOARCA, applicable mitigative measures that are
potentially available (not eliminated by initial conditions) were identified. The systems and
operations analyses wdre based on the initial conditions and anticipated subsequent failures to:
*
*
*
Based on

verify the availability of the primary system,
determine the availability of support systems and equipment,
determine time estimates for implementation,&
these scenario specifications, MELCOR will determine the effectiveness of those

mitigative measures that are expected to be available at a given time.
1.4.4

Key Assumptions

4

AA/-

'.•

-

,--

~1~n~~aa~yI'RD
S
AChe g D1uzý v Cte
4r
nr
concepts, applications, and parameters are identified in detail in the applicable report sections. ýýp #v,•
,eP
•jgho,
a~t-e-r-eport=i#t-he-appropria-se-tiors~hat-address-the
pc-d
,9
-a*Ti.s. ome of the overarching assumptions used in the SOARCA project are identified
below.
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1.4.4.1

Accident(Analysis

The progression of events in a severe accident has certainties in phenomological responses,
equipment performance, and operator actions. Arindependent expert panel was assembled to
review the proposed base case approach as well as identify other areas of MELCOR modeling u.
idg:ndlrýs-that would benefit from improvement. The discussion of the best estimate
modeling practices for MELCOR is summarized in a
.
1.4.4.2

Consequence Analysis

,!alues used'
le. This
.'-P
includes evacuation time estimates, the population surrounding the plant and other parameters as
appropriate.

J.--,

to

1.5

•

*

Emergency response was modeled for each scenario for each plant. Cohorts (groups of
population that have similar response) representing a non-evacuating population, school
vL)Q2j
children, special needs population, a shadow evacuation (evacuation from areas not under
an evacuation order) and the general population in the EPZ. These are discussed in detail
in Volumes4,Ptand'•.

*

Ingestion dose via the food pathway was bypassed/reflecting a modeling assumption that
food supplies within the U.S. are sufficient so thaf eating contaminated food following an
accident is unnecessary.

*

Other, non-site specific parameters were obtained from a series of studies conducted by
the NRC and the Commission of European Communities to develop credible and
traceable uncertainty distributions for important input parameters. The specific values
used in the best estimate case were the medians of the distributions that were developed
by the NRC from the results of the studies.
Uncertainty Analysis

As part of SOARCA a number of sensitivity studies have been pe ormed to exdm~ine issues
associated with accident progression, mitigation and offsite cons quences. Th se sensitivity
studies were performed to examine specific issues and to assure robustness of conclusions.
Single sensitivity studies, however, can not answer questions concerning the overall uncertainty
of the consequence or risk estimates attributable to the accident progression and offsite
consequence modeling
tzhm_
t
Therefore, future vow& in the SOARCA projectilto quantify the integrated uncertainty inherent
in the analyses of accident progression and offsite consequences, focusing on the uncertainty in
timing and magnitude of the radiological release and the offsite health effects. The uncertainty
10
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study will consider both aleatory (random) and systemic contributors to uncertainty. Primarily,
the uncertainty study wi*4oe
fa
f will use parameter distributions to
capture uncertainty ihenomenological behavior as well as system, sequence or offsite
response aspects Wuncertainty. The uncertainty analysis will be performed for one of the
accident scenarios which will be selected considering both the conditional risk and absolute risk
estimated from the best estimate analysis.
1.6

Structure of NUREG XXXX and Supporting Documents

The structure of the NUREG is in multiple volumes. Volume I is the introduction to the
. 4 emits The
SOARCA project and the methods and approaches used in the study. Voftm,
e
b
"
Volumes !LPand I contain the plant specific SOARCA results
for the Peach Bottom and Surry plants, respectively. Additional plant-specific volumes will be
Lk
e-- c_ CC•)
•
•J
t4-added as volunteer-plants are identified and assessed.
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'S ASSESSMENT

METHODS USED FOR MITIGATIVE

A fundamental objective of SOARCA is to develop state-of-the-ad analyses of accident
progression, radiological release, and offsite radiological health consequences for risk-important
severe accident sequence groups. Included within this objective itto provide insight into the
effectiveness and benefits of mitigation measures currently employed at operating reactors.
Section 2.0 describes how available PRA information sources including the NRC's SPAR
models, licensees' PRA models, NUREG- 1150 and additional expert judgment were used to
identify risk-important sequence groups leading to core damage and containment failure or
bypass. This section describes the methods used to determine what mitigation measures would
This includes mitigation measures beyond
be available and the associated timing to implement.
those treated in current PRA models. Mitigation m asures treated in SOARCA include the
licensee's emergency operating procedures (EOPs), severe accident management guidelines
mitigation measures
mitigation measu es. 1
(SAMGs), and 1)
the terrorist attacks
requir
d
by
the
NRC
followin
to
additional
qequiment
and
strategies
refer
of
September 11, 20011 to further improve mitiga on capability. It is exp cted that these
accordance
with the ap~proved emergency
plan./• emergency response o ganization in
by the licensee'
measures would be imjlemented
ý
'•.,
44;

••

-

In preparation for the detailed, realistic modeling of accident progression and offsite
consequences, the SOARCA project staff had extensive cooperation from the licensees to
develop high fidelity plant systems models, define operator actions including the most recently
developed mitigative actions, and develop models for simulation of site-specific and scenariospecific emergency planning. Further, in addition to input for model development, licensees
provided information from their own PRA on accident scenarios. Through table-top exercises
(with senior reactor operators, PRA analyst•,and other licensee staff) of the selected scenarios,
licensees provided input on the timing andnature of the operator actions to mitigate the selected
-4
scenarios.
TheJc~
licensee input for each scenario was used to develop timelines of operator actions and
....
e be
bo
the ,implementation
of the available mitigation
equipment lineup or setup timesu for
s. Nfmeasures.
•g tion
m e appst
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RC inspectors completed the verification of licensee implementation

Vecember, 2008.

FQ`
0

0

C
U;e(

Y

-

a

ftN

/

Y

TU Version: 8/25/2009 7:54:00 AM

Scenarios identified in SOARCA included both externally and internally initiated events. The
externally initiated events freque tly included events for which seismic, fire, and flooding
initiators were grouped together. For the externally initiated events, the timeline of operator
actions was developed assuming the initiator was a seismic event because the seismic initiator
was judged to be the most severe initiator in terms of timing and with respect to how much
equipment would be available to mitigate. Thus, there is some conservatism in attributing all of
the event likelihood to a seismic initiator.
3.1.1

Sequence Groups Initiated by External Events

The PRA screening identified the following sequence groups that were initiated by external
events and met the SOARCA screening criteria of 1x10-6 /reactor-year for containment failure
events and 1x10 7/reactor-year for containment bypass events:
* Peach Bottom long-term station blackout - 1x106 to 5x10 6/reactor-year
'

o
0
0

- X!

Surry long-term station blackout - lx10 5 to 2x10 5 /reactor-year
Surry short-term station blackout - lx10"6 to 2xl0 6/reactor-year ---- - a.
0
Surry short-term station blackout with thermally induced steam generator tube rupture
lxl0- to 8x10V/reactor year .5k "
-"
- I
(
4_
--

.

measures-assess
nitiator
was aenio
nt1, because i~..
..
h equipment
wo
-a
"ll
lg . Fewer mitigation measures are expected to be available for a
seismic event than for an-internal fire or flooding event. For these sequence groups, the seismic
PRAs provided information on the initial availability of installed systems. Based on the
estimated level of plant damage, the availability of 1
mitigation measures, their
implementation time, and the timing and effectiveness of the emergency response organization
support (e.g., in the Technical Support Center and Emergency Operating Facility) was evaluated.
.

Seismic events considered in SOARCA result in loss of offsite and onsite AC power, and, for the
more severe seismic events, loss of DC power. Under these conditions, the turbine-driven
systems RCIC and TDkFW are important mitigation nfeasures. BWR SAMGs include starting
RCIC without electricity to cope with station blackout conditions T-1h,,
known as RCIC black
start. Lh)
mitigation measures have taken this a step further and also include
long-term op',ration of RCIC without electricity (RCIC black run), using a portable generator to
supply indications such as reactor pressure vessel level indicationto allow the operator to
manually adjust RCIC flow to prevent RPV overfill and flooding of the RCIC turbine. Similar
procedures have been developed for PWRs for TDIFW. For the Peach Bottom and Surry
long-term station blackout sequence groups, RCIC and TDIFW can be used to cool the core
until battery exhaustion. After battery exhaustion, black run of RCIC and TD~kFW can be used
to continue to co~l the core. MELCOR calculations are used to demonstrate core cooling under
these conditions.1

S

(4$i ~4~(22
O/CFT7/N
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Seismic PR4M for Peach Bottom and Surry do not describe general pant damage and
itenel•.-ntePP4t-damage-and-aeeessi-bi.tiity
accessibility, TP•
"a 'c
t-.. The damage was assumed to be wide read and accessibility to be
f o"ng
difficult, consistent with the unavailability of many plant systen. The seismic event was
assumed to fail the Condensate Storage Ta *nthe Peach Bott m long-term station blackouto
hich is the primary water reservoir or RCIQ.Consequently, RCIC must be initially supplied
rom t e tis7
ELCO calculations sh jed that several hours would be available before
torus temperature and pressure conditions precluded this. However, this would provide
sufficient time to identify or arrange for another water reservoir for RCIC, such as the Peach
or the- urry
Bottom cooling tower basina large low lying reinforced concrete structure

,

long-term station blackout,1the TDIOFW system and the Emergency Condensate Storage Tan'-

were not expected to fail. Consequently, the cooling water was supplied to the steam generaltss
for 1C, heat removal. It was assumei that eventually operators would provide make-up to t e
E•
StmS e T~aI"For the Surry short-term station blackout, the ECST as
amed to fil and an alternative reservoir was assumed to be available by 8 hours; this co ld be
(/jcs7i_,
achieved by using a fire truck or portable pump to draw from the river.
ackout, the low pressure injection and containment spray
Also or the Surry short-trm statio
safety-related piping we judge not likely to fail. This judgment was primarily based on
NUREG/CR-4334, e
"' n Approach to the Quantification of Seismic Margins in Nuclear
Power Plants" [11], help extrapolate the potential viability of safety-related piping after a 1.0 g
event. This conclusion also considered other related studies including a German study that
physically simulated ground motion equal to 1 g on an existing plant. The integrity of this piping
provided a connection point for a portable, diesel-driven pump to inject into the RCS or into the
containment spray system. Licensee staff estimated that transporting the pump and connecting
it to plant piping takes about two hours. However, for the short-term station blackout this
mitigation measure was estimated to take 8 hours due to the higher level of damage. Since the
installation time was beyond the estimated time to fuel damage and vessel failure (3 hours to
core damage, 7 hours to lower head failure), the containment spray system was the preferred
mitigation measure. A better understanding of the effect of large seismic events on general plant
conditions would be helpful in reducing uncertainty in availability and accessibility for
mitigation measures.
10
) mitigation measures include portable equipment 4 ch as portable power
supplies to supply indication, portable diesel-driven pumps, and potable air bottles to open
air-operated valves, together with procedures to implement these qeasures under severe accident
conditions. At the time of the Surry site visit, the licensee had their portable equipment and the
site fire truck onsite in a structure away from the containment. IHi4, it was believed that
portable equipment could be accessed and deployed for the seismic conditions evaluated in
SOARCA. At the time of the Peach Bottom site visit, the licensee had not procured the required
portable equipment.
'Tewstimate/to implement individual mitigation measures were provided by licensee staff for
each sequence group based on scenario descriptions provided by the NRC. The time estimates
A• D
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take into account the plant conditio s following the seismic event. Also, for portable equipment
at Surry, the time estimates reflect e rcises run by licensee ;sfaff that provided actual times to
move the equipment into place. The ti e estimates for M-_i`g the Technical Support Centers cTc--)
and the Emergency Operating Facilities lso were provided by licensee staff and reflect the
possible effect of the sein ic event on roads and bridges.
The mitigation rnasures assessment noted the possibility of bringing in. equipment, from offsite
(e.g., fire trucks/pumps and power supplies from sister plants or from contractors, e;y
,)
but it did not quantify the types, amounts, and timing of this equipment arriving and
being implemented. Additional information on equipment available offsite and time estimates
for transporting this equipment is available in Section 3.2.

No multi-unit accident sequences were selected for the SOARCA project. Therefore, the
mitigation measures assessment for external events was performed assuming that the operators
only had to mitigate an accident at one reactor, even though Peach Bottom and Surry are
two-unit sites. Also, at the time that the MELCOR models were developed for SOARCA, Surry
Unit 1 had an opening in the reactor cavity wall and Surry Unit 2 did not. The MELCOR model
for the Surry reactor includes an opening in-th-e reactor cavity wall.
3.1.2

2_.-

(

Sequence Groups Initiated by Internal Events

The PRA screening identified the following sequence groups that were initiated by internal
k .. '
6
events and met the SOARCA screening criteria of lx10 /reactor-year for containment failure
i
",
events and 1x 10 7/reactor-year for containment bypass events:
ti4r4:4
"
"

Surry interfacing systems LOCA - 7x 1007/reactor-year (licensee PRA),
3xl 0 8/reactor-year (SPAR)
0-7
Surry spontaneous steam generator tube rupture - 5xl 0 7 /reactor-year

These sequence groups result in core damage aa•-Fst of assumed operator errors. For the
interfacing systems LOCA, the operators fail to refill the RWST or cross-connect to the
unaffected unit's RWST. For the spontaneous SGTR, the operators fail to 1) isolate the faulted
SG, 2) depressurize and cooldown the RCS, and 3) refill the RWST or cross-connect to the
unaffected unit's RWST.
The SPAR model and the licensee's PRA concluded that these two events proceed to core
damage as a result of the abo,-postulated operator errors. However, these PRA models do not
apar to have credited the significant time available for the operators to correctly respond to
events. They also do not appear to credit technical assistance from the TSC and the EOF. For
the ISLOCA, the realistic analysis of thermal hydraulics presented in Volume IV subsequently %Y2~
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estimated 3 hours until the RWST is empty and 10 hours until fission product release begins,
providing time for the operators to correctly respond. The It
stimates •:e-haod on
adouble ended pipe rpure. These esti
dc
elonger for smaller break sizes. For the
SGTR, the realistic analysis of thermal hydraulics showed from 24 to 48 hours until core damage
begins. Therefore, based on realistic time estimates by which the technical assistance is received
from the TSC and the EOF, it was highly likely the operators would correctly respond to the
events. These time estimates included consideration of indications that the operators would have
of the bypass accident, operator training on plant procedures for dealing with bypass accidents
and related drills, and assistance from the TSC and EOF which were estimated to be nuAwd and
operational by 1 to 1.5 hours into the event.
_

7-Ae -

L
The mitigation measures assessment for internal events also included
mitigation measures, but these measures were subsequently shown to be redundant to the wide
variety of equipment and indications available for mitigating the ISLO9 iA and SGTR. ISLOCA
and SGTR are internal events that involve few equipment failures and are controlled by operator
errors.
4 t•
1
-o
T e PRA reenin for Peach Bottom initially identified the Loss of Vital AC Bus El12 sequence
gr up as ex eding e S ARCA creenin criterion of lxi 6 /react r-year. HowIver,
ina propriate odeli g as umption was sub equently und in the SP R model, a d the
sequ•nce grou frequ ncy as deter ined to e.below he S ARCA creening cri erion.I
How ver, by th time te iss e was d covered, the miti atioX measure assessmen and I e
MEL
R analy s wer com ete. Th MELC
analy is d cribed i Volume III .yw
d!em s ated that is se ence roup d not resu in co d age, eve without cre iting 10
CFR 50. hh) miti tion easu s, contr y to the
re c ser tive tre ment in SP R. The
mitigation measures a essm t an he ME COR anal is a desc 'bed in is report to further
demonstrate of the benefit of best-estimate integral accident progressio nanalysis.
,T

-

3.2

---

Unmitigated Scenarios - Truncation of Releases

T

The assessment of mitigation measures, including emergency operating procedures, severe
accident management guidelines, and security-related mitigation measures, led the project staff
to conclude that all of the identified severe accident scenarios could be mitigated. To quantify
the benefits of the mitigation measures and to provide a basis for comparison to past analyses of
unmitigated severe accident scenarios, the project staff also analyzed the scenarios
ow
assuming the events proceed as unmitigated by available onsite mitigation---measures and lead ultimately to an offsite release. T - U
e as unmitigated
scenarios, because they are not effectively mitigated in the short-term by onsite resources. For
these unmitigated scenarios, the project staff performed analysis to estimate the time by which
offsite resources would be brought onsite and implemented to truncate the long-term
revaporization release of fission products from the containment and other plant buildings.
The expected response to a severe nuclear power plant accident was reviewed to provide a basis
for truncating the accident release. There are a multitude of resources available at the state,
regional and national level that would be available to mitigate a NPP accident. The staff
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reviewed available resources and emergency plans and determined that adequate mitigation
measures could be obtained within 24 hours and fully implemented within 48 hours
The National Response Framework (NRF) would be implemented in response to a severe nuclear
pow
ant acci
t to coordinate the national level response. Under the NRF, 2H• would be
t •coordinating a_ cy and NRC would be a cooperating agency. The NRF is e ercised
peiodicall
i
oved based upon lessons learned. The NRC has an extensi e, well-trained
and exercised emerge y response capability that would support, and under unusdal
circumstances, direct lic nsee efforts. The NRC has onsite inspectors that are av41ilable to
provide first hand know
e of accidentconditions. Concurrently, the NRC regional office
would send a site team ts st positions in the reactor control room, TSC and EO'F to support the
response. The NRC would als activate the incident response team at headquarters. The focus
of the NRC response is to ens
a p
health and safety is protected and to assist the
licensee with the response
coordina
na-'onal a>Both Surry and Peach ottom ar supported by a remote EOF. Th
t /he EOF as access
to fleetwide emergenqly response ersonnel and equipment lncludingl
e
,Y .
.(hh)
mitigation measures and equipmen from sister plants. These assets as well as those from
neighboring utilities alid state prepa edness programs could be brou t to/bear on the accident if
needed4Every licensee participates a full onsite and offsite exercifses/biannually where
response to severe accidents and coo dination with offsite response t4rganizations is
demonstrated for and inspected by N C and the Federal Emergenc' Management Agencyt In
addition the Institute for Nuclear Po er Operations and the Nuclear Energy Institute would
activate their emerge yr ponse ce ters to assist the site as need d
Slnficntrs

wouldbed; "(

Significant resources oud be a available to the site to mitigte the accident. While these
efforts would be ad ho , knowledgeable personnel and an extensi, e array of equipment would be
available ands*th 4 ere considered in the conclusion that radio Iogical releases would be
truncated within 48 ho s.
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SOURCE TERM ANALYSIS

The source term is defined as the quantity, timing, and characteristics of the release of
radioactive material to the environment following a postulated severe accident. The NRC has
defined, calculated, and used source terms for a variety of research and regulatory activities.
Two uses include (a) siting and regulatory applications and (b) probabilistic risk or consequence
assessments. Two source terms used for regulatory applications include TID-14844 [12] and the
alternate source term [13]. In contrast to the definition above, the regulatory source terms are
releases to the containment, which are available for release to environment. The second use of
the source term is an assessment of health consequence risks from severe accidents. There are
many significant examples of the latter application iu"
-" "
S d [4],
N{JG-1 150 [], !nd SO~A_•CA
4.anrd~ia-S•.t~ihg-$Stu-dy, the postulated frequency
distribution of five prescr
our~ce..t.ems of increasing severity were defi
d-used to
calcul e the hea t
se uences and risk. In NU•RE
, a comprehensive, plant-specific
evaluation
si nific
sing-event--4ren- l.d
then
lculate the
health Oc
n.In
the present SOARCA study, individual scenario source terms
are evaluated using MELCOR code lions
and then evaluated for health consequences.
-

Srome bac round in key studies for regulatory and probabilistic applications is described in
Section/.1 below. Figure 4 shows a timeline of key events and NRC studies in the evolution of
nty
technology. The key source terms studies cited in the timeline that preceded the
SOARCA program are shown in the figure and discussed in Section 4.1 below. Next, a history
of the severe accident source term codes developed by the NRC is described in Section 4.2. The
MELCOR code is the culmination of the NRC research and code development of severe accident
pr
source ter
. The scope of the MELCOR code and t e relevant
experimental programs supporting its advanced modeling capabilities are sum arized in
Section 4.3. The MELCOR modeling approach used in the SOARCA analys s is presented in
Section 4.4. The MELCOR modeling approach includes the development o the plant models,
the best practices approaches to important but uncertain phenomena and eq ipment performance,
recent advances in source term models, and the methods used to calculate t e radionuclide
inventories.

2
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-
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MUXM-MMJ

Figure 4
4.1

Timeline of Key Nuclear Power Events and Safety Studies.

Source Term Study Background

One of the earliest estimates of the source term came from the WASH-740 study in 1957 [1].
Three core damage cases were defined with increasing levels of severity. The first case was
defined as a situation in which there was a major damage to the core resulting in failure of the
vessel. However, the containment remained intact, thus preventing a major release of
radioactivity to the environment. This case was subsequently used to define the characteristics
of the source term for reactor siting,o., TID-14844 [12]. In the other two cases, there were
releases offsite.
,
-j t,19 ,...c, '
The TID-14844 source term postulated the release of all the noble gases, 50% of the iodine, and
1% of the radioactive solids to the containment. In addition, TID-14844 provided assumptions
for containment leakage and for atmospheric transport. However, it was recognized that the
procedures and results specified in TID-14844 were approximations, sometimes relatively poor
ones, to the results which would be obtained if the effects of the all influencing variables could
be recognized and associated with fixed levels of uncertainty - an impossibility in the state-ofthe-art at the time [14]. Nevertheless, TID-14844 was codified as "the maximum credible
accident" in the siting regulations of 10 CFR Part 100, "Reactor Site Criteria" [15].
28
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The next most significant source term study, the Reactor Saf ty Study (WASH-1400) [3], was
the first systematic attempt to provide realistic estimates of ublic risk from potential accidents
in commercial nuclear power plants. The 1975 study incl ded analytical methods for
determining both the probabilities and consequences of v rious accident scenarios. Event trees
and fault trees were used to define important accident s quences and to quantify the reliability of
engineered safety systems. A ta
e list of nine PWR and five BWR source terms
was developed. All the accidents that were believed to contribute significantly to the overall
core melt frequency were grouped, or "binned," into the source term categories. The
WASH-1400 source terms included characterizations of accident timing, the release duration
(e.g., puff or sustained release), and the energy of the release for plume loft considerations. As
an improvement over TID-14844, the radioactivity was described using eight chemical
categories. The 54 most health-significant isotopes were used in health consequence.
I.a
calculations.
f
The W

--1400ethodology usedto predict..the health effects from the source tena was based
code-nr1-1>
en56lten~sCRA
am
eo
new
sOHow~ever an integrated
ct.-94A.
tool-for the calculation of the source ter did not exist he estimation of the source term=used
best analytc procedure vallable at te time. when ample data was-avaidlale, a model for
the phenomenon was in-c'htdd as realisically as possible, but when data were lacking,
j
-'.i
€,1
consideration of the phenomenon was omitted. The resultant source terms re
ds
poor understanding of applicable phenomena. Uncertainties in accident frequencies were
accounted for by adding 10% of the likelihood of each release category into the next larger and
O4
"ie.o-"4•, •,_
the next smaller category..
.co

=

/

Subsequently, the NRC documented the technical basis for source terms in NUREG-0772 [17].
NUREG-0772 assessed the a/ssumptions, procedures, and available data for predicting fission
product behavior. Four nthe
NUREG-0772 study were (1) a new definition of the
chemical form of iodine (i.e., CsI was the dominant form), (2) the potential retention of CsI
within the vessel or contaiment versus elemenrtal ipdine, (3) the inclusion of in-vessel retention,
and (4) the
engineerita safety features (¶g'., syrays, suppression pools, and
ice condensers).
on

'=clontainment

examination of fission product behaiorTin different regions of the plant with different accidents
was conducted in parallel with limited consideration of integral effects. The potential impact of
the NUREG-0772 findings on reactor regulation was also examined and the results were
documented in NUREG-0771 [18].
NUREG-077 1 and NUeUREG-0772 studies formed the basis for the designation of five accident
groups as being reprpsentative of th spectrum of potential accident conditions, which were
documente
G 0773 [19L_ 1982,t]e Sandia Siting Study [4] was performed using)
t NUREG-0773 source terms.-The-five-source termswere assessed to--adequatel-y-span-tihe
range o possi5source-terms--The source terms were developed from separate effects
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computer code analyses that ere performed in 1978:#he source terImswere used to calculate
accident consequences at 9fUnited States reactor sites using site-specific population data and a
mixture of site-specific and regionalljpecific meteorological data. An objective of the
SOARCA study is to update td study.
In response to emerging severe accident research technology and computing power, a study was
performed at Battelle Columbus Laboratories that involved the development and modification of
a number of separate effects severe accident computer codes based on emerging severe accident
research. The codes were coupled together to form a code suite that could calculate a complete
accident sequence. The source terms for about 25 specific sequences were calculated for five
operating plants using the new Source Term Code Package (STCP) code [20]. While the STCP
was a significant step forward in deterministic severe accident analysis, the code suite had some
significant short-comings. Since the code represented the linkage of many separate code
modules, tfeedback
effects were not always handled consistently. The
technical basis for the models in the STCP was documented in NUREG-0956 [14]. The results
from the STCP calculations supported the NUREG-l 150 probabilistic risk assessment [5] along
_,._atwith expert judgment and simplified algorithms for sequence-specific source terms.
The NUREG-1 150 probabilistic risk assessm t was an effort to put the insights gained from the 1
research on system behavior and phenomen ogical aspects of severe accidents into a risk
perspective. An important characteristic o this study was the inclusion of the uncertainties in
the calculations of core damage frequency'aiQ
dim# incomplete understanding of reactor
systems and severe accident phenomena. The e
expert judgment was used to develop
probability distributions for many accident progression, containment loading, structural response,
and source term issues. As noted in NUREG-1 150, "computer analyses cannot, in general, be
used directly and alone to calculate branching probabilities in the accident progression event tree.
Since the greatest source of uncertainty is typically associated with the modeling of severe
accident phenomena, the results of a single computer run (which uses a specific model) do not
characterize the branching uncertainty." It was therefore necessary to use sensitivity studies,
uncertainty studies, and expert judgment to characterize the likelihood of alternative events that
affect the course of an accident.
p
resp
u
e insights from the NUREG-1150 study have been used in several areas of
reactor regulation including the development of alternative radiological-source terms for
evaluating design basis accidents at nuclear reactors.
In 1995, the NRC published NURCG-1465 [13], which defined aad a1ýý-ke accident source
term for regulatory applications."TTheit65-5"so
e-t
c"d--"
anae anve o
"
.a•oroýG.kr-o;~'-fl"'~
T44344,
ýw
lc
contnown
th-cent-o--a--loStt'led-'aeei4exaL.y1u.rnlddow.wottho-etre."
NUREG-1465 documents the basis for more realistic estimates of the source term release into
containment, in terms of timing, nuclide types, quantities, and chemical form, given a severe
core-melt accident. This revised source term is to be applied to the design of future light water
reactors (LWRs). Current LWR licensees may voluntarily propose applications based upon it.
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Tier i: INTEGRATED CODES
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SOURCE TSRM CODEPACKAGE (10i Generstlo,.
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4.2

Summary of NRC Codes and Two Tier Structure (circa 1986) 1141

NRC Severe Accident Codes

As a consequence of the need to perform calculations covering a broad range of/phenomena, a
two-tier code strategy was developed by NRC in the 1980s (see Figure 5). The STCP was the
first Tier 1 integrated analysis code. It was capable of calculating,1 he full scope of the severe
accident progression including the radionuclide source term. The STCP was a coupling of ten
separate codes that were independently developed to calculate specific aspects of the severe
accident progression (e.g., the CORSOR code predicted in-vessel fission product releases and the
CORCON code evaluated ex-vessel core-concrete interactions). The Tier 1 codes were
originally conceived to include modeling simplifications in order to permit calculation of all
phases of the accident. In response to problems associated with coupling many different codes,
the MELCOR code development program was initiated to develop a fully integrated code with
flexible nodalization capabilities, intrinsic and self-consistent feedback between phenomena, and
ir4L-o0
ur-_.
sensitivity analysis capabilities.
by the NRC was called the Ai,0
The second code tier of severe accident codes that were develo.
•
ere typically developed and
detailed mechanistic codes. The detailed mechanistic code
applied in close connection with an experimental progrn. Their scope was often limited to -rI
b-Dt,
planning and interpreting experiments. However, the evel of detail often far exceeded the
0_>
comparable models in the Tier 1 codes. Therefore,/the mechanistic codes, or the scientific
subsequently used to enhance the integrated codes (i.e., MELCOR). C
principles within them,
"
In short, the science of s vere accident phennena is developed in the mechanistic codes and
- •
/.A
o l )J"
c0 V
transferred to the integra ed codes [14].
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d b the NRC decreased. MELCOR became the only
Over me, the number o oodes
Tier 1 ntegrated code and CDAP/RELAP-,. ICTORIAand CONTAIN were theprimary
ere
Tier 2 echanistic codes. CDAP/RELA ca culated/thethermal-hyd aulic and
accident esponse of the pri ry an secondary ystems of e nuclear r actor. It wasnot used
for the ra donuclide release an transport calcul ions. IVIC RIA is a d tailed code
prediction o the chemical form of fission produ ts in the pri ary reactor oolant system-'
However, it re ires thermal-hyd lic boundary ndtions fro a pri ary set'm analysis
code. CONTAINo 1y calculates the containment response and ex- ssel severe accident

.

phenomena.

The MELCOR code was originally conceived as a Tier 1 integr ted analysis code for
probabilic risk assessments. In particular, MELCOR model• the full-scope of a severe
accident i cluding the source term but in a less detaile m er than the detailed medhanistic
the ELCO code steadily i cas'ed in the
codes. Ho ever, th level of od ng det
t6aied
cessor peeds -rased. fe -unctionala of most of th
1990s as c mputer
initi d a 1 a code
Sta ing in 2000, he
odes into
LAP5, VICT IA, and CONTA
rate the SCD I
consolidation fort o.io
omplete, this will provide an increase in efficiency by requiring the
MELCOR. n
maintenance of only one fully integrated codelfor severe accident analysis (see Figure 6). The
scope of the MELCOR code is further discussed in Section 4.3.
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Severe accide•t codes are the, 7Repository" of
phenomenological understanding gained through NRC
and International research performed since the
TMi-2 accident in 1979
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4.3

MIELCOR Integration of Separate Effects Codes.

The MELCOR Code

The MELCOR code is a fully integrated, engineering-level omputer code whose primary
purpose is to model the progression of accidents in light. ater reactor nuclear power plants as
well as in non-reactor systems (e.g., spent fuel pool, dry ask). Current uses of MELCOR
include estimation of fission product source terms and eir sensitivities and uncertainties in a
variety of applications. MELCOR is a modular code omprised of three general types of
packages: (a) basic physical phenomena (i.e., h dro namics (control volume and flow paths),
heat and mass transfer to structures, gas combustion, aerosol and vapor physics); (b)
reactor-specific phenomena (i.e., decay heat generation, core degradation, ex-vessel phenomena,
sprays and engineering safety systems); (c) support functions (the
dnamics, equations f
state, other material properties, data handling utilities, equation solvers). As a fully integrated

code, MELCOR mo-de
Asall major systems of a reactor plant and their important coupled

t iW-

interactions.
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The scope of MELCOR includes:
*

thermal-hydraulic response of the primary reactor coolant system, reactor cavity,
containment, and confinement buildings,
d.p, core uncovery (loss of coolant), fuel heatup, cladding oxidation, fuel degradation (loss of
rod geometry), and core material melting and relocation,
G heatup of reactor vessel lower head from relocated core materials and the thermal and
mechanical loading and failure of the vessel lower head, and transfer of core materials to
the reactor vessel cavity,
-,6
I _.;"* core-concrete attack fon,l-.
..
. in-vessel and ex-vessel hydrogrn production, transport, and combustion,
* fission product release (ae.eosl and vapor). trans ort.and deposition
C
* behavior of.radioa"ive aer~osols in the reactor containment building, including scrubbing
4.,4
rin'water pools, and aerosol m~ehwis ithe containment atmosphere such as particle
'agglomeration and gravitational settling, and641Z&',o
*the impact of engineered safety features on thermal-hydraulic and radionuclide behavior.
j,

45

Most MELCOR models are mechanistic and the use of parametric models WE-limited to areas oft
high phenomenological uncertainty where there is no consensus concerning an acceptable
mechanistic approach. Current use of MELCOR often includes uncertainty analyses and
sensitivity studies. To facilitate this, many of the mechanistic models have been coded with
optional adjustable parameters. This does not affect the mechanistic nature of the modeling, but
it does allow the analyst to easily address question of how particular modeling parameters affect
the course of a calculated transient. Parameters oftts type, as well as such numerical
parameters as convergence criteria and iteration limit, are coded in MELCOR as sensitivity
coefficients, which may be modified through optiona code input_ It should be noted that core
radioactive nuclide inventories are not utilized by ME COR rather masses and decay heats of
chemical element groups are used. Appropriate code alculations are performed for specific fuel
and core design and are carried out to the burnup of i erest in order to provide the initial core
inventories for MELCOR severe accident analysis (s-e Section 4.4.1)
After the completion of Version 1.8.1 in 1991, the NRC commissioned a peer review using
recognized experts from national laboratories, universities, and MELCOR user community [21].
The charter of the MELCOR Peer Review Committee was to (1) provide an independent
assessment of the MELCOR code through a peer review process, (2) determine the technical
adequacy of the MELCOR code for the complex analyses it is expected to perform, and (3) issue
a final report describing the technical findings of the Committee. The Committee offered a set of
major findings that covered the various physics model numerics, missing models, modeling
deficiencies, code assessment, and documentation. The findings were incorporated into the NRC
research plan that governed the subsequent code development.

In an effort to most effectively utilize finite resources, the NRC began reducing or consolidating
the number of codes that were actively maintained. The MELCOR code consolidation began in
2000 and included consolidation of the CONTAIN, SCDAP/RELAP5, and VICTORIA code
34
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functionality and models into MELCOR. The assessment of MELCOR parity with CONTAIN
has been completed. The result of this parity study showed that MELCOR results are
comparable to CONTAIN. A comprehensive parity study of MELCOR code with
SCDAP/RELAP5 is ongoing. The assessment of fission product chemistry and transport is
currently supported by the foreign experiments (especially those from the Phebus facility in
France). Hence, the scope of the evaluation of parity of MELCOR to VICTORIA code not only
includes the phenomena treated in VICTORIA but also new experimental findings.
Major experimental facilities (current facilities are underlined) that provided the bulk of the
separate ects and integral effects data used to develop and assess severe accident
phenomen logy for severe accident codes are delineated in Table 10 and illustrated in Figur 7
through Fig re 9.
Table 10

Severe Accident Phenomena addressed by U.S. and Internatio
acilities

I

I

I

xperimental

Io-b

OV
Phenomenology

Fuel coolant interaction

U
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U. S. Facilities

International Facilities
KROTOS & FAR PJRC)
ALPHA
(Japao
TROI (Korqdf
/icnsin)
WFCI (Univ
L)
(Un oFisconsi)aROeKo
IT
C
COREXIT (L)
KROTOS/France)
MFMfor ACR-700
(Ca

Cladding under air oxidation

Iodine

Clad ng oxidation (ANL)
/ORNL
ASearate
C
)Proram
Z

da)

C ddin• oxidation (France
(
a
lanned

-

PHEBUS-FP &
PHEBUS-Source Term/
Effects Te
/France
ALCON
(U.K.)

Most of the U.S. expe mments were carried out in elate 1980s and 1990s, an most of the U.S.
experimental faciliti s have been de-activated. owever, through the NRC ooperative Severe
Accident Researc rogram (CSARP) or bi-l eral agreements, NRC has a ess to international
severe accident esearch. Details on some the on-going severe acciden-research
programs
that NRC is pitipating under bi-lateral greements are described below in Table 11.
The NRC and others invested heavily in the experimental and analytical characterization of
severe reactor accidents
dr'minate the riLl ........
...pct,,"
A substantial technology was established to understand the
progression of reactor accidents and the radiological consequences of such accidents. Once the
objectives of the program were met, the programs were concluded. Two key objectives of the
NRC severe accident research were (1) to assess whether the phenomena were sufficiently
understood to estimate risks to the level of confidence needed, and (2) to provide assurance of
adequate protection.
Experimental research on severe accidents is continuing in other countries to examine or
independently confirm uncertain and complex severe accident phenomena- Fu
re,
ice
c~sitjg n.'ý a )6g-J"
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The NRC maintains efforts to update their severe
accident analysis capabilities with research results from international programs. The body of
knowledge developed from the NRC's past work and ongoing work are syVmrnati-able
f-gma1 in the MELCOR accident analysis code.
tes in
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MASCA
MASCA an experimental study under way in R ssia on the behavior of reactor core
debris in t e lower plenum of a reactor pressure ve el. Results of these studies provide
data on de is coolability in the lower plenum.
ARTIST
ARTIST is an xperimental study under way in Switzerla d to measure the aerosol
removal on the condary sides of steam generators durin accidents at PWRs that bypass
reactor containm nts. Such bypass accidents are often risk ominant for PWRs. The
high risks associa d with such accidents may stem from con ervatism in the aerosol
decontamination as umed in accident analysis models for ste
generators. Test results
are expected to prov de the basis for more realistic analyses o these accidents, such as
the SOARCA scenari s with tube failure.
PHEBUS-FP
The PHEBUS-FP progra consists of five large-scale, in-pile inte ated tests of fuel
degradation, fission prod t release, radionuclide transport through e reactor coolant
system, and aerosol behavi r in the containment. These tests have b en designed to
validate reactor accident m els. Results for code validation are bein produced by this
international program. Addi 'onal information is being provided by su porting
separate-effects experimental rograms, such as the French program V CORS, to
investigate fission product rele se from fuels under accident conditions.
OECD-MCCI
OECD-MCCI is an experimental st y of the viability of using an overlying layer of
water on reactor core debris that has caped the reactor coolant system and is interacting
with structural concrete of reactor con inments. This research will provide data for
improved or new models of core debris olability for accident analysis codes.
Th e international programs are pr-vVig the bas s for validating MELCOR. The MELCOR
code s been used to help resolve regulat y issues such as the' eed for hydrogen igniters in ice
conden r and Mark III containments and ri -informing 10 CFR 0.44, "Stanrta'c, s for
Combusti e Gas Control System in Light-Wa -Cooled Power Re1 t4ors" [22]. ME\LCOR
analyses are so important for the certification ofhe AP 1000 and BWR atvanced"LWR
designs. MELOR analyses will likely be instrume 1in th, certificati of other adva'ned
reactor designs.
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Ag release model
added - Phebus Tests
- important for iodine
chemistry

Fission product
specie/volatility

modified

(Cs2 MoO 4 ) -

Phebus Tests affects RCS
deposition

- Important to
agglomeration

7

N •

RN Package expanded to
allow analysis of FP
release from mixed
MOX/LEU core

-

(French VERCORS and RT
tests)
Fuel failure criteria
expanded via control
function - Phebus
tests - affects
hydrogen generation
and melt progression

B4 C oxidation model
added (PWR) QUEN H Tests,
Phe us FPT-3

uench-reflood

modeling - QUENCH
tests - quench front
not necessarily water

level

BWR failure criteria
expanded

Figure 7

MELCOR Development Activities for
Release.

o

H eatup and Fission Product

Molten pool stratification into
light and heavy layers in core
and lower head
(RASPLAVMASCA)

C.ore periphery baffle and
ormers added to COR
Piackage - allows TMI-like
S ide wall melt release

!

Fission product partitioning
between melt phases
(RASPLAVMASCA)

folten pool / crust model
added to core and lower
hiead regions
(TMI-2)

Natural convection heat
transfer in circulating melt
pools

Curved lower head
description added to COR
(BH integration) including
2-D heat transfer

Insights from OECD LH
program in creep-rupture
models for lower head

Figure 8

MELCOR Development Activi< s for La te Phase Melt Progression.
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*

Fission product
flows through flow
paths added to plot
file (MACCS)

Separate plot variables
for hydrogen produced
from Zr, SS and B4C
added to plot file

Developing improved
models for FP retention
in steam generators
(ARTIST program) (post
1.8.6)

to CAV package

Figure 9

Table 11

MELCOR Development Activities for Containment Modeling.

PHEBUS-FP/PHEBUS Source Term FollowCD MASCA programs

Facility/Country\
Major prod
s
PHEBUS-FP and
ission product releases anKdegradation
o UO 2 fuel (including bnup >40
PHEBUS Source Term
/Mt) and MOX f el under severe
G
Separate Effects Test
Program
accide conditions, nd the effects of air
ingress o core de radation and fission
Institut de
produt
Radioprotection et de
Sfiret6 Nucl6aire
(LRSN), France

ARTIST - Paul
Scherrr
Insttute,
Ieleases
Switzerland

Ex). erimentally .determ. e' the potential
rimetati
detective teptenial
igation of radioactive aterial
through secondary 'de of a
steam generator

39

D
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ARTIST, OECD-MCCI and

Usage
Validate the NUREG-1465
source term
MELCOR code assessment
- core degradation
- fission products release
- iodine behavior
- fission products chemistry
- air-ingress impact on FP
release
Revised NUREG-1465 for
MOX and high burnup fuel
Improve source term bypass
mdl

00/c1'0ý'
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Facility/Country
Major products
OECD MCCI prograA\ Separate effects experimenfs to further
addressed the ex-vesse debris coolability
- Argonne National
isemodels
(USA) Laboratory
prgacurrent and follow-on
1
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Usage
Assess/develop coolability
models in
inoMELCOR
MELCOR

program
OECD MASCA
Separ exp riments to provide data on
proramussan
the
effect s (a)
chemical
and
program
- Russian
interactio
f the
molten behavior
core debris
Research Center,(U2ZrO-r)nrecostutrl

Molten core debris behavior
both
andwhich
in the inlower
head in-core
of a RPV,
turn
haofaRVwihinun

Kurchatov Institute
(Russia)

address the question on lower
head integrity (i.e., the in-vessel
retention of molten core debris)
under severe accident
conditions.
(Assess Severe Accident
Management Strategy)

Current and follow-on
program

4.4

(U0 2 Z 2-Zr nd reactor structural
materi s (steel, b on carbide); and (b)
partit* n of fission p ducts between
oxidc and metallic laye in the stratified
mol n pool, and the result'g heat load
distri tion in the lower hea of the
reactor pressure vessel (RPV). Similar
materials behavior for new reactors.

MELCOR Modeling Approach

A high-level description of the MELCOR models that were used for the SOARCA project is
presented in Section 4.4.1. Existing MELCOR models for Surry and Peach Bottom were
updated to current state-of-the-art modeling practices as well as the latest version of the
MELCOR code. More detailed information descoing he plant models is provided in the
plant-specific analysis reports (i.e., Volumes Iflwand-V for Peach Bottom and Surry,
respectively).
The progression of events in a severe accident contains uncertainties. The procedure to define
the best practices approach to modeling important and uncertain phenomena is described in
Section 4.4.2. V me
aptalaehCSection 4.4.3 summarizes some recent changes to the radionuclide release and cesium speciation
modeling, which is important to the source term results. Finally, the methodology to calculate
the radionuclide inventory is described in Section 4.4.4.
4.4.1

Plant Models

The MELCOR models used in the SOARCA source term calculations represented the
state-of-the-art. As part of the SOARCA program, the MELCOR models were updated to the
most recent version of the MELCOR code.3 The scope of the models included

3 MELCOR

Version 2.0 was released during the initial phase of the SOARCA program. Version 2.0 is based on
identical physics models as Version 1.8.6 but has been modernized to use FORTRAN 90 and a new input format.

0.
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"

"
*
*
*
*

Detailed 5-ring reactor vessel models
•",4-tZ.cG(d6&( VI
Representation of the primary reactor coolant systems (and secondary steam generator
on
through the main steam isolation valve for Surry)
Representation of the primary containment
Representation of the Peach Bottom reactor building and the Surry auxiliary building,
which w,Xere radionuclide pathways in some scenarios
Representation of the emergency core-cooling systems (and the auxiliary feedwater
system for Surry)
Representations of the emergency, portable water injection systems

Through the best practices updates to each deck, the following new models were specified for

both plants for these important but uncertain phenomena or equipment responses.
*
*

Safety relief valve failure models for normal or high temperature conditions
An additional thermo-mechanical fuel collapse model for he l oxidizeý fuel ollowing

" Enhanced lower plenum coolant debris heat transfer that recognizes break-up and
.
multi-dimensional cooling effects not present in the one-dimensional counter-current
flooding model in older versions of MELCOR (e.g., [23]),
• Updated, plant-specific chemical element masses and decay heats (see Section 4.4.4),
" A new ORNL-Booth chemical element release model and new Cs speciation model (see
Section 4.4.3),
* Vessel failure based on gross failure 4 [24] using the improved one-dimensional creep
rupture model with the new hemispherical head model and radial heat transfer
Sand
* Enhanced exdebris heat transfer that recognizes multi-dimensional effects
and rates measured in MACE tests [25].
A summary of recent enhancements to the MELCOR Peach Bottom and Surry models for the
SOARCA program are presented in Section 4.4.1.1 and 4.4.1.2, respectively.
4.4.1.1
Peach Bottom MELCOR Model
The Peach Bottom MELCOR model was originally developed for code version 1.8.0 at
Brookhaven National Laboratories. The model was subsequently adopted
at Oak
Ridge National Laboratories to study differences in fission product source term behavior
predicted by MELCOR 1.8.1 and those generated for use in NUREG- 1150 using the Source
Term Code Package (STCP) [26]. Starting in 2001, Sandia National Laboratories made
considerable refinements to the BWR/4 core nodalization to support the developmental
4A

more complete discussion of this model is presented in..V-o
4ýhe MELCOR manual [ 15]. A penetration
failure model was not used, because the timing differences between gross lower head failure and penetration with

and with the available penetration model-is not significant to the ov•rall accident progression (i.e., minutes
difference). Also, Sandia Lower Head-Failure-(LHF) tests showed gross creep rupture of the lower head was
measured to be the most likely mechanism for vessel failure [24].
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assessment and release of MELCOR 1.8.5. These refinements concentrated on the spatial
nodalization of the reactor core (both in terms of fuel/structural material and hydrodynamic
volumes) used to calculate in-vessel melt progression.

AM

Subsequent work in support of several U.S. NRC research programs has motivated further
refinement and expansion of the BWR/4 model in four broad areas. The first area involved the
addition of models to represent a wide spectrum of plant design features, such as safety systems,
to broaden the capabilities of MELCOR simulations to a wider range of severe accident
sequences. These enhancements include:
* modifications of modeling features needed to achieve steady-state reactor conditions
(recirculation loops, jet pumps, steam separators, steam dryers, feedwater flow, CRDHS,
main steam lines, turbine/hotwell, core power profile),
* new models and control logic to represent coolant injection systems (RCIC, HPCI, RHR,
LPCS) and supporting water resources (e.g., CST with switchover), and
* new model to simulate reactor vessel pressure management (safety relief valves, safety
valves, A , and logic for manual actions to effect a controlled depressurization if torus
water teclpratures exceed the heat capacity temperature limit).
The second area focused on the spatial representation of primary and secondary containment.
The drywell portion of primary containment has been sub-divided to distinguish thermodynamic
conditions internal to the pedestal from those within the drywell itself. Also, refinements have
been added to the spatial representation and flow paths within the reactor building
(i.e., secondary containment). The third area has focused on bringing the model up to current
"best practice" standards for MELCOR 1.8.6 (see Section 4.4.2). The fourth area of model
improvements included a new radionuclide inventory and decay heat based on the recent plant
operating history (see Section 4.4.4).
While not new for SOARCA, the MELCOR Peach Bottom model includes a multi-region
ex-vessel debris spreading model. The debris spreads according to its temperature relative to the
solidus and liquidus temperatures of the concrete and the debris height. If the debris spreadS
against the drywell liner steel wall, the liner will fail if the debris temperature is above the carbon
steel melting temperature.
The MELCOR Peach Bottom model is more fully described in Volume i. The approach to
modeling important uncertain phenomena is briefly described in Section 4.4.2 aa
The MELCOR nodalization diagrams for Peach Bottom are shown in
Figure 10.
4.4.1.2
Surry MELCOR Model
The Surry MELCOR model applied in this report was originally generated at Idaho National
Engineering Laboratories (INEL) in 1988. The model was periodically updated by Sandia
42
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National Laboratories (1990 to present) for the purposes of testing new models, advancing the
state-of-the-art in modeling of PWR accident progression, and providing support to
00
decision-makers at the L
4-&rj
atcr
(NR for analyses of various
issues that may affect operational safety. Significant changes were made during the last twenty
years in the approach to modeling core behavior and core melt progression, as well as the
nodalization and treatment of coolant flow within the RCS and reactor vessel. In 2002, the
reactor vessel and reactor coolant nodalization were updated using the SCDAP/RELAP5 Surry
model to include a five ring vessel nodalization and counter-current hot leg representation for
natural circulation flow [27]. The current MELCOR Surry model is a culmination of these
efforts and represents the state-of-the-art in modeling of potential PWR severe accidents.
In preparation for the SOARCA analyses described in this report, the model was further refined
and expanded in~Leas. The first area is an upgrade to MELCOR Version 1.8.6 core
modeling. These enhancements include:

'_S

" a hemispherical lower head model that replaces the flat bottom-cylindrical lower head model,
* new models for the core former and shroud structures that are fully integrated into the
material degradation modeling, including separate modeling of debris in the bypass region
between the core barrel and the core shroud,
* models for simulating the formation of molten pools both in the core and lower plenum, crust
formation, convection in molten pools, stratification of molten pools into metallic and oxida
layers, and partitioning of radionuclides between stratified molten pools,
* a reflood quench model that separately tracks the component quench front, and the quenchee
and unquenched temperatures,
.
* a control rod silver aerosol release model, an-

2-

/

The second area focused on the addition of user-specified models to represent a wide spectrum
of plant design features and safety systems to broaden the capabilities of MELCOR to a wider
range of severe accident sequences. These enhancements included:

4

u1ndate nfthe rnntninmnrnt loikAcn mnloAl
k
. a
* update of core degradation modeling practices,
* modeling of individual primary and secondary relief valves with failure logic for rated and
degraded conditions,
* update of the containment flooding characteristics,
" heat loss from the reactor to the containment,
* separate motor and turbine-driven auxiliary feedwater models with control logic for plant
automatic and operator cooldown responses,
* new turbine-driven auxiliary feedwater models for steam flow, flooding failure, and
performance degradation at low pressure,
* nitrogen discharge model for accumulators,
*

/_L/

ý0ý
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update of the fission product inventory, the axial and radial peaking factors, and an extensive
fission product tracking control system, and
" improvements to the natural circulation in the hot leg and steam generator and the potential
for creep rupture.
"

The MELCOR Surry model is more fully described in Volume t4. The approach to modeling
uncertain phenomena is briefly described in Section 4.4.2
•
rJ f-:I.
The
MELCOR nodalization diagrams for Surry are shown in Figure 11.
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Figure 10

The Peach Bottom MELCOR Nodalization.
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Figure 11

The Surry MELCOR Nodalization.
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4.4.2
eý

ý

ýbWflces

The accident progression analy ss developed a list of key uncertain phenomena that can have a
significant effect on the prog ssion of the accident. Each issue was outlined and a
recommended modeling a roach or base case values were identified in plant-specific reports for
Peach Bottom (Volume
and Surry (Volume W.). AVdiscuzion cftl

An independent expert panel was assembled to review the proposed approach. The review was
conducted during a public meeting sponsored by the NRC on August 21-22, 2006 in
Albuquerque, New Mexico. The expert panel review examined the best modeling practices for
the application of the severe nuclear reactor accident analysis code MELCOR for realistic
evaluation of accident progression, source term. and-*""..
--.
The panel also
reviewed a set of code enhanceme s as well as considerat
6f-the SOARCA project in general.
For operator actions, a sensitivity calculation was performed for each accident sequence to
quantify the impact of the operator response.
secon
proach toAd ess uncertainti
11 be performed during a separate analysis taA to
b con cte subse ent to this initial alysi In that sk,
the impo
c and i p ct
aklra ive setn or approa hes for ncertqin wil e eval ted ith resp
oa specific
sce

io.

Several early containment failure modes have been excluded from 40. SOARCA dc their
assessed low-likelihood. Hence, they were not considered in the best practices MELCOR
modeling. These include;
1.

Alpha mode containment failure, which is an in-vessel steam explosion during melt
relocation that simultaneously fails the vessel and the containment. A group of leading
experts in this field referred to as the Steam Explosion Review Group concluded in a
position paper published by the Nuclear Energy Agency Committee on the Safety of
Nuclear Installations [28] that the alpha-mode failure issue for Western-style reactor
containment buildings can be considered resolved from a risk perspective, posing little or
no significance to the overall risk from a nuclear power plant.

2.

Direct containment heating (DCH) causing containment failure in PWR containments.
Decades of NRC research show an early failure of reactor coolant system due to high
temperature natural circulation will depressurize the system prior to vessel failure. In the
unlikely event there is a high-pressure vessel failure, the resolution of the DCH issue
found t
containment failure to be very unlikely [29].

3.

Early containment failure due to drywell liner melt-through in wet cavity in Mark I
containments (e.g., Peach Bottom). Through a detailed assessment of the issue, it was
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concluded that, in the presence of water, the probability of early containment failure by
melt-attack of the liner is so low as to be considered physically unreasonable [30].
4.4.3

Radionuclide Modeling

The radionuclide modeling was updated in the Peach Bottom and Surry models to apply a more
mechanistic radionuclide release model (i.e., the ORNL-Booth model) [31 ] based on a
69-f
.0'recent radionuclide release tests. These assessments identified an alternative set of Booth
diffusion parameters recommended by ORNL (ORNL-Booth) [32], which produced significantly
improved release signatures for Cs and other fission product groups. Some adjustments to the
scaling factors in the ORNL-Booth model were made for selected fission product groups,
including U0 2 , Mo and Ru in order to gain better comparisons with the FPT-1 data [33]. The
adjusted model, referred to as "Modified ORNL-Booth," was subsequently compared to original
ORNL VI fission product release experiments and to
e recently performed French
VERCORS tests [34], and the comparisons vag-as favorable or better than the original
CORSOR-M MELCOR default release model. These modified ORNL-Booth parameters were
imnl1nPntFti intn the, M FI.(CfR c

hnd

-

len t o

)AR('A nrfio'.t

While significant improvements in release behavior were obtained for the analysis oLthe-FPT-1
J•J
test with the ORNL-Booth parameters, some additional modification to theM.E-COR release
model was pursued. Evidence from the Phebus experiments increasing'lyindicates that the
dominant chemical form of released Cs is that of Cs 2 MoO•4 hi.sis based on deposition patterns
in the Phebus experiment where Cs is judged to be in-aerosol form at 700C, explaining deposits
in the hot upper plenum of the Phebus test section, and deposition patterns in the cooler steam
generator tubes. 4ns dMam-_versL
e, a Cs 2MoO 4 radionuclide class was defined with the
vapor pressure Cs 2MoO 4 and the release coefficients developed for Cs. While having little effect
on the net r ase of Cs, this change had a significant effect on the release of Mo. The Mo vapor
pres
is so exceedingly low that the net release is limited by the vapor pressure transport term.
ince there is significantly more Mo than Cs in the radionuclide inventory, only a portion of the
Mo was added to the new Cs 2 MoO 4 radionuclide class.
I Te racdionucliIe input was recontigurect to (a) represent the dominant torm of us as Lis2Mo 4,
(b) represent the dominant form of I as CsI, and (c) represent the gap inventories consistent with
the NUREG-1465 recommendations [13]. The MELCOR radionucide transport, deposition,
condensation/evaporation, and scrubbing models were all a
The model for
chemisorption of Cs to stainless steel was activated. In addition, the hygroscopic coupling between the steam/fog condensation/evaporation thermal-hydraulic solutions to the airborne
aerosol size and mass was also aa,•,ed [31].

4.4.4

Radionuclide Inventory

One important input to MELCOR is the initial mass of theradionuclides in the fuel and their
associated decay heat [31 ]. These values are important to the timing of initial core damage and
the location and concentration of the radionuclides in the fuel. The radio-isotopes in a nuclear
50
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The BLEND3 code was developed fro previous work performed by Oak Ridge National
Laboratory and its capabilities were exten ed for this study. BLEND3 uses the reactor-specific
fuel loading from three different cycles, the nre,
and the assembly specific power
data from the licensee to derive node averagetrai 1-Isotopic inventories. TRITON uses-_
generic fuel assembly data and ties it to specific reactor operating conditions. Then, BLEND3
performs the following tasks. First, for a given node, BLEND3 identifies which specific power
ORIGEN output files are assigned to the specified input power. Second, for three different
cycles of fuel, BLEND3 interpolates a radio-isotopic inventory from the relevant ORIGEN
output files. Finally, using the input volume fractions for the three different cycles of fuel, it
creates a new, volumetrically averaged ORIGEN output file for the node for the specified input
conditions.
The PRISM module from SCALE 5.1 was then used to drive ORIGEN decay calculations using
the newly created averaged ORIGEN output files as input. PRISM is a SCALE utility module
which allows the user to automate the execution of a series of SCALE calculations.
4.4.4.3
Peach Bottom
The Peach Bottom model is based on the Global Nuclear Fuel (GNF) 1Ox 10 (GE-14C) fuel
*assembly. The GNF 1Ox 10 is representative of a limiting fuel type actually being used in
commercial BWRs. The GEH IOx10 model is illustrated in Figure 12. The model is very
detailed for this application. The only significant assumption was that the part length rod portion
of the reactor was modeled as a full assembly.
Twenty-seven different TRITON runs were performed to model three different cycles of fuel at
nine different specific power histories. The specific power histories ranged from 2 MW/MTU to
45 MW/MTU to cover all expected BWR operational conditions. For times before the cycle of
interest, an average specific power of 25.5 MW/MTU was used. For example, for second cycle
fuel, the fuel was burned for its first cycle using 25.5 MW/MTU, allowed to decay for an
assumed 30 day refueling outage and then 9 different TRITON calculations were performed with
specific powers ranging from 2 to 45 MW/MTU. The BLEND3 code was then applied to each
of the 50 nodes in the MELCOR model using the average specific powers and volume fractions.
Once new libraries for each of the 50 nodes in the model were generated, the final step in the
procedure was to 4
each node for 48 hours. The decay heats, masses, and specific
activities as a function of time were processed and applied as input data to MELCOR to define
decay heat and ther
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Schematic of Modeling Detail for BWR GNF 1OxlO Assembly.

4.4.4.4
Sur'ly•
Previously, detadied input was developed for Surry in a separate NRC program on the source
term from high-burnp uranium (HBU) fuel at the end of the fuel cycle. It used the same
--L
,
methodology as PeachlBottom (Section 4.4.4.3). The actual mid-cycle decay power is lower./
4
However, the SOARCA ehedule did not allow for a cuirrent operation, decay heat evaluation as
was done for Peach Bottom\
#J A
4.4.4.5
Evaluation of the Results
There are very few measurements of decay heat in existence and those that do exist are not
'Nýt
directly relevant to this study. Therefore, the discussion of the decay heat predictions will be
limited to a comparison to previously published work. The best known source of decay heat
predictions is summarized in Regulatory Guide 3.54 and results from the guide will be used to
assess the predictions in the current study [37]. Decay heat for two decay times will be used as a
check on the consistency of the results presented in this study. By interpolation oft
in RG
3.54 for a specific power of 277 MW/MTU decay powers t
.
of
9.3 W/kgU and 5.1 W/kg,,
are calculated. Using the results from-thePeach
Bottom calculations, the corresponding decay powers are 8.92 W/kgU and 4.734 W/kgU. The
maximum difference between results is approximately 8 percent which is considered acceptable
53
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given the best estimate nature of the SOARCA study co ared to the methods used to generate
the tables in RG 3.54.
A quantitative discussion of the radio-isotopic predictions presented in this study would be of
limited use given the cycle specific nature of this work. However, it is of benefit to discuss the
relevant SCALE assessment. Specifically, the TRITON module has been assessed by M. D.
DeHart and S. M. Bowman [38], S. M. Bowman and D. F. Gill [39], and Germina Ilas and Ian C.
Gauld [40]. These assessment reports use data from Calvert Cliffs, Obrigheim, San Onofre, and
Trino Vercelles PWRs. The third report summarized comparisons to decay heat measurements
from 4 different BWR assemblies. The information in these reports demonstrates that TRITON
predicts fission product and actinide inventories at a level of accuracy consistent with other
methods.
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MACCS2 [41] has been developed by Sandia National Laboratories for the NRC over the past
decade. It is a consequence analysis code for evaluating the impacts of atmospheric releases of
radioactive aerosols and vapors on human health and on the environment. It includes all of the
relevant dose pathways: cloudshine, inhalation, groundshine, and ingestion. Because it is
primarily a probabilistic risk assessment tool, it accounts for the uncertainty in weather that is
inherent to an accident that could occur at any point in the future.
In 2001, the NRC initiated an effort to create a Windows-based interface and framework for
performing consequence analyses. This effort was intended to address the following needs:
*
To simplify and make more intuitive the effort required to create or modify input
files,
*
To reduce the likelihood of user errors in performing consequence analyses,
*
To enable the user to simply and conveniently account for uncertainties in most of
the real-valued input parameters, and
*
To displace the original batch framework with a Windows-based framework.
The result of this development effort is the WinMACCS code. WinMACCS is currently
integrated with an updated version of MACCS2, COMIDA2, and LHS (Latin Hypercube
Sampling) to perform all of the required funeoin w
,
-ty.
The version of MACCS2 used for SOARCA is 24.0. 1. This version includes a number of
improvements to the original MACCS2 code, which can be categorized as follows:
" Atmospheric transport and dispersion modeling improvements(-- ,
* Capability to describe wind directions in 64 compass directions (instead of 16);
" Increases in limits on several input parameters, e.g., a limit of 200 plume segments instead of
the old limit of 4; and
" Up to 20 emergency-phase cohorts (instead of the original limit of 3) to describe variations in
emergency response by segments of the population;
* Enhancements in treatment of evacuation speed to account for road type and precipitation
S
conditions;
* Capability to run on a cluster of computev-'instead of an individual processor;
" Addition of several options for dose response.
Some of this development has been undertaken specifically to support the SOARCA work.
Specific aspects of the consequence modeling in SOARCA that depart from previous studies,
such as NURG- 1150 [5], are described in the subsequent subsections.
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The weather-sampling strategy adopted for SOARCA uses the non-uniform weather binning
approach
. This approach has been available since MACCS2 was first released
[41], but was not commonly used in the past. Weather binning is an approach used in MACCS2
to categorize similar sets of weather data based on wind speed, stability class, and the occurrence
of precipitation. This sampling strategy was chosen as a means of improving the statistical
representation of the weather. This point is discussed further in the subsequent paragraphs.
The weather bins are defined in a standard way that has origins in the NUREG-1 150 [5]
analyses. A set of 16 weather bins differentiate stability classes and wind speeds. An additional
20 weather bins include all weather trials in which rain occurs before the initial plume segment
travels a distance of 32 km (20 mi). The bins differentiate rain intensity and the distance the
plume travels before rain begins. The parameters used to define the rain bins are the same as
those used in NUREG-1 150 [5] and documented in the MACCS2 User's Manual [41].
The number of trials selected from each bin is the maximum of 12 trials and 10 percent of the
number of trials in the bin. Some bins contain fewer than 12 trials. In those cases, all of the
trials within the bin are used for sampling. This strategy results in roughly 1000 weather trials
for both Peach Bottom and Surry. The strategy also results in each weather trial having a weight
that is used in averaging the results. The weight reflects the number of weather samples in the
bin and the number of bin samples chosen.
Previous calculations, such as NUREG-1 150, used about 125 weather trials but also used an
additional strategy, rotation, to account for the probability that the wind might have been
blowing in a different direction when the release began. This strategy uses wind-rose data
constructed from the annual weather file to determine the probability that the wind might have
been in any of the compass directions. The strategy used at the time of NUREG- 150 leveraged
the weather data to get 125 x 16 = 1750 results for the computational price of 125
16,,
MACCS2 does not allow the rotation option to be used in concert with the network evacuation
option (described in Section 5.2), and so rotation could not be used for SOARCA. The strategy,
adopted for SOARCA was chosen as a compromise between obtaining adequate statistical
significance and of keeping central processing unit (CPU) time at a reasonable level.
5.2

Weather Data

Meteorological data used in the SOARCA project consisted of a year of hourly meteorological
data
.
.
-"
" t (8,760 data points per site for each meteorological
parameter). This was primarily accomplished via a cooperative effort with the licensee. As a
comparative tool, site-specific latitudes and longitudes (or available locations closest to the site)
were used to collect wind speed (in meters per second or m/s), wind direction (in degrees),
precipitation (in 1 0 0 th inches), and stability (defined as AT/AP) data from the National Climatic
Data Center (NCDC) database. The meteorological data parameters were formatted for the
tiw
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MACCS2 (MELCOR Accident Consequence Code System, version 2) computer code.
NRC staff performed quality assurance evaluations of all meteorological data presented using the
methodology described in NUREG-0917, "Nuclear Regulatory Commission Staff Computer
Programs for Use with Meteorological Data" [42]. Further review was performed using
computer spreadsheets. NRC staff ensured there was joint data recovery rate in the 90t
percentile, which is in accordance with Regulatory Guide 1.23 [43] for the wind speed, wind
direction, and atmospheric stability parameters. Additionally, atmospheric stability was
evaluated to determine if the time of occurrence and duration of reported stability conditions
were generally consistent with expected meteorological conditions (e.g., neutral and slightly
stable conditions predominated during the year with stable and neutral conditions occurring at
night and unstable and neutral conditions occurring during the day). The mixing height data
ýIu7
5
were retrieved from the EPA SCRAM database (using years 1984-1992). Data needed for
MACCS2 includes 10-meter wind speed, 10-meter wind direction in 64 compass directions,
stability class (via Pasquill-Gifford scale and using representative values of 1-6 for stability 6,
-(zclasses A-F/G), hourly precipitation, and diurnal (morning and afternoon) seasonal mixing
621 .
heights.
5.2.1

Summary of Weather Data

A summary 4f1he meteorological statistical data is presented in Table 12, which shows that the
predominafft ground-level wind directions were generally blowing to the same direction during
each
- for each nuclear site. It also shows that the annual average wind speeds were
generally low, ranging from 2.02 to 2.63 m/s at ground-level. The atmospheric stability
frequencies were found to be consistent with expected meteorological conditions. The neutral
and slightly stable conditions predominated during the year with stable and neutral conditions
occurring at night and unstable and neutral conditions occurring during the day. The wind
direction and atmospheric stability (unstable, neutral, and stable) data are shown in Figure 13
through Figure 14 for the years that were actually used in the consequence analyses, which were
2005 for Peach Bottom and 2004 for Surry.
Table 12

Statistical Summary of Raw Meteorological Data for SOARCA Nuclear Sites

ý,,V4,ý , lnA_,Pee CJýýIm
tS)'

Z.Zb

Z.0

dai ina•i•
_rJ
SSE
N
FNo.u
ý• WAredcpt
588
593
%iUnstable Stabilir
21.43
20.55
%,Naiftl StiNili ty
63.97
62.34
,A stStl
LSt Ibili
tý
14.60
17.10
!•k• E6ft-51tRL
;i~ 97.53%
99.25%
Noteg Year 2004, as used in the Surry meteorological analysis,
regular annual period). The "Predominant Wind" indicates the
precipitation. Stability is short for Atmospheric Stability.

5 EPA

Z.uz

Z.,Z

NE
NNE
388
521
7.09
394
6967
77.59
2324
18.47
99.58%
99.24%
is a leap year (8784 total hourly data points versus 8760 hourly data points for a
direction to which the wind blew most frequently. Precipt is short for

SCRAM website: http://www.epa.gov/scram001/mixingheightdata.htm
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Peach Bottom - Year 2005 - Wind Rose and Atmospheric Stability Chart

N

UnFlabIr

0
1

2

3

4

5

6

7

8

9

10

11

12

13

14 15

16

17

18

19

20

21 22

23

H-our
0fth Day

Figure 14

5.3

Surry - Year 2004 - Wind Rose and Atmospheric Stability Chart

Emergency Response Modeling

An objective of the SOARCA project was to model emergency response in a realistic and
practical manner based on site-specific emergency planning documentation. Emergency
response programs for nuclear power plants (NPPs) are designed to protect public health and
safety in the event of a radiological accident. These emergency response programs are
developed, tested, and evaluated and are in place as an element of defense in depth in the
unlikely event of an accident. Integrating the response plan elements and a best estimatelof the

protective actions that would be taken by the public was undertaken to improve the overall
fidelity of the consequence analyses.
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Detailed emergency response planning is in place within the 10-mile EPZ with consideration that
such planning provides a substantial base for expansion of response efforts in the event that this
proves necessary [44]. The actions taken by offsite response organizations (OROs) are designed
to reduce risk to the public in the unlikely event of an accident and these actions would be
implemented in the case of an emergency. Site specific information was obtained from OROs to
support development of timelines by which protective actions would most likely be
implemented, including early actions such as evacuation of schools following declaration of a
site area emergency.
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Q

Figure 15
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Emergency Preparedness Protective Action Boundaries for the Peach Bottom
Site

The \,ARCA project provided an opportunity to assess response by populations within the 10mile kPZs andyto assess possi.vyariations of em rge cy response/forthe two sites studied.
These \variatio s 1 clude evapuation and shelteri g of pulationroups utside the-l'-mile EPZ
to a dis ance f 20 iles fr nn aNPP It is not expected hat a as beyonuthe PZ wo, d need
to take p ote ive ac~t '._ut
if they did.•peotective act t would be limited to areas based
on plumep jections.
To support the treatment of evacuation of an EPZ, the project used site-specific evacuation tim-e
estimates (ETEs). For assessment of movement of the public residing between 10 to 20 miles,
outside the EPZ, additional ETEs were developed for each site. The level of detail in developin•

M4~

these ETEs was significant, including the identification of general public and special facility
population groups, e.g., hospitals, nursing homes, and prisons.
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For, nuclear power plants, Appendix E of 10 CFR 50 Section IV requires that an analysis of the
time required to evacuate and time for taking other protective actions be provided for various
sectors and distances within the EPZ for transient and permanent residents. An ETE is
developed by licensees to support this requirement and is a tool that provides emergency
managers information on how long it may take to evacuate a portion or all of the EPZ. Using
this information, emergency managers can decide if evacuation is the most appropriate protective
action.
Protective actions beyon
e EP are-re4uired by regulation but are not normally practiced. It
is assumed that OROs would identify the need for such protective actions and direct that they be
implemented in an ad hoc manner. Implementation of protective actions beyond the EPZ would
be based on dose-projection data available to response organizations. Emergency response
organizations would be aware of source terms and resultant doses that could require protective
actions beyond 10 miles. The timing of emergency response actions was developed in
accordance with the ORO plans.
Advancements in consequence modeling, specifically the development of WinMACCS, now
allows detailed integration of protective actions into consequence analysis. WinMACCS allows
temporal and spatial elements of sheltering and evacuation to be modeled. To use the features in
WinMACCS, an ETE for the 10 to 20 mile zone was developed using the Oak Ridge Evacuation
Modeling System (OREMS). OREMS was used to develop ETEs for the general public within
the 10 to-20 mile zone for all sites. The output from OREMS was then used to support input into
the WinMACCS model.
For each accident sequence that resulted in a release to the environment such that protective
actions would be implemented, a baseline case was modeled. The baseline case included
evacuation of the public residing in the 10-mile EPZ, a 20 percent shadow evacuation of the
public residing in the 10 to 20 mile zone outside the EPZ, and sheltering of the remaining public
10 to 20 mile
zone and
outside
the EPZanalyses
for a period
24conducted,.~t,0
hours followed by evacuation.
t within
Selectedthealternative
analyses
sensitivity
were of
also
Population subgroups, called cohorts, were defined to provide greater fidelity in the treatment of
emergency response. For each site, six cohort groups were established. The makeup of the
cohort groups varied by site depending on the population distributions and emergency
management actions. As a general assumption, the accident scenario was assumed to occur
during school hours, thus one cohort was established for schoolchildren within the EPZ. Other
cohorts included the general public within the EPZ, general public in the 10 to 20 mile zone,
special facilities within the EPZ, shadow evacuees, and a non-evacuating cohort.
Pa
e characterization of emergency response is based on the timing of actions by onsite
and offsite response organizations to protect public health and safety, generally by instructing the
public to evacuate or shelter. The initiating event for many of the accident scenarios considered
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by SOARCA is a large earthquake close to the plant site. han
earthquake is
estimated in general by the occurrence of.e-A-fth-past.-ý--fr est-andingthe-loeat-ion
of faults in the eastemrtrnted States is far from precise. Compared with thecti"a
in the West
nes-anrbe identified on the surface, faults-i-n-the east areusu ly buried,
where geologiýý
below layers offsoii andrq
ng--are difficuul o-id
-md g predicton of earthquake
,-e
location and magnit•tMe imprecise.
-'-c --The earthquakes hypothesized in S (ARCA are close to a plant site, and it can be assumed that
severe damage is generally localized. Since the fault lines do not intersect the surface, most
roads are not expected to be damaged but may be blocked by debris. Long-span bridges close to
a-site are unlikely to survive the earthquake. Thus, they are assumed to be impassible during
emergency response. Housg sI
would generally survive the earthquake, but with some
damage. The local electrical grid is assumed to be out of service due to the failure of lines,
switchyard equipment, or other failures. There is no back up power system for the sirens at
Peach Bottom, so they would be unavailable. Offsite response organizations would have to
perform route alerting to notify the population of the need to take protective actions. This is a
routine and effective method of informing the public and implementing protective actions [45]. It
consists of the police driving through neighborhoods using bullhorns or other amplification
devices to notify residents of the emergency.
5.3.1

Fr

Baseline Analyses of Emergency Response
icc~~tsgec
"~~

that resulted

in n ~iiIt~e
ncaO
r

.
to"th e'iomn4ha-•~

in-výke-protect4-ve-a~e~ios-aý-b~as.i~n-eas.e--.moadeld. The baseline case represents the
protective action planning in place for EPZs [44]. Initial protective actions, for which guidance
is provided in Supplement 3 to NUREG - 0654/FEMA-REP- 1, Rev. 1 [44], would likely include
evacuation of the 2-mile zone around the NPP and evacuation of a 5-mile downwind keyhole, as
shown in Figure 16
epu
rei
hin the
10-20-percent
sa
ion ofthe public r 4sidngto 20 mile zone
ous sid-i
tthe
Z1.ý-A shadow evacuation is a spontaneous evacuation that is not specifically directed by the
OROs. The population beyond 20 miles is assumed not to evacuate. Instead, this segment of the
population is relocated if projected doses exceed EPA guidelines,
;y.
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Standard Keyhole Evacuation

The site specific ETEs were used to establish the evacuation parameters ffoor thee Z cohorts. To
establish realistic evacuation parameters for the cohorts in the 10 to 20 mile zone, the evacuation
was modeled using OREMS Version 2.6. OREMS is a Windows-based application used to
Ld f.
simulate traffic flow and was designed s
5.3.2

ifally for emergency evacuation modeling [46%.-

Sensitivity Analyses of Emergency Response

-0-1

f,,-

After completion of the baseline analysis, two variations were conducted, a 16-mile evacuation
and a 20-mile evacuation for selected accident sequences. For the 16-mile analysis, complete
evacuation of the 16-mile radius is assessed. The members of the public in the 16 to 20 mile
zone were assumed to shelter for a period of 24 hours after containment failure, at which point
this population group also evacuates.
Assessment of a complete evacuation within 20 miles from the plant was also conducted for
selected accident sequences. For this assessment, an ETE was developed for the 20-mile area to
provide realistic timing for the movement of the public in the treatment of consequences.
5.3.3

Integration with Consequence Modeling

WinMACCS was used to integrate the emergency-planning protective actions into the overall
consequence modeling. WinnMACCS allows for the movement of different population groups,
•h
and accommodates speed and direction variations of the evacuating
cohorts. To fully utilize the functions of WinMACCS, the evacuation routes were assessed to
determine the directions that evacuees would take. The evacuation area was mapped onto a grid•
with 64 compass sectors and 15 radii. This grid was used as the basis for the network evacuation
model in WinMACCS. The same WinMACCS evacuation network was used for all accident
sequences at each site. Only timing and evacuation speed parameters were adjusted to account
for the specifics of each accident sequence.
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5.4

Source Term Evaluation from MELCOR to MACCS2

Source term evaluation for each of the accident sequences was performed usin MELMACCS
[47]. MELMACCS reads a MELCOR plot file and extracts information useful or source term
definition for MACCS2. A number of user options have to be selected when us ng
MELMACCS. The following paragraphs describe the specific choices made fo SOARCA.

4-1L

The first set of choices is related to the chemical groups or classes to be include in the analysis.
Here, the standard set of fission product groups, i.e., the Xe, Cs, Ba, I, Te, Ru, M , Ce, and La
groups, are all included in the analyses. A related quantity defining the burnup to e assumed
when calculating the fission product inventory depends on t4 l~ant type. In an eff to provide
a best-estimate fission product inventory for Peach Bottom, " ORIGEN calculation as
performed for SOARCA to estimate the inventory at mid-cycle, for which peak-rod burnup is
estimated to be 49 MWd/kg. These data were used in MELMACCS to specify the inventory for
MACCS2 and the MACCS2 input is, therefore, consistent with the MELCOR calculation. An
analogous calculation was not performed for Surry; instead, a previously available fission
product inventory based on the regulatory limit of burnup, 65 MWd/kg for the peak fuel rod, was
used. This inventory should be
.overestimate#
at least for most
of the fission products that do not reach secular equilibrium by mid-cycle.
A set of parameters define the ground elevation (grade) in the MELCOR reference frame, the
height of the building from which release occurs, and the initial plume dimensions. The
MELCOR analyses used in SOARCA use reactor shutdown as the reference time, so the time of
accident initiation is always set to zero in the MELMACCS input.
Aerosol deposition velocities are calculated by MELMACCS based on the geometric mean
diameter of each aerosol bin, as defined in the MELCOR analysis. The deposition velocities are
based on expert elicitation data using the median value of the combined distribution from the
experts [48]. Typical values for surface roughness and mean wind speed, 0.1 m and 2.2 m/s,
respectively, are additional parameters used to determine the deposition velocities in
MELMACCS. Mean wind speeds were determined from the specific weather files used in the
consequence analyses.
cFinally, significant releases were broken up into one-hou plume segments. Trivial releases,
such as those where the release fractions are less than
t of the core inventory and mostly
noble gases, were sometimes broken up into longer time intervals.
5.5

Types of Site-Specific Parameters Used

Weather data for each site are taken from meteorological archives provided by each plant. The
raw data were processed into 64 compass sectors in order to use the angular resolution
capabilities in WinMACCS 3.4 and MACCS2 2.4.
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Site files were processed with SECPOP2000 [49]. Population data were scaled by a factor of
1.0533 to account for US average population growth between the years 2000 and 2005.
Economic data were scaled by 1.0900 to account for inflation between the years 2002 and 2005.
The inflation adjustment was based on the increase in the consumer price index (CPI).
Site files were initially created by SECPOP2000 for 16 compass sectors, which is the only
angular resolution supported by that code. WinMACCS was then used to interpolate these site
files onto the 64 compass-sector grid that was used for the consequence analyses.
Consequence analyses were performed with WinMACCS using the standard approach of
evaluating accidents in the following two phases:
1. Emergency phase is the period of time beginning with the initiating event and continues
for about 1 week. The release from the plant and plume transport through the MACCS2
grid occur during this phase. Emergency response, i.e., evacuation and relocation of the
population in order to reduce exposures and doses, also occurs during this phase.
2. Long-term phase is the period following the emergency phase and continues for 50 years.
Three actions take place during the long term phase. Land that is contaminated above the
level that is allowable for habitation is decontaminated and potentially interdicted for an
additional period. During this time, the land is not available for human habitation. Land
that cannot be restored to habitability is condemned, in which case the residents do not
return during the long-term phase.
Shielding factors applied to evacuation, normal activity, and sheltering for each relevant dose
pathway (i.e., inhalation, deposition onto skin, cloudshine, and groundshine) were evaluated for
each site based on values used in NUREG-1150. One departure from the NUREG-1 150 values
is for normal activity. Each of the normal activity values was reevaluated assuming that the
average person spends 19 percent of the day outdoors and 81 percent of the day indoors [44].
The value for each of the pathways was evaluated as a linear combination of 19 percent of the
value for evacuation and 81 percent of the value for sheltering.
A-,- Q
Site-specific values are used to determine long-term habitability. Most states dhere to EPA
guidelines that allow a dose of 2 rem in the first year and 500 mrem per year t ereafter. The
EPA recommendation has traditionally been implemented in MACCS2 as 4 re during the first
5 years (2 rem + 4 * 0.5 rem) of exposure and that convention is adopted here. Some states, like
Pennsylvania, have a stricter habitability criterion, 0.5 rem/yr beginning in the first year. Thus,
the habitability or return criterion is somewhat site specific and is discussed further in Volumes
-1-Tand3%.
EP * in the rocess of dopting the habitability critrion defined by the Department of
Ho
andS cu ity i(DS )which will allow a larg 4.rol for sta'an ocal governyaents to
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Other site-specific parameters include farmland and nonfarm-land values. These are also scaled
from NUREGL 1150 values using CPI as the basis for price escalation.
5.6

Reference to the Other, Non-Site Specific Parameters

There are a number of parameters used in the SOARCA analyses that are not site specific. They
are described in the following paragraphs.
Ingestion of contaminated food and water is not treated in the SOARCA analyses. The reasoning
is that adequate supplies of food and water are available in the US and can be distributed to areas
affected by a reactor accident. Some farm areas would be taken out of production, at least for a
period of time, while other areas would be put into production to compensate and maintain a
level food supply without needing to resort to consumption of contaminated food. Likewise,
bottled or filtered water from uncontaminated areas would be distributed to affected areas so that
no one would need to consume contaminated water.
Some states have distributed potassium iodide (KI) tablets to people who live near commercial
nuclear power plants. KI has been distributed within the EPZ at the Peach Bottom and Surry
sites. The purpose of the KI is to saturate the thyroid gland with iodine so that further uptake of
iodine by the thyroid is diminished. If taken at the right time, the KI can nearly eliminate dassto the thyroid gland from inhaled radioiodine. Ingestion of KI is modeled for ha
ý-oft•e
residents near plants where KI has been distributed by the state or loca.l vermnent. A further
assumption is that most residents do not take KI at the optimal time (shortly before to
immediately after plume arrival) so the efficacy is only 70%, i., the thyrpid dose from inhaled
radioiodine is reduced by 70%.

'.-•x$\P
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Much of the non-site-specific data used for consequence analysis in SOARCA are taken from a
set of reports that document a joint NRC/Commission of the European Communities (CEC)
expert elicitation study [48]. The data taken from this study include atmospheric dispersion
parameters, dry deposition velocities, wet deposition parameters, and acute health-effect
parameters. In all cases, the median values extracted from the elicitation study [48] are used for
,
f
point-value consequence analyses in SO4RCA. ý1.
-

Evacuation was modeled witi
•o-e

-ng

zone EPZ) at bot si

1 o ana oc expansion of the
s. Outside of the EPZ, the population was
assumed to relocate if the projected dose exceeded a set of two upper bounds. These bounds
were based on a range of dose levels pub ished by the EPA, which is 1 to 5 rem. In SOARCA,
the lower limit of this range, 1 rem, was sed to trigger normal relocation and the upper limit of
this range, 5 rem, was used to trig er hot spot relocation.
0o -s"
p~afýilf'-s-a
1rmal-r-elo-a ion-.
. The choices of times associated with normal and
hot-spot relocation depended on the speci ic accident scenario because the first priority of
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emergency responders is generally to evacuate those within the EPZ. -&it was assumed that
hot-spot relocation would o
e sometime after evacuation was complete
-

d
(,-/ 0

The dose conversion factors (DCFs) used in the SOARCA analyses are based on Federal
Guidance Report (FGR)-13 [50]. However, the standard DCFs were modified according to
recommendations provided by Keith Eckerman [51 ]. One set of recommendations was to
change the biological effectiveness factors (BEFs) for alpha radiation for two of the organs used
to estimate latent cancer health effects to be consistent with the way the risk factors for cancers
associated with those organs were evaluated. The two organs are bone marrow and breasti; for
these organs the BEFs for alpha radiation were changed from the standard value of 20 to 1 and
10, respectively. Doses to these organs are used to evaluate occurrences of leukemia and breast
cancer, respectively. Keith Eckerman also recommended using dose to the pancreas as a
surrogate for dose to soft tissue to estimate residual cancers. Because MACCS2 does not
currently read the data for the pancreas from the dose conversion factor file, a workaround was
created. Values of the dose coefficients for the pancreas were copied into the organ called
bladder wall. Thus, residual cancers are associated with the organ called bladder wall, which
actually contains data for the pancreas.
Keith Eckerman [51 ] also recommended risk factors for latent health effects that come from the
National Research Council's Committee on the Biological Effects of Ionizing Radiations (BEIR)
V report [52] and are consistent with the modified DCF file described in the preceding
paragraph. These risk factors include 7 organ-specific cancers plus residual cancers that are not
accounted for directly.
.
Decontamination parameters are based on values from NUREG-1 150. Two levels of
decontamination are coTidered, just as in NUREG-1150. The cost parameters associated with
decontamination are adlusted to account for inflation using the CPI. Costs associated with a
reactor accident are not ort;
however, these parameters do affect decisions
on whether contaminated areas can be restored to habitability and therefore affect predicted
doses and risk of health effects.
5.7

Reporting Health Effects

Experts generally agree that it is difficult to characterize cancer risk for some organs because of
the low statistical precision associated with relatively small numbers of excess cases. This limits
the ability to estimate trends in risk. From an epidemiological standpoint, in most if not all
cases, the number of latent cancer fatalities (LCFs) attributable to radiation exposure from
accidental releases from a severe accident would not be detectable above the normal rate of
cancer fatalities in the exposed population (i.e., the excess cancer fatalities predicted are too few
to allow the detection of a statistically significant difference in the cancer fatalities expected
from other causes among the same population). For example, in 2006, the World Health
Organization (WHO) estimated that 16,000 European cancer deaths will be attributable to
radiation released from the 1986 Chernobyl nuclear power plant accident, but these predicted
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numbers are small relative to the several hundred million cancer cases that are expected in
Europe through 2065 from other causes. Furthermore, WHO concluded that, "it is unlikely that
the cancer burden from the largest radiological accident to date could be detected by monitoring
national cancer statistics."
.
New findings have been published from analyses of fr tionated or chronic low-dose exposure to
low, linear energy transfer (LET) radiatioqý in
i
, a study of nuclear workers in
15 countries, studies of persons living in the vicinity of the Techa River in the Russian
Federation who were exposed to radioactive waste discharges from the Mayak Production
Association, a study of persons exposed to fallout from the Semipalatinsk nuclear test site in
Kazakhstan, and studies in regions with high natural background levels of radiation hy
bf
. Cancer risk estimates in these studies are generally compatible with those
derived from the Japanese atomic bomb data. Most recent results from analyzing these data are
consistent with a linear or linear-quadratic dose-response relationship of all solid cancers
together and with a linear-quadratic dose-response relationship for leukemia.
In the absence of additional information, the International Commission on Radiological
Protection (ICRP), the National Academy of Sciencel, and the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) have each indicated that the current
scientific evidence is consistent with the hypothesis that there is a linear, no threshold (LNT)
dose response relationship between exposure to ionizing radiation and the development of cancer
in humans.
Conversely, the French National Academy of Medicine, in "Dose-effect relationships and
estimation of the carcinogenic effects of low doses of ionizing radiation," March 30, 2005 [53],
p. 1, advocates the following:
A linear no-threshold relationship (LNT) describes well the relation between the dose and
the carcinogenic effect in this dose range (0.2 to 3 Sv) where it could be tested.
However, the use of this relationship to assess by extrapolation the risk of low and very
low doses deserves great caution. Recent radiobiological data undermine the validity of
estimations based on LNT in the range of doses lower than a few dozen mSv which leads
to the questioning of the hypotheses on which LNT is implicitly based.
While the French National Academy of Medicine raises doubts regarding the validity of using
LNT to evaluate the carcinogenic risk of low doses (less than 100 millisieverts (mSv) (10 rem))
and even more so for very low doses (less than 10 mSv (1 rem)), it did not articulate what exact
value should be ascribed to a dose threshold.
Ultimately, external and internal exposures to individual members of the public are converted
from collective organ dose to LCFs using MACCS2. T
s't*.

ent. While the possibility of LCFs from very low doses cannot be ruled out,
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organizations such as ICRP and the Health Physics Society (HPS) consider it to be an
inappropriate use of these exposures. While the National Council on Radiation Protection and
Measurements (NCRP) supports the LNT model, it recommends binning exposures into ranges
and considering those ranges separately. Furthermore, in situations involving trivial exposures to
large populations, ICRP and NCRP have noted that the most likely number of excess health
effects is most likely zero, when the collective dose to such populations is equivalent to the
reciprocal of the risk coefficient (about 20 person-Sv (2000 person-rem)). Nevertheless, issues
remain related to assessing public exposure, estimating offsite consequences, and communicating
these assessments to the public. Several organizations, such as ICRP, have addressed this issue.
In its most recent recommendations (ICRP Report 103, "The 2007 Recommendations of the
International Commission on Radiological Protection," approved March 2007), ICRP stated the
following [54]:
Collective effective dose is an instrument for optimization, for comparing radiological
technologies and protection procedures. Collective effective dose is not intended as a
tool for epidemiological studies, and it is inappropriate to use it in risk projections. This
is because the assumptions implicit in the calculation of collective effective dose
(e.g., when applying the LNT model) conceal large biological and statistical
uncertainties. Specifically, the computation of cancer deaths based on collective
effective doses involving trivial exposures to large populations is not reasonable and
should be avoided. Such computations based on collective effective dose were never
intended, are biologically and statistically very uncertain, presuppose a number of caveats
that tend not to be repeated when estimates are quoted out of context, and are an incorrect
use of this protection quantity.
Although ICRP provided qualitative guidance regarding situations where collective dose should
not be used, it did not provide guidance regarding when these concepts actually are, and are not,
appropriate, nor did it clearly articulate the boundaries within which the calculations are valid, as
well as the dose ranges for which epidemiological and cellular or molecular data provide
information on the health effects associated with radiation exposure. ICRP did note, however,
that when ranges of exposures are large, collective dose may aggregate information
inappropriately and could be misleading for selecting protective actions.
The National Academy of Sciences reported the following [52]:
The magnitude of estimated risk for total cancer mortality or leukemia has not changed
greatly from estimates in past reports such as Biological Effects of Ionizing Radiation
(BEIR) and recent reports of the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) and ICRP. New data and analyses have reduced
sampling uncertainty, but uncertainties related to estimating risk for exposure to low
doses and dose rates and to transporting risks from Japanese A-bomb survivors to the
U.S. population remain large.
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The National Academy of Sciences go on to conclude that, "current scientific evidence is
consistent with the hypothesis that there is a linear, no-threshold dose-response relationship
between exposure to ionizing radiation and the development of cancer in humans."
0

Many groups acknowledge the uncertainties associated with estimating risk for exposure to low
radiation doses. One important question that remains is what offsite health consequences are
attributable to very low radiation exposure.
"
mendations
Pepo
Q.si-abev&GRP-w
tdeei-ve
eifsnraae-dosex
and should be a-voided, -bu i-it-d'n ot
e5plicitlypro vide-a-quaittat-+ive-r-angeý-for-whieh-exposures-shmd-net-be-eons&i
ed. -H@6we.vr,
Wn ICRP Report 104', "Scope of Radiological Protection Control Measures" [55], ICRP concludes
that the radiation dose that is of no significance to individuals should be in the range of 20-100
microsieverts (pSv) (2-10 millirem (mrem)) per year whole body dose. The International
Atomic Energy Agency (IAEA) has stated that an individual dose is likely to be regarded as
trivial if it is of the order of some several millirems per year. Although there is no scientific
basis for defining a trivial dose, the ICRP and IAEA definitions of trivial dose may provide a
basis to address truncation of offsite radiation exposure and the attribution of health
consequences
Alternatively,(jHPS) developed a position paper, "Radiation Risk in Perspective," revised August
2004 [56], to specifically address quantitative estimation of health risks. This position paper
concludes that quantitative estimates of risk should be limited to individuals receiving a whole
body dose greater than 0.05 Sv (5 rem) in 1 year or a lifetime dose greater than 0.1 Sv (10 rem),
in addition to natural background radiation. HPS also concluded that risk estimates should not
be conducted below these doses. The position paper further states that low dose expressions of
risk should only be qualitative, discusso a range of possible outcomes, and emphasizelthe
..
inability to detect any increased health detriment. The difference between the HPS view and
those expressed by ICRP and IAEA is the detectability of a health consequence versus the
difficulty of assessing the effects of exposure to trivial doses.
4 he LNT model provides a vie
Ae,
nt that is consistent with the regulatory
approach of the NRC wT
and ?ast analyses using the MACCS2 code hx
a
Additionally, these past analyses (e.g., NUREG-1 150)
calculated LCFs to 1,000 miles with forced deposition to account for all non-inert radionuclides
in the dose calculation. Continued use of the LNT model provides consistency and
comparability with previous worlS. The NRC is neither changing nor contemplating changing
radiation protection standards and policy as a result of an approach taken in this study to
characterize offsite health conse ences for low probability events. On the other hand, the NRC
can use different approaches for 4iifferent applications. Therefore, the SOARCA analyses
consider a range of dose truncati 6n values, ranging from LNT on one hand to the Health Physics
Society recommendation (5 rem/yr and 10 rem lifetime) on the other hand. Two intermediate
dose-truncation levels are also qonsidered. One is the 10 mrem/yr dose truncation value
suggested ICRP Report 104; tle other is US-average background radiation of 620 mrem/yr.
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Results for these four dose-truncation levels are reported

7:54:00 AM

for each of the accident

-

scenarios considered in the SOARCA study.
The statistic that is chosen to convey the likelihood of LCFs resulting from an accident at a NPP
is the mean, population-weighted, individual risk. This value is more meaningful than the
predicted number of LCFsJ
s
1iti-. The term "population-weighted" carries the meaning of the
effect of population distribution, along with wind rose probabilities, on the predicted risk. This
statistic is simply the number\of predicted fatalities divided by the population within a specified
region. The use of the word "mean" is intended to convey that the results are arithmetic averages
over the annual weather data used in the analysis. The initial phase of the SOARCA analyses
only considers uncertainty in the weather; subsequent uncertainty analyses will consider the
effect of source term and other input uncertainties on the predicted consequences. I,,4h-

Mean, population-weighted, individual risks are presented at three l~-y
.niae.O

distance ranges t4,a

The first range is 0 to 10 mi; the second is(0 to 50 mi; the third is 0

to 100 mi. The first distance range represents the population within the EPZ. The range from 0
to 50 mi is generally used in seviere accident mitigation alternative (SAMA) and severe accident
mitigation design alternative (SAMDA) analyses. The range from 0 to 100 mi was chosen to
demonstrate consequences out Ito a relatively ng distance.
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