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ABSTRACT 

This report develops guidelines for modeling safe and stable state for the 
accident scenarios (i.e., event trees) in the SPAR models as defined in 
ASME/ANS RA-SB-2013, Addenda to ASME/ANS RA-S-2008, Standard for 
Level 1/Large Early Release Frequency Probabilistic Risk Assessment for 
Nuclear Power Plant Applications. Nuclear Regulatory Commission (NRC) and 
industry probabilistic risk assessment (PRA) best practices on the associated 
topic are considered in the development of the guidelines as appropriate. 
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Safe and Stable State in SPAR  
 

1. INTRODUCTION 
Idaho National Laboratory (INL) was tasked to assist the Nuclear Regulatory Commission (NRC) 

staff in the development of “guidelines for a Safe and Stable State for the accident scenarios (i.e., event 
trees) in the SPAR models as defined in ASME/ANS RA-Sb-2013, Addenda to ASME/ANS RA-S-2008, 
Standard for Level 1/Large Early Release Frequency Probabilistic Risk Assessment for Nuclear Power 
Plant Applications” [1]. Although the term of Safe and Stable State is defined in the PRA Standard [1] as 
well as other documentation such as NUREG-2122 [2], questions have been raised on how it should be 
modeled appropriately for specific initiating events and accident sequences in SPAR model event trees. 
Safe stable state related modeling issues, either generic or specific to pressurized water reactor 
(PWR)/boiling water reactor (BWR), have also been discussed previously for SPAR models. 

General Issues 

- Should component mission times used in failure probability estimation be increased to 
longer than 24 hours (i.e., should they match the accident sequence end-state timing for 
extended sequences)? 

- Should screening of room heat-up issues that were based on a 24-hour mission time be re-
visited? 

- If battery charging (dedicated charging diesel) is successful during a station blackout (SBO) 
event, should the SPAR model mandate that power be recovered within 24 hours be 
retained? 

- Should condensate storage tank (CST) refill always be queried when the CST is the source 
of long term makeup?  If not, under what conditions should refill be queried? 

- Should the rule to not credit hardware recovery apply for sequences that go beyond 24 
hours? 

PWR Issues 

- A PRA mission time of 24 hours is often assumed. However, the thermal-hydraulic (T-H) 
analyses for some PRAs use a 30-hour run time for some scenarios to support an argument 
that if core damage does not occur by 30 hours into the event, this can be considered 
evidence that the plant was in a stable state at 24 hours into the event. On the other hand, 
MELCOR calculations have shown that core damage is expected to occur shortly after 30 
hours in some steam generator tube rupture (SGTR) sequences for some plants. So should a 
longer-than-30-hour-run-time be used for the T-H analyses for these SGTR sequences? 
How long should it be? 

- For a reactor coolant pump (RCP) seal leak rate of less than or equal to 21 gpm/RCP, is 
auxiliary feedwater (AFW) alone sufficient, or is primary system make-up also required, to 
mitigate the accident and reach safe stable state?  

- Should rapid or normal cooldown and depressurization be queried in related accident 
sequences to reach safe stable state?  

- Given secondary side heat removal (AFW or MFW success) and nominal reactor coolant 
pump (RCP) seal leakage during a transient type event, does the status of injection 
(charging) need to be verified to reach a safe/stable end state?  If injection is not available, 
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is secondary depressurization and accumulator injection adequate for primary inventory 
concerns? 

- Under what scenarios should containment fan coolers be credited and/or required? And if 
they are credited for long-term containment heat removal in lieu of the RHR heat 
exchanger, should the model developer consider equipment qualification limits (namely 
temperature during time frames greater than 24 hours) in determining the minimal success 
criterion? 

- During small loss of coolant accidents (SLOCAs), is sump recirculation always required or 
can a combination of secondary-side depressurization, containment fan coolers for 
preventing containment spray actuation, and residual heat removal (RHR) for long-term 
decay heat removal be credited as a successful endstate? 

BWR Issues 

- Is suppression pool inventory adequate as a long-term source for injection when the 
suppression pool cooling (SPC) system is failed and containment venting is successful? 

- How should recirculation pump leakage/failure be considered when relying on isolation 
condensers or control rod drive (CRD) system injection? 

These Safe and Stable State-related modeling issues fall into two broad categories: (1) is the mission 
time defined in the SPAR model sufficient to determine the accident sequence end states? (2) Does the 
success criteria embedded in some SPAR event trees truly represent the minimum number of 
systems/components and human actions that are required to ensure the safety functions for the accident 
sequences? This report presents current philosophies and methodologies regarding the Safe and Stable 
State for accident scenarios in the SPAR models. It serves as the starting point for further discussions 
among the NRC, INL, and other stakeholders. 

2. DEFINITIONS AND REQUIREMENTS 
Safe and Stable State (also referred to as “safe stable state”, “stable state”, “steady state”, etc.) is one 

of several end states, or different sets of conditions at the end of accident sequences that characterize the 
impact of the sequences on the plant or environment. These end states are incorporated into probabilistic 
risk assessments (PRAs). Safe and Stable State is a success state as the sequence has negligible adverse 
impact on the reactor core. Other end states include core damage in Level 1 PRA, and plant damage states 
and various release categories in Level 2 PRA or large early release frequency (LERF) analysis. The PRA 
Standard [1] has the following simple and short definition of the “safe stable state”: 

safe stable state: a plant condition, following an initiating event, in which RCS conditions are 
controllable at or near desired values. 

“Safe stable state” is also defined in NUREG-2122 [2] as: 

safe stable state: condition of the reactor in which the necessary safety functions are achieved. 

From the definitions and explanations in [1] and [2], the concept of safe stable state is closely related 
with several other terms such as accident sequence, end state, core damage, safety functions, success 
criteria, and mission time. Appendix A of this report includes the definitions of these terms from the PRA 
Standard [1]. The PRA Standard also includes a number of supporting requirements (SR) under the 
accident sequence analysis (AS), success criteria (SC), and system analysis (SY) elements that are related 
to the safe stable state and the associated terms (e.g. success criteria and mission time). These 
requirements are included in Appendix B of this report. International Atomic Energy Agency (IAEA) 
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Safety Standards Series No. SSG-3 [3] also includes requirements related to safe stable state, which are 
included in Appendix C of this report. 

3. METHODOLOGIES ON MODELING SAFE STABLE STATE IN 
SPAR EVENT TREES 

To model a safe stable state in SPAR models, the analyst needs to (1) identify the key safety functions 
that are necessary to reach it; (2) specify success criteria for each identified key safety function; (3) 
identify the systems and operator actions that can mitigate the initiator and achieve the defined success 
criteria; (4) perform appropriate T-H analyses or other engineering evaluations (simply referred to as T-H 
analyses hereafter) to determine accident progression parameters; and (5) define the end state of the 
accident progression as occurring when safe stable state or core damage state has been reached (SR AS-
A2, AS-A3, AS-A4, AS-A8, SC-A3 of the PRA Standard [1]).  Figure 3-1 shows the general process to 
define accident sequence end states in a PRA model. 

 
Figure 3-1. General process for defining accident sequence end states in PRA 

Generic or realistic, plant-specific T-H analyses are used to determine the accident progression 
parameters that could potentially affect the operability of the mitigating systems (SR AS-A9 of [1]). T-H 
analyses are also used to determine whether a core damage state is reached by comparing the specified 
plant parameters (e.g., highest node temperature, core collapsed liquid level) of accident sequences during 
the mission time period with the associated acceptance criteria (e.g., for PWR, core collapsed liquid level 
below top of active fuel for a prolonged period; or code-predicted peak core temperature >1,800°F using a 
code with simplified core modeling methodology such as single-node core model or lumped parameter) 
(SR SC-A2 of [1]). 

So while safe stable state is defined as a plant condition in which RCS conditions are controllable at 
or near desired values [1] or in which necessary safety functions are achieved [2], this safe condition or 
state must be maintained or controllable for a period of time that is long enough to be deemed “stable”. 
For T-H analyses, this time period is a required input parameter for the code to perform the analyses. The 
time element in the safe stable state is generally expressed through the term mission time, which is 
defined in [1] as: 

mission time: the time period that a system or component is required to operate in order to 
successfully perform its function. 

Note that the above definition of mission time is for a system or component to perform its function 
successfully (which will be called as SSC mission time in this report hereafter). SSC mission time is 
closely related (usually the same, but can be different) to accident sequence mission time (or sequence 
mission time) which is used as an input in T-H analyses for the specified accident sequences. SR SC-A5 
of [1] requires a minimum mission time of 24 hours to be used for sequences in which stable plant 
conditions have been achieved. However, if stable plant conditions are not achieved within 24 hours using 
the modeled plant equipment and human actions, additional evaluations or modeling using appropriate 
techniques should be performed. For example, assigning core damage rather than safe stable state to the 
sequence; or extending the mission time and re-evaluating the sequence; or modeling additional system 
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recovery or operator actions for the sequence. Using this PRA Standard [1] requirement as the basis, the 
following guidelines are recommended to define mission time for modeling safe stable states in SPAR 
models: 

a. Review accident sequences across the model, and based on practitioner judgment identify the 
subset that warrant additional attention with respect to safe and stable state modeling. 

b. For those interested accident sequences, predefine an accident sequence mission time. This 
predefined sequence mission time should be no less than 24 hours. Longer sequence mission 
times could be used if the analyst has no concern with the computing resources or insights 
suggest that 24 hours may not be sufficient for the plant to reach stable conditions for the 
accident sequences. 

c. Perform necessary T-H analyses with the predefined sequence mission time. 

d. Review the T-H analysis results and determine whether a safe stable state or core damage 
state is reached for the analyzed sequence. Note that the reviewing of analysis results should 
not just focus on checking the plant parameters against the acceptance criteria (e.g., is the 
peak core temperature greater than 1,800°F?), but also checking the trends of the plant 
parameters (e.g., the peak core temperature is less than 1,800°F at the end of the T-H case 
run, but is it still increasing? Is primary-side water level dropping? Are tanks being relied on 
for water sources nearing depletion? Is the containment atmosphere continuing to pressurize 
or heat up?). The parameter acceptance criteria checks determine whether a safe state or core 
damage state is reached within the defined sequence mission time, while the parameter 
trending checks determine whether a safe state is also stable. 

e. If the analyses determine that a safe and stable state or core damage state has been reached, 
assign the proper end state to the sequence. If stable plant conditions are not achieved within 
the predefined sequence mission time, then extend the sequence mission time and re-evaluate 
the sequence. Although extending sequence mission times and re-evaluating the sequence 
could be a repetitious process until stable plant conditions are achieved, the analyst can 
simply choose 72-hour as the new sequence mission time and re-evaluate the sequence. Note 
that IAEA Safety Standards Series No. SSG-3 [3] uses “24 or 48 h for most initiating events” 
as the mission time for safety systems to operate and for the reactor to reach a safe, stable 
shutdown state. The PRA Standard [1] only uses “a minimum mission time of 24 hr” 
(although the definition of success path in [1] uses 72 hours for maintaining the plant in a 
stable hot or cold condition, success path is a legacy term that is only used in Part 10 Seismic 
Margin Assessment Requirements At-Power of [1]). A choice of 72 hours here represents a 
balance between the diminishing returns in terms of analytical rigor and the increasing 
likelihood that non-modeled mitigative/recovery actions will have terminated the accident.  

f. Review the T-H analysis results with 72 hours as the sequence mission time. Check the plant 
parameters against the acceptance criteria. If core damage does not occur, the sequence will 
be assigned to safe stable state even if the stable plant conditions are not literally achieved. 
The best practice is for the analyst to document the above assumption(s) and perform 
sensitivity analyses as necessary to show the impact from this treatment. 

g. If a greater-than-24-hour sequence mission time is used for T-H analyses for some accident 
sequences, the 24-hour SSC mission time will continue to be used for component failure 
probability calculations by assuming that plant equipment would continue to operate for the 
subsequent time once it is operable for the first 24 hours.  
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In conclusion, a safe stable state can be assigned to accident sequences if (1) safe and stable plant 
conditions is achieved with a sequence mission time of 24 hours, or (2) core damage does not occur with 
a sequence mission time of 72 hours. 

For the second category of the safe stable state-related modeling issues in Section 1, “does the 
success criteria embedded in SPAR event trees truly represent the minimum number of 
systems/components and human actions that are required to ensure the safety functions for the accident 
sequences?”, similar guidelines as the previous ones could be used. However, the focus is now on 
whether additional systems/components or human actions should be included to achieve safe stable state:  

a. Identify the combinations of systems/components and human actions required to satisfy the 
safety functions for the accident sequence. 

b. Perform necessary T-H analyses with the set of systems/components and human actions. 

c. Review the T-H analysis results and determine whether safe stable state or core damage state 
is reached for the analyzed sequence.  

d. If the analyses determine that a safe and stable state or core damage state has been reached, 
assign the proper end state to the sequence. If stable plant conditions could not be achieved, 
either assign core damage state to the sequence or model additional system recovery or 
human actions into the T-H analysis and re-evaluate the sequence.  

e. Review the new T-H analysis results with the additional system recovery or human actions. If 
safe stable state is achieved, modeling the additional system recovery or human actions into 
event trees. 

While the above guidelines might represent the best practice to address safe stable state-related 
modeling issues based on T-H analyses, it is realized that they may not be practical or sufficient for 
certain circumstances due to various reasons (for example, no resource is available for performing 
necessary T-H analyses, the issues need considerations beyond T-H analyses, limitations within the T-H 
codes, different results from different codes, etc.). Under such situations, the good practice is to use 
appropriate conservative or generic analyses and evaluations as applicable, perform necessary uncertainty 
and sensitivity analyses, and document the assumptions and the uncertainty/sensitivity analysis results. 

4. POSITIONS ON SAFE STABLE STATE-RELATED MODELING 
ISSUES 

 
The philosophies and methodologies described in the previous section can be used to address safe 

stable state-related modeling issues. As an example, Table 4-1 provides the positions for the safe stable 
state-related modeling issues described in Section 1 based on those methodologies. For each issue, a 
default position for SPAR modeling is included, along with an alternative path leading to a less restrictive 
position with proper T-H analyses or other engineering evaluation.  
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Table 4-1. Specific issues/recommendations on safe stable state related modeling issues 
No. Safe Stable State Related Modeling Issues SPAR Position 

1 

General 
Issues 

More and more plants are 
installing independently powered 
equipment (e.g., dedicated battery 
charging diesel generators, diesel 
powered pumps, etc.) to address 
perceived SBO risk.  How should 
this equipment be considered with 
respect to reaching safe/stable 
conditions during extended SBO 
events? For example, current 
SPAR models mandate that AC 
power be recovered within 24 
hours for successful SBO sequence 
termination?  Is this mandate too 
restrictive given battery charging 
is available and RPV or SG 
injection is available? 

There are myriad operational issues to be 
considered during an extended SBO event. 
Examples of these issues include:  
• Adverse environmental conditions in plant 

(heat-up, lighting, etc.) 
• Availability of long term water inventories 
• Containment heat-up impacts 
• Personnel fatigue 
• Switchyard battery life 
• etc. 
 
Default Position: 
NRC has recognized the complexity of this 
particular issue and has contracted with INL to 
help analyze this subject.  The significant 
uncertainties, compel the short term retention of 
the current mandate for power recovery within 24 
hours.  

2 

Should refill always be queried 
when the condensate storage tank 
(CST) is the source of long term 
makeup? 

Default Position: 
Typically, the volume of the CST is insufficient 
or barely adequate to meet a 24 hour mission 
period, let alone an extended 72 hour period.  
Given this consideration, CST refill should be 
queried in all scenarios if it is the primary source 
of long term makeup.  An example of when CST 
is the source of long term makeup would include 
AFW being used for long term SG cooling. 
 
Alternative Approach: 
Perform necessary T-H analyses for the 
sequences in question. If the analyses show that 
CST refill is not required for the sequences to 
achieve safe stable state (i.e., reach safe and 
stable with a sequence mission time of 24-hour, 
or no core damage with a sequence mission time 
of 72-hour), then it is not queried in the related 
event trees. 
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Table 4-1. Specific issues/recommendations on safe stable state related modeling issues 
No. Safe Stable State Related Modeling Issues SPAR Position 

3 

PWR 
Specific 
Issues 

For a reactor coolant pump (RCP) 
seal leak rate of less than or equal 
to 21 gpm/RCP, is auxiliary 
feedwater (AFW) alone sufficient, 
or is primary system make-up also 
required, to mitigate the accident 
and reach safe stable state?  

Default Position: 
Primary system makeup is required to restore 
inventory lost due to seal leakage and reach a 
safe stable end state.  This primary system 
makeup may be accomplished via charging at 
high-pressure or through depressurization in 
conjunction with accumulator injection.  Table 4-
2 shows general time frames for avoiding core 
damage for loss of seal cooling events at a typical 
Westinghouse 4-Loop plant.  Applying the 
guidelines of Section 3, Figure 4-1 shows a 
Reactor Trip event tree typical of current 
modeling practice.  Figure 4-2 shows a Reactor 
Trip event tree incorporating additional logic (1-
CHG, 1-SAFESTABLE) deemed necessary to 
bridge from a 24 hour mission period to a safe 
stable end state.  Figure 4-3 identifies the logic 
associated with the SAFESTABLE logic. 
 
Alternative Approach: 
Perform T-H analyses with AFW alone and a 
sequence mission time of 72-hour for RCP seal 
leak rate of less than or equal to 21 gpm/RCP. If 
core damage does not occur before 72 hours, 
AFW alone is deemed sufficient and safe stable 
state can be assigned to the sequence. 

4 

Few steam generator tube rupture 
(SGTR) T-H analyses have been 
evaluated for scenarios beyond 
approximately 30 hours. The 
analyses of some of these 
scenarios indicate a safe condition 
at the 30 hour mark; however, 
stability may not have been 
achieved. Because of a paucity of 
T-H analyses in the 30+ hour 
period and the typical negative 
trends of those existing analyses, 
should a sequence mission time 
longer than 24 hours be used for 
SGTR initiating events? 

Default Position:  
Use 72 hours as the sequence mission time for 
SGTR initiating events. 24 hours is still used for 
failure probability calculations (refer to Section 
3). 
 
Alternative Approach: 
If safe stable plant conditions could be achieved 
within 24 hours supported by proper T-H 
analyses, use 24 hours as the sequence mission 
time. 
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Table 4-1. Specific issues/recommendations on safe stable state related modeling issues 
No. Safe Stable State Related Modeling Issues SPAR Position 

5 

PWR 
Specific 
Issues 
(cont.) 

Does cooldown and 
depressurization during SLOCA 
events facilitate the crediting of 
RHR in addition to sump 
recirculation for decay heat 
removal? 

Default Position:  
Large Dry Containments – NUREG-2187 
indicates that a timely cooldown and 
depressurization does support credit for RHR 
during SLOCA scenarios. In addition to one train 
of RHR cooling, at least one containment fan 
cooler must also be operable to limit containment 
pressure to below the containment spray 
actuation set point.  Depressurization must occur 
in a timely manner so as to retain sufficient 
inventory in the RWST to support RPV makeup 
requirements for 72 hours. This necessity of a 
‘timely’ depressurization yields a Human Error 
Probability (HEP) to initiate RHR that is greater 
than for non-loss of coolant accident (non-
LOCA) initiators. 
 
Alternative Approach - Ice Condenser 
Containments 
Containment spray setpoints as well as specific 
volumes associated with Ice Condenser 
Containments preclude the use of NUREG-2187 
results.  Therefore, additional T-H analyses will 
be necessary for the scenario(s) in question. 
Determine success criteria associated with fan 
cooler operation, cooldown and depressurization 
criteria and timing, etc. necessary for the 
scenarios in question. Generate plant and 
scenario specific human error probabilities 
(HEPs) associated with the scenario being 
modeled. 
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Table 4-1. Specific issues/recommendations on safe stable state related modeling issues 
No. Safe Stable State Related Modeling Issues SPAR Position 

6 

PWR 
Specific 
Issues 
(cont.) 

Under what scenarios can 
containment fan coolers be 
credited and/or required? 
• Required to limit containment 

temperature? 
• Required to limit containment 

pressure? 
• Required to preclude 

containment spray for specific 
LOCA scenarios?   

• Required for RHR success 
during SLOCA, VSLOCA, 
F&B, RCP seal LOCA? 

• Does RPV depressurization 
preclude the need for 
containment fan coolers in 
preventing containment spray 
actuation during a LOCA?  If 
so, under what conditions? 

• Are there LOCA scenarios 
where containment fan coolers 
can effectively remove decay 
heat and preclude the need for 
cooling of the RHR heat 
exchangers? 

There is not a definitive and/or recommended 
SPAR position on the use of containment fan 
coolers to limit containment temperature or 
pressure. 
 
NUREG-2187 indicates that containment fan 
coolers are required to preclude containment 
spray actuation during Small and Medium 
LOCAs.  At least one fan cooler is required for 
small LOCAs. Multiple coolers are required 
following a Medium LOCA.  
 
RPV depressurization does not preclude the need 
for containment fan coolers in preventing 
containment spray actuation. 
 
This issue needs additional discussion and 
broader understanding based on detailed T-H 
analyses.  However, in the interim, SPAR models 
will allow credit for this success path.  See 
Appendix D for a brief discussion of this topic. 

7 
BWR 

Specific 
Issues 

Is suppression pool inventory 
adequate as a long term source for 
injection when normal heat 
removal (condenser, suppression 
pool cooling (SPC)) systems are 
failed and decay heat is being 
dissipated via containment 
venting? 

In this scenario, water is being removed from the 
suppression pool and injected (HPCI, etc.) into 
the RPV.  The steam generated by the decay heat 
is being vented from the containment to the 
atmosphere. Is the initial inventory in the 
suppression pool adequate (including 
maintaining adequate NPSH) for a 72 hour 
mission period?  The resolution of this issue may 
require specific T-H analyses. 
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Table 4-1. Specific issues/recommendations on safe stable state related modeling issues 
No. Safe Stable State Related Modeling Issues SPAR Position 

8 

BWR 
Specific 
Issues 
(cont.) 

How should recirculation pump 
leakage/failure be considered when 
relying on isolation condensers or 
control rod drive (CRD) system 
injection? 

Default Position: When crediting the isolation 
condenser during events (e.g., SBO, LORBCW) 
that result in a loss of cooling to the recirculation 
pump seals, the probability of seal failure and the 
impact of the resulting leakage rate must be 
explicitly included in the model logic. Failure of 
the seals will impact time available to recover 
power during LOOP/SBO events and preclude 
credit for single pump CRD injection during loss 
of seal cooling events. 
 
• Nine Mile Point 1 – Five Recirculation 

Pumps 
• Oyster Creek – Five Recirculation Pumps 
• Other BWRs – Two Recirculation Pumps 
 
Alternative Approach: Perform detailed T-H 
analyses to determine appropriate flows, 
temperatures and pressures on which to base 
plant/class specific success criteria. 

9 External 
Events 

Unique considerations with respect 
to External Events logic. 
• Does 72 hours make sense 

with respect to external events 
such as seismic and flooding? 

• Are there unique 
considerations associated with 
offsite power recovery, diesel 
fuel supply, etc. 

There are no definitive and/or recommended 
SPAR positions on these issues.  These issues 
tend towards the philosophical and need 
additional discussion within the NRC user 
community. 
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Figure 4-1. Reactor Trip event tree typical of current modeling practice 
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Figure 4-2. Reactor Trip event tree with explicit accounting of seal leakage 
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Figure 4-3.-SAFESTABLE fault tree logic 
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5. SUMMARY 
This report develops guidelines for modeling safe and stable state for the accident scenarios (i.e., 

event trees) in the SPAR models as defined in the PRA Standard [1]. Definitions and requirements for 
safe stable state and associated terms from the PRA Standard [1], NUREG-2122 [2], and IAEA Safety 
Standards [3] are reviewed. Safe stable state-related modeling issues are listed and divided into two 
categories: (1) is the mission time defined in the PRA model sufficient to determine the accident sequence 
end states? (2) Does the success criteria embedded in event trees truly represent the minimum number of 
systems/components and human actions that are required to ensure the safety functions for the related 
accident sequences? Guidelines for modeling a safe stable state in PRA, i.e., defining mission time and 
appropriate sets of systems/components and human actions for accident sequence success criteria, are 
developed to address the related issues based on T-H analyses. Realizing that using the T-H analyses is 
not always practical or sufficient; an alternate pathway is provided by using appropriate conservative or 
generic analyses and performing necessary uncertainty and sensitivity analysis. 
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APPENDIX A 
DEFINITIONS OF RELATED TERMS 

This appendix provides a list of the terms that are related to the term of “safe stable state” and their 
definitions from Section 1-2 Acronyms and Definitions of ASME/ANS RA-Sb-2013, Addenda to 
ASME/ANS RA-S-2008, Standard for Level 1/Large Early Release Frequency Probabilistic Risk 
Assessment for Nuclear Power Plant Applications. 

Term Definition 

accident 
sequence: 

A representation in terms of an initiating event followed by a sequence of 
failures or successes of events (such as system, function, or operator 
performance) that can lead to undesired consequences, with a specified end 
state (e.g., core damage or large early release). 

assumption: 

A decision or judgment that is made in the development of the PRA model. An 
assumption is either related to a source of model uncertainty or is related to 
scope or level of detail. An assumption related to a model uncertainty is made 
with the knowledge that a different reasonable alternative assumption exists. A 
reasonable alternative assumption is one that has broad acceptance within the 
technical community and for which the technical basis for consideration is at 
least as sound as that of the assumption being made. An assumption related to 
scope or level of detail is one that is made for modeling convenience. An 
assumption is labeled “key” when it may influence (i.e., have the potential to 
change) the decision being made. Therefore, a key assumption is identified in the 
context of an application. 

core damage:  
Uncovery and heatup of the reactor core to the point at which prolonged 
oxidation and severe fuel damage are anticipated and involving enough of the 
core, if released, to result in offsite public health effects. 

end state:  

The set of conditions at the end of an accident sequence that characterizes the 
impact of the sequence on the plant or the environment. In most PRAs, end 
states typically include success states (i.e., those states with negligible impact), 
plant damage states for Level 1 sequences, and release categories for LERF 
sequences. 

event tree: 

A logic diagram that begins with an initiating event or condition and progresses 
through a series of branches that represents expected system or operator 
performance that either succeeds or fails and arrives at either a successful or 
failed end state. 

key safety 
functions:  

The minimum set of safety functions that must be maintained to prevent core 
damage and large early release. These include reactivity control, reactor 
pressure control, reactor coolant inventory control, decay heat removal, and 
containment integrity in appropriate combinations to prevent core damage and 
large early release. 

mission time: The time period that a system or component is required to operate in order to 
successfully perform its function. 
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Term Definition 
safe stable 
state: 

A plant condition, following an initiating event, in which RCS conditions are 
controllable at or near desired values. 

safety 
function: 

A function that must be performed to control the sources of energy in the plant 
and radiation hazards. 

source of 
model 
uncertainty 

A source is related to an issue in which there is no consensus approach or model 
and where the choice of approach or model is known to have an effect on the 
PRA model (e.g., introduction of a new basic event, changes to basic event 
probabilities, change in success criterion, and introduction of a new initiating 
event). A source of model uncertainty is labeled “key” when it could impact the 
PRA results that are being used in a decision, and consequently, may influence 
the decision being made. Therefore, a key source of model uncertainty is 
identified in the context of an application. This impact would need to be 
significant enough that it changes the degree to which the risk acceptance 
criteria are met, and therefore, could potentially influence the decision. For 
example, for an application for a licensing base change using the acceptance 
criteria in RG 1.174, a source of model uncertainty or related assumption could 
be considered “key” if it results in uncertainty regarding whether the result lies 
in Region II or Region I, or if it results in uncertainty regarding whether the result 
becomes close to the region boundary or not. 

success 
criteria: 

Criteria for establishing the minimum number or combinations of systems or 
components required to operate, or minimum levels of performance per 
component during a specific period of time, to ensure that the safety functions 
are satisfied. 

success path: a set of systems and associated components that can be used to bring the plant 
to a stable hot or cold condition and maintain this condition for at least 72 hr. 

uncertainty: A representation of the confidence in the state of knowledge about the 
parameter values and models used in constructing the PRA. 

uncertainty 
analysis: 

The process of identifying and characterizing the sources of uncertainty in the 
analysis, and evaluating their impact on the PRA results and developing a 
quantitative measure to the extent practical. 



 

19 

 

 

 
 
 
 
 

 
 

APPENDIX B  
RELATED SUPPORTING REQUIREMENTS IN PRA STANDARDS 

 



 

20 

APPENDIX B 
RELATED SUPPORTING REQUIREMENTS IN PRA STANDARDS 

This appendix provides a list of supporting requirements (SR) that are related to the safe stable state 
from ASME/ANS RA-Sb-2013, Addenda to ASME/ANS RA-S-2008, Standard for Level 1/Large Early 
Release Frequency Probabilistic Risk Assessment for Nuclear Power Applications. 

Accident Sequence Analysis (AS) 

SR Capability Category I                    Capability Category II                            Capability Category III 

AS-A2 For each modeled initiating event, IDENTIFY the key safety functions that are necessary to reach a 
safe, stable state and prevent core damage. 

AS-A3 
For each modeled initiating event, using the success criteria defined for each key safety function (in 
accordance with Requirement SC-A3), IDENTIFY the systems that can be used to mitigate the initiator. 
[See Note (1).] 

AS-A4 
For each modeled initiating event, using the success criteria defined for each key safety function (in 
accordance with Requirement SC-A3), IDENTIFY the necessary operator actions to achieve the defined 
success criteria. [See Notes (1) and (2).] 

AS-A5 DEVELOP the accident sequences in a manner consistent with the plant-specific system design, EOPs, 
abnormal procedures, and plant transient response. 

AS-A8 DEFINE the end state of the accident progression as occurring when either a core damage state or a 
steady state condition has been reached. 

AS-A9 

USE generic thermal-hydraulic 
analyses (e.g., as performed by 
a plant vendor for class of 
similar plants) to determine the 
accident progression 
parameters (e.g., timing, 
temperature, pressure, steam) 
that could potentially affect the 
operability of mitigating 
systems. 

USE realistic, applicable (i.e., 
from similar plants) thermal- 
analyses to determine the 
accident progression 
parameters (e.g., timing, 
temperature, pressure, steam) 
that could potentially affect the 
operability of the mitigating 
systems. (See Requirement SC-
B4.) 

USE realistic, plant-specific 
thermal-hydraulic analyses to 
determine the accident 
progression parameters (e.g., 
timing, temperature, pressure, 
steam) that could potentially 
affect the operability of the 
mitigating systems. (See 
Requirement SC-B4.) 

AS-C2 

DOCUMENT the processes used to develop accident sequences and treat dependencies in accident 
sequences, including the inputs, methods, and results. For example, this documentation typically 
include 
 
(b) the success criteria established for each modeled initiating event including the bases for the 
criteria (i.e., the system capacities required to mitigate the accident and the necessary components 
required to achieve these capacities 

AS-C3 DOCUMENT the sources of model uncertainty and related assumptions (as identified in Requirements 
QU-E1 and QU-E2) associated with the accident sequence analysis. 
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Success Criteria (SC) 

SR     Capability Category I                          Capability Category II                        Capability Category III 

SC-A2 

SPECIFY the plant parameters 
(e.g., highest node 
temperature, core collapsed 
liquid level) and associated 
acceptance criteria - (e.g., 
temperature limit) to be used in 
determining core damage. 
Examples of measures for core 
damage suitable for Capability 
Category I are provided in 
NUREG/CR-4550 [Note (1)]. 

SPECIFY the plant parameters (e.g., highest node temperature, core 
collapsed liquid level) and associated acceptance criteria (e.g., 
temperature limit) to be used in determining core damage. SELECT 
these parameters such that the determination of core damage is as 
realistic as practical, in a manner consistent with current best 
practice. SPECIFY computer code-predicted acceptance criteria with 
sufficient margin on the code-calculated values to allow for 
limitations of the code, sophistication of the models, and 
uncertainties in the results, in a manner consistent with the 
requirements specified under Requirement HLR-SC-B. Examples of 
measures for core damage for non-ATWS scenarios suitable for 
Capability Category II/III, that have been used in PRAs, include (a) 
collapsed liquid level less than one-third core height or code-
predicted peak core temperature >2,500°F (BWR) (b) Collapsed 
liquid level below top of active fuel for a prolonged    period; or 
code-predicted peak core temperature >1,800°F using a code with 
simplified (e.g., single-node core model, lumped parameter) core 
modeling; or code-predicted core exit temperature >1,200°F for 30 
min using a code with simplified core modeling (PWR) The “peak 
core temperature” in this example refers to post-shutdown 
conditions. 

SC-A3 SPECIFY success criteria for each of the key safety functions identified per Requirement AS-A2 for each 
modeled initiating event. 
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Success Criteria (SC) 

SR     Capability Category I                          Capability Category II                        Capability Category III 

SC-A5 

SPECIFY an appropriate mission 
time for the modeled accident 
sequences. For sequences in 
which stable plant conditions 
have been achieved, USE a 
minimum mission time of 24 hr. 
Mission times for individual 
SSCs that function during the 
accident sequence may be less 
than24 hr, as long as an 
appropriate set of SSCs and 
operator actions are modeled 
to support the full sequence 
mission time.  For example, if 
following a LOCA, low-pressure 
injection is available for 1 hr, 
after which recirculation is 
required, the mission time for 
LPSI may be 1 hr and the 
mission time for recirculation 
may be 23 hr. For sequences in 
which stable plant conditions 
would not be achieved within 
24 hr using the modeled plant 
equipment and human actions, 
ASSUME core damage. 

SPECIFY an appropriate mission time for the modeled accident 
sequences. For sequences in which stable plant conditions have 
been achieved, USE a minimum mission time of 24 hr. Mission 
times for individual SSCs that function during the accident 
sequence may be less than 24 hr, as long as an appropriate set of 
SSCs and operator actions are modeled to support the full 
sequence mission time. For example, if following a LOCA, low 
pressure injection is available for 1 hr, after which recirculation is 
required, the mission time for LPSI may be 1 hr and the mission 
time for recirculation may be 23 hr. For sequences in which stable 
plant conditions would not be achieved within 24 hr using the 
modeled plant equipment and human actions, PERFORM additional 
evaluation or modeling by using an appropriate technique. 
Examples of appropriate techniques include (a) assigning an 
appropriate plant damage state for the sequence (b) extending the 
mission time and adjusting the affected analyses, to the point at 
which conditions can be shown to reach acceptable values; or (c) 
modeling additional system recovery or operator actions for the 
sequence, in accordance with requirements stated in Systems 
Analysis (2-2.4) and Human Reliability (2-2.5) to demonstrate that a 
successful outcome is achieved damage. 

SC-A6 ENSURE that the bases for the success criteria are consistent with the features, procedures, and 
operating philosophy of the plant. 

SC-B4 

USE analysis models and computer codes that have sufficient capability to model the conditions of 
interest in the determination of success criteria for CDF, and that provide results representative of the 
plant. A qualitative evaluation of a relevant application of codes, models, or analyses that has been 
used for a similar class of plant (e.g., Owners Group generic studies) may be used. USE computer 
codes and models only within known limits of applicability. 
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Systems Analysis (SY) 

SR     Capability Category I                          Capability Category II                        Capability Category III 

SY-A10 

INCORPORATE the effect of variable success criteria (i.e., success criteria that change as a function of 
plant status) into the system modeling. Example causes of variable system success criteria include  
(a) different accident scenarios. Different success criteria are required for some systems to mitigate 
different accident scenarios (e.g., the number of pumps required to operate in some systems is 
dependent upon the modeled initiating event). 
(b) dependence on other components. Success criteria for some systems are also dependent on the 
success of another component in the system (e.g., operation of additional pumps in some cooling 
water systems is required if noncritical loads are not isolated). 
(c) time dependence. Success criteria for some systems are time-dependent (e.g., two pumps are 
required to provide the needed flow early following an accident initiator, but only one is required for 
mitigation later following the accident). 
(d) sharing of a system between units. Success criteria may be affected when both units are 
challenged by the same initiating event (e.g., LOOP). 

SY-B7 

In support system modeling, 
USE conservative success 
criteria and timing 

In support system modeling, 
USE realistic success criteria and 
timing, for significant 
contributors 

In support system modeling, 
USE realistic success criteria and 
timing. 

SY-B11 MODEL the capability of the available inventories of air, power, and cooling to support the mission 
time. 

 



 

24 

 

 

 
 
 
 
 
 
 

APPENDIX C  
RELATED REQUIREMENTS IN IAEA SAFETY STANDARDS 

 



 

25 

APPENDIX C 
RELATED REQUIREMENTS IN IAEA SAFETY STANDARDS 

This appendix provides the requirements that are related to the safe stable state from IAEA Safety 
Standards Series No. SSG-3, Development and Application of Level 1 Probabilistic Safety Assessment 
for Nuclear Power Plants. 

 

5.41. The events that are identified in the accident sequences will relate to the success or failure 
of the safety systems and human actions taken in carrying out the safety functions required 
for the groups of initiating events. The end points of the accident sequence models will 
correspond either to a safe stable state where all required safety functions have been 
performed successfully or to core damage. 

5.49. The success criteria should specify the mission times for the safety systems, that is, the 
time that the safety systems will need to operate so that the reactor reaches a safe, stable 
shutdown state and that will allow for long term measures to be put in place to maintain 
this state. In many cases, this has been taken to be 24 or 48 h for most initiating events. For 
new designs that provide the features to delay core damage, consideration of a longer 
mission time may be necessary. 
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APPENDIX D 

DISCUSSION OF FAN COOLERS AS AN ALTERNATIVE TO RHR HEAT 
EXCHANGERS FOR LONG TERM DHR FOLLOWING MLOCA/SLOCA 

MELCOR calculations were performed using the Byron parameters as a follow-on to NUREG-2187 
to determine whether fan coolers in conjunction with injection via safety injection (SI) pumps or 
centrifugal charging pumps (CCPs), and in the absence of an available RHR heat exchanger, constitute a 
success path.  Crediting the containment fan cooler units in this way is potentially significant for some 
plants in that it bypasses total dependency on component cooling water (CCW) for success during loss-of-
coolant accident (LOCA) events, if: 

• The plant uses service water, rather than CCW, for the containment fan cooler heat exchangers, 
• The HPI pumps (or RHR/LPI pumps if relevant) can be justified to run without motor cooling 

(which is typically provided by CCW) in either a situation involving RWST refill or a situation 
involving sump recirculation, and 

• There are no other critical dependencies (e.g., needed room coolers that rely on CCW). 
 

The MELCOR work, which is documented in ML16099A060, focused on the thermal hydraulic 
aspects of the question.  The system dependency aspects, and the justification for operating the credited 
high-pressure injection (HPI) train without cooling have to be evaluated on a case-by-case basis, based on 
whatever plant documentation and PSA cutsets are available.  Note that this evaluation is inherently tied 
to SPAR activities related to Level 1 mission time (i.e., safe and stable state), since the pump operation 
justification would likely have mission time assumptions.  In anticipation of this, some thermal-hydraulic 
issues associated with extending sequences beyond 24 hours were explored.  

 
There are a number of considerations discussed in the report, such as the assumptions about 

containment fan cooler flooding, the assumption about the acceptable maximum containment pressure, 
limitations in the fan cooler modeling, etc. Those notwithstanding, the overall conclusions of these 
simulations were that: 

• Thermal-hydraulically speaking, one or more containment fan coolers in conjunction with 
successful sump recirculation and the other assumptions therein, is sufficient to provide long-term 
decay heat removal for SLOCAs in lieu of an RHR heat exchanger. 

• The same can be said for the lower end of the MLOCA break range, although one fan cooler may 
not be adequate to prevent containment spray actuation.  Despite the modeling issues discussed in 
the analysis report that prevented satisfactory completion of the analyses, the same appears to be 
the case for the upper end of the MLOCA break range (though here, multiple containment fan 
coolers were needed to prevent containment spray actuation). 

• Barring a separate analysis to justify water conservation actions and/or sump overfill 
considerations, use of RWST refill in conjunction with containment fan coolers (without sump 
recirculation) is not sufficient for providing long-term decay heat removal in lieu of an RHR heat 
exchanger (for either SLOCAs or MLOCAs). The issue here is that the containment fan cooler 
exhaust ducts (and potentially necessary instrumentation/equipment) appear to become flooded. 
 

The report provides the full details of the analyses performed. Subsequent to issuing the report, the 
results were also scrutinized with respect to how the MELCOR results compared to Byron EQ limits, and 
what that comparison suggests is the following: 

• For cases where fan coolers and charging could be credited in lieu of the RHR heat exchanger 
(for SLOCAs and MLOCAs) in SPAR success criteria, the near term (nominally first 10 hours) 
containment atmosphere temperatures are well below those of the EQ envelope (which is limited 
by main steam line breaks). 
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• For the same cases, containment temperatures in the longer-term (nominally 10 to 72 hours) may 
be higher or lower than the EQ envelope, and are generally within about +/- 30F of that limit. 

 
So that suggests that the EQ envelope is not bounding for this situation, but that the deviation isn’t 

egregious (i.e., actual conditions may be somewhere within the unquantified margins above the EQ limits, 
for the cases where the EQ limits are indeed exceeded). This outcome has not been employed to limit 
credit for this success path in the SPAR models, but may be of interest in specific applications. 
 


