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Abstract 

 
Over the last two decades, the U.S. Nuclear Regulatory Commission (NRC) has maintained independent 
probabilistic risk assessment (PRA) models to calculate nuclear power plant (NPP) core damage frequency 
(CDF) from internal events at power. These models are known as Standardized Plan Analysis Risk (SPAR) 
models. There are 79 such models representing 104 domestic nuclear plants; with some SPAR models 
representing more than one unit on the site. These models allow the NRC risk analysts to perform 
independent quantitative risk estimates of operational events and degraded plant conditions. It is well 
recognized that using only the internal events contribution to overall plant risk estimates provides a useful, 
but limited, assessment of the complete plant risk profile.  Inclusion, of all hazard categories applicable to 
a plant in the plant PRA model would provide a more comprehensive assessment of a plant risk. However, 
implementation of a more comprehensive treatment of additional hazard categories (e.g., fire, flooding, 
high winds, seismic) presents a number of challenges, including technical considerations. 

 
The U.S. NRC has been incorporating additional hazard categories into its set of nuclear power plant PRA 
models since 2004. Currently, 18 SPAR models include additional hazard categories such as internal 
flooding, internal fire, seismic, and wind events. In most cases, these external hazard models were derived 
from Generic Letter 88-20 Individual Plant Examination of External Events (IPEEE) reports. Recently, 
NRC started incorporating detailed Fire PRA (FPRA) information based on the current licensing effort that 
allows licensees to transition into a risk-informed fire protection framework, as well as additional external 
hazards developed by some licensees into enhanced SPAR models. These updated external hazards SPAR 
models are referred to as SPAR All-Hazard (SPAR-AHZ) models (i.e., they incorporate additional risk 
contributors beyond internal events). This paper discusses the technical approach used to develop new 
SPAR-AHZ models; key challenges encountered; and insights obtained from incorporation of event 
sequences from different hazard categories into the SPAR-AHZ models. Although this paper does not 
discuss plant specific details or results, it does highlight a number of issues associated with creating SPAR- 
AHZ models. While the challenges can be significant in term of technical issues and resources needed, the 
incorporation of more realistic external hazard modeling allows better characterization of the plant core 
damage frequency risk profile and integration of key risk drivers and sequences beyond internal events. It 
is expected that over time, sustained usage of the SPAR-AHZ models, combined with feedback from plant 
licensees, will continue to calibrate the modeling of different hazard categories, especially for those 
scenarios for which detailed, up-to-date information may be more difficult to obtain. 
 
Introduction 

 
One of the regular uses of PRA insights at the U.S. NRC is in the reactor oversight process (ROP), where 
the risk importance of a performance deficiency identified via oversight activities (e.g., inspections) or an 
operational event is estimated in order to determine an appropriate regulatory response. Using a PRA to 
evaluate a performance deficiency or a plant event provides a quantitative measure which can be combined 
with other qualitative risk insights to assign a level of importance within a risk-informed decision-making 
framework. Such evaluations are routinely done for the significance determination process (SDP) in the 
Office of Nuclear Reactor Regulation (NRR) (Reference 1) and accident sequence precursor (ASP) 
evaluation process in the Office of Nuclear Regulatory Research (RES) (Reference 2).  To help with these 
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evaluations, the US NRC maintains a suite of independent PRA models (i.e., the SPAR models) that are 
representative of all commercial nuclear power plants (NPPs) operating in the USA. It should be noted that 
evaluations performed by the NRC using the SPAR models are generally intended to inform and prioritize 
regulatory follow up to operational issues and are not used to support licensing basis changes. 

 
The SPAR models were initially designed to calculate plant core damage frequency (CDF) from internal 
events at power. Depending on the specific analysis being performed, other hazards hazard categories were 
also considered, as appropriate. However, the risk contribution from non-internal event hazards, if 
determined, was traditionally done using qualitative arguments or via simplified estimates. Over the last 
decade, there was an attempt to integrate actual PRA models for other hazards into the existing internal 
events at power models. The first set of such “integrated models” were based on information from Generic 
Letter 88-20 Individual Plant Examination of External Events (IPEEE) reports and were named SPAR-EE 
models (“EE” referring to external events, although these models included internal flooding and internal 
fires in addition to external events). While representing an improvement in the treatment of external 
hazards, user confidence in the first generation of “EE” models was limited by concerns with IPEEE 
information not providing an up-to-date representation of the as-built, as-operated plant. It was also 
generally recognized that these models were not validated to the same level of quality/detail as some of the 
internal event scenarios. 
 
Recently, some U.S. NPPs have implemented fire PRA models (FPRA) compatible with National Fire 
Protection Association (NFPA) Standard 805 “Performance-Based Standard for Fire Protection for Light 
Water Reactor Electric Generating Plants,“ (Reference 3), to comply with the NRC’s Alternate Fire 
Protection Rule [10 CFR 50.48(c)] which provides a risk-informed approach to fire protection. These 
models define thousands of fire sequences and allow calculation of plant CDF from internal fires during 
power operation, using methodology provided in Reference 4. Implementation of NFPA-805 compliant 
FPRA models provided a renewed interest in construction of SPAR external hazard models. Since 2010, 
the NRC has been creating new SPAR all hazard (SPAR-AHZ) models, containing fire scenarios from 
NFPA-805 compliant FPRAs in addition to enhanced external hazard treatment. 

 
The ASME/ANS PRA Standard (Reference 4) already addresses other hazard categories that should be 
considered in PRA, in addition to the internal events at power. A SPAR-AHZ model is intended to include 
all major hazard categories (i.e., all hazard categories that are not screened out due to their low probability 
of occurrence) applicable to an NPP to provide a complete risk profile. These models provide a more 
complete treatment among different hazards in calculation of the risk measure of interest, plant CDF in this 
case. 
 
In the remaining portion of this paper, key aspects of the external hazard models, including challenges and 
illustrative examples, are discussed. While this information is based on actual experience in developing 
the SPAR–AHZ models, the intention of this paper is to highlight significant model development insights 
rather than providing site-specific and/or generic results applicable to U.S. NPPs. 
 
Models 

 
The NRC currently maintains 79 SPAR models, representing 104 domestic NPPs, in order to calculate 
plant CDF from internal events at power. Eighteen of these models contain all hazard categories deemed 
to be applicable to the plant (including internal fire) and are labeled as SPAR-AHZ models. SPAR-AHZ 
models are prepared in accordance with a “Model Maker’s Guideline”, which is available to NRC staff and 
supporting contractors. This document is intended to provide consistency for model construction and 
documentation and is periodically updated on an as-needed basis. The Model Maker’s Guideline also 
provides guidance on some technical details for which standard guidance may not be readily available 
elsewhere. 



NEA/CSNI/R(2014)9

337

 

 

 
 
 
 
 
 

In general, a SPAR-AHZ model includes at least internal events, internal flooding and fires, seismic 
events, and wind-related events (tornados, hurricanes, and high winds applicable to the site). Table 1 
shows an example of a summary output table displaying plant CDF by different hazard categories for a 
U.S. NPP with a Light Water, Pressurized Water Reactor (PWR) design. 
 

Table 1. Summary Output from a SPAR-AHZ Model 
 

    Number of 
IEs 

IE 
Frequency 

(per reactor- 
year (RY) 

CDF 
(per RY) 

     
1 INTERNAL EVENTS 22 9.65E-01 6.3E-06 

2 INTERNAL FLOODING EVENTS 5 1.3E-05 1.6E-06 
3 INTERNAL FIRE EVENTS 56 5.7E-02 7.3E-05 
4 SEISMIC EVENTS 5 4.6E-04 3.1E-06 

5 EXTERNAL FLOODING EVENTS  

6 HIGH WIND EVENTS 1 1.8E-02 4.9E-07 
7 TORNADO EVENTS 3 1.1E-05 5.6E-08 
8 OTHER EXTERNAL EVENTS  

         

  Total = 92   8.4E-05 
 

The values in Table 1 are point estimates; although SPAR models are capable of providing uncertainty 
calculations, this capability is not routinely used by risk analysts. 

 
This model contains 92 main event trees (one event tree for each specific initiating event) which are 
integrated into a single PRA model. The starting point of the model is the existing SPAR model which 
contains only the 22 event trees for internal events at power. As additional scenarios were added, existing 
data, event trees, fault trees, rules, and flag files are used as much as possible and are supplemented as 
needed. Although the number of event trees has been greatly expanded, the typical quantification times for 
the SPAR-AHZ models are comparable to the internal events models (on the order of minutes using a 
truncation level of 1E-11). Reasonable analysis run times are necessary to encourage wide use of the 
AHZ models, particularly when the model must be quantified multiple times within a short time frame to 
fully assess an operational event or condition. 
 
Summary output from another SPAR-AHZ model is shown in Table 2. This illustrates an earlier example 
of a PWR where there are 51 scenarios; 20 from the internal events model. Note that seismic events are 
binned into 3 scenarios; where current practice within the NRC is shifting towards at least 5 seismic bins 
for sites situated in the East section of the U.S. (i.e., east of the Rocky Mountains). In either case, this 
allows breakdown of middle-range seismic events into a specific number of bins, where the failure 
probabilities of some support systems may be modeled in detail, corresponding to increasing ground 
motion intensity ranges. 
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Table 2. Summary Output from a SPAR-AHZ Model 
 

    Number of 
IEs 

IE Frequency 
(per RY) 

CDF 
(per RY) 

1 INTERNAL EVENTS 20 2.9 2.6E-06 

2 INTERNAL FLOODING EVENTS 11 2.5E-02 5.9E-06 
3 INTERNAL FIRE EVENTS 15 7.9E-02 2.9E-06 

4 SEISMIC EVENTS      

  Bin-1  (0.05g ≤pga≤0.3g) 1 3.3E-04 6.0E-09 

  Bin-2  (0.3g< pga ≤0.5g) 1 1.6E-05 2.0E-06 

  Bin-3 (0.5g < pga) 1 9.6E-06 8.2E-06 
5 EXTERNAL FLOODING EVENTS      

6 TORNADO & HIGH WIND EVENTS 2 2.2E-06 3.5E-09 

7 OTHER EXTERNAL EVENTS      

  Total = 51 3.0 2.2E-05 
 

For bin 3, containing the most severe ground motion intensity range, the conditional core damage 
probability (CCDP) is 0.85 due to the assumed fragility of major structures and support systems. For 
seismic bins with high peak ground accelerations (pga), close to a mean acceleration of 1g (where g 
represents the standard gravitational acceleration as a unit), it is generally observed that the CCDP 
approaches 1.0 for NPPs to the East of the Rocky Mountains since high intensity seismic events are not 
expected in this region and plant structure, systems and components may not have been designed to such 
extreme seismic events (as opposed to the Western U.S. regions). 

 
A feasibility study performed in 2004 concluded that representing the seismic hazard curve with three bins 
(scenarios) provides sufficient risk insights for those plants at seismically robust regions and for those 
models using surrogate fragilities. Since then, the modeling guidelines were revised to recommend 
modeling of at least 5 seismic to better approximate the seismic hazard curve. However, the results do not 
appear to provide substantial insights or advantage over the original minimum recommendation of 3 
seismic bins, although this may be dependent on the shape of the seismic hazard curve. There is no hard 
limit to the number of seismic bins to be modeled: for example, if the plant owner already has a seismic 
PRA with 7 bins, SPAR-AHZ model can also be made with 7 bins to allow easier comparison between the 
two model results. 
 
Table 3 shows the summary results of a SPAR-AHZ. This model is for a PWR site in the Eastern United 
States, showing the bin definitions and frequencies for 5 seismic bins. 

 
The NRC uses the SAPHIRE software (where SAPHIRE stands for Systems Analysis Programs for Hands- 
on Integrated Reliability Evaluations) to develop and quantify SPAR models (Reference 5). This software, 
by design, provides sequence, as well as cutset information. The model is constructed such that all hazard 
scenarios (represented in event trees) are treated in the same manner by the software; specifically the 
software does not distinguish between internal events vs. external events, or any other grouping of events. 
SAPHIRE has the capability to integrate the seismic hazard and fragilities to calculate plant CDF, without 
resorting to seismic bin modeling. However, it was decided to use the seismic bin modeling since it 
produces CDF cutsets that can be ranked and compared with other hazards category CDF cutsets, and it is 
also a more common approach used by many U.S. risk analysts. 
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The SPAR-AHZ project also maintains a compilation of seismic fragilities from different sources, to be 
used as surrogate fragilities in building a model, whenever plant specific seismic fragilities are  not 
available (e.g., Reference 6). The applicability of so-called “generic” fragilities available in a number of 
public documents needs to be considered carefully before implementation to any specific plant (e.g., are 
they too robust for older plants built on low intensity earthquake zones). Surrogate fragilities taken from 
similar vintage and type plants may provide more prudent initial estimates until plant specific information 
becomes available. In either case, the implementation of such fragilities is used to provide risk-insights and 
sensitivity cases to NRC risk analysts, as opposed to fully justified site-specific fragility information, as 
may be required by licensing actions. 
 

Table 3. A 5-bin Seismic Model: Bin Definition and Frequencies 
 

   
Initiating Event 

 
Seismic Bin Description 

Initiating  Event 
Frequency 
(per RY) 

 

1 
 

IE-EQK-BIN-1 
Seismic event BIN-1 (0.05g - 0.21g) occurs 
(Bin acceleration = 0.11g) 

9.5E-04 
 

2 
 

IE-EQK-BIN-2 
Seismic event BIN-2 (0.21g - 0.47g) occurs 
(Bin acceleration = 0.31g) 

4.0E-05 
 

3 
 

IE-EQK-BIN-3 
Seismic event BIN-3 (0.47g - 0.72g) occurs 
(Bin acceleration = 0.58g) 

3.6E-06 
 

4 
 

IE-EQK-BIN-4 
Seismic event BIN-4 (0.72g - 0.93g) occurs 
(Bin acceleration = 0.82g) 

6.4E-07 
 

5 
 

IE-EQK-BIN-5 
Seismic event BIN-5 (>0.93g) occurs 
(Bin acceleration = 1.1g) 

1.5E-07 

    Total seismic event frequency (>0.05g) 9.9E-04 
 

An example of a small set of CDF sequences as reported by the software is shown in Table 4. In the event 
tree naming convention, FRI refers to internal fires; FLI to internal flooding; EQK to seismic events, etc. 

 
In the more recently developed SPAR-AHZ models, emphasis is given to modeling wind-related events 
(tornado, hurricane and high wind events) even when they do not appear to be significant contributors to 
plant risk. The rationale behind this is that events that do not contribute to average plant risk may still be 
of interest (and contributors to) plant condition importance analysis performed as part of an SDP or ASP 
analysis. Furthermore, recent events such as the Mississippi River basin flooding and Hurricane Sandy 
have highlighted the potential importance of wind and external flooding events as potential contributors to 
plant condition and event importance analyses. Thus, whenever possible, an attempt is made to include 
such scenarios in the SPAR-AHZ models. It should be noted that SPAR models for internal events at 
power contain loss-of-offsite-power (LOOP) initiating events which include a “weather-related” 
contribution (labeled LOOP-WR) with a less favorable power recovery model than other LOOP 
contributors (e.g., plant-centered LOOP initiators). For many sites, the LOOP-WR risk contribution may 
be dominated by wind events that rely on generic initiating event frequencies. When additional high wind 
events are modeled in the SPAR-AHZ models, double counting of weather-related LOOP events would 
occur, if the LOOP-WR contribution is not removed from the internal event model. 
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Table 4. An Example Set of CDF Sequences 
 

Event Tree Sequence CDF 
(per RY) 

Event Tree Node (/ denotes success) 

FRI-FC41-HGL 2-16-03 1.2E-05 FIRE-FRAC,  /RPS,  EPS,  /AFW-B,  /PORV-B,  /ASI,
OPR-24H, DGR-24H 

FRI-FC02-MCBD11 2-16-03 4.8E-06 FIRE-FRAC,  /RPS,  EPS,  /AFW-B,  /PORV-B,  /ASI,
OPR-24H, DGR-24H 

FRI-FC35-S7016 2-16-45 3.3E-06 FIRE-PORV,  /RPS,  EPS,  /AFW-B,  PORV-B,  OPR-
01H, DGR-01H 

FRI-FC02-MCBA11 2-02-02-11 3.2E-06 FIRE-FRAC,  /RPS,  /AFW,  /PORV,  LOSC,  /RCPT,
/RSD, /BP1, BP2, /FW, HPI, SSC1 

FRI-FC02-MCBA12 2-02-02-11 2.9E-06 FIRE-FRAC,  /RPS,  /AFW,  /PORV,  LOSC,  /RCPT,
/RSD, /BP1, BP2, /FW, HPI, SSC1 

FRI-FC35-S0724 2-16-45 2.2E-06 FIRE-PORV,  /RPS,  EPS,  /AFW-B,  PORV-B,  OPR-
01H, DGR-01H 

FRI-FC54 2-16-48 1.6E-06 FIRE-FRAC, /RPS, EPS, AFW-B, OPR-01H, DGR-01H
FRI-FC54 2-16-06-04 1.3E-06 FIRE-FRAC,  /RPS,  EPS,  /AFW-B,  /PORV-B,  ASI,

/RSD-B, /BP1, /BP2, OPR-04H, DGR-04H, /AFW-
MAN, /CST-REFILL-LT1, SG-DEP-LT2, PWR-REC-
24H 

FRI-FC03-S1486 2-16-03 1.2E-06 FIRE-FRAC,  /RPS,  EPS,  /AFW-B,  /PORV-B,  /ASI,
OPR-24H, DGR-24H 

FRI-FC35-S0732 2-16-45 1.0E-06 FIRE-PORV,  /RPS,  EPS,  /AFW-B,  PORV-B,  OPR-
01H, DGR-01H 

FRI-FC34-BTCHRG 2-05 9.1E-07 FIRE-PORV, /RPS, /AFW, PORV, /HPI, /SSC, RHR,
HPR 

FRI-FC35-S7016 2-09 8.8E-07 FIRE-PORV, /RPS, /EPS, /AFW-L, PORV-L, /HPI-L,
OPR-02H, HPR-L 

SLOCA 04 8.3E-07 /RPS, /FW, /HPI, /SSC, RHR, HPR, LPR 
ISL-RHR 3 8.2E-07 ISL-RPT-RHR, /ISL-DIAG, ISL-REC-RHR 
FLI-SWF-3 6 7.5E-07 SWS-ISOL-3 
EQK-BIN-3 7 6.9E-07 STRC-CD-EQ3 
EQK-BIN-4 7 6.9E-07 STRC-CD-EQ4 
LOOPWR 16-03 6.7E-07 /RPS, EPS, /AFW-B, /PORV-B, /ASI, OPR-24H, DGR-

24H 
 

Note: The sequences are defined in terms of the success or failure of event tree nodes. The symbol / 
indicates success of an event tree node in the sequence: /RPS = reactor protection system successful. 

 
As mentioned above, NRC routinely uses SPAR models in generating quantified measures of the plant risk 
increase, e.g. ΔCCDP or ΔCDF, for plant event or condition risk importance. Although analysts are 
expected to at least qualitatively consider other hazard categories such as fire and external events, 
quantification of these other hazards is not typically performed due to the limited availability of 
information and/or fully validated SPAR-AHZ models. However, based on the current focus to develop all 
hazards models, the evolving benefits of using a SPAR-AHZ model versus an internal events-only SPAR 
model for a plant event or condition analysis can be assessed. Noting that the total plant CDF for an AHZ 
model may be as much as 10 times higher than that of the corresponding internal events CDF (see Tables 1 
and 2), quantification of fire and external hazards could potentially shift the significance binning of risk 
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results, in which case the level of contribution and consistency of conservatisms applied to different 
scenarios can be evaluated. 

 
The impact of the inclusion of additional scenarios in SPAR models on plant condition importance has 
been informally studied by using a recently created SPAR-AHZ model. A plant condition in a U.S. NPP 
PWR was assumed, where the auxiliary feedwater (AFW) turbine driven pump (TDP) and one of the two 
emergency diesel generators (EDGs) were unavailable for some period of time, from which a conditional 
risk importance was calculated with an internal events only SPAR model and with a SPAR-AHZ model. 
Table 5 shows the results for different durations of the plant condition. This plant condition is particularly 
challenging, especially for LOOP and station blackout (SBO) sequences. The addition of other hazard 
categories is observed to increase the number of LOOP and SBO sequences modeled for a NPP, usually 
with less favorable power recovery potential. Thus, for this example, shift in plant importance binning may 
occur, and moreover, may be technically justifiable. 
 
Thus, for a plant condition that lasts for one month, one would calculate a ΔCDF risk increase of 2.8E- 
05/RY considering only internal events at power, compared to 1.0E-04/RY when additional hazard 
categories are included (i.e., a factor of four difference). Using the criteria defined by the NRC where a 
different regulatory action is assigned to increasing orders of magnitude in the risk increase results, this 
could impact the decision made based on delta CDF for SDP classification. The same may not be true for 
ASP classification where a different criterion is applied to classify significant precursor events.  However, 
it should be noted that PRA provides only one of the inputs for assigning plant condition importance within 
NRC’s risk-informed decision-making processes, such as SDP and ASP. 
 
In general, the SPAR internal events PRA models have been well-exercised and maintained through 
continual feedback from NRC users, and are considered to be mature models. The NRC has expended 
significant effort benchmarking internal events against licensee PRA models and performing cross 
comparisons of models where appropriate. The NRC has also performed ASME/ANS PRA Standard peer 
reviews of typical Light Water Boiling Water Reactor (BWR) and PWR models to ensure that they are 
capable of supporting their intended purpose. These activities have resulted in a suite of internal events 
SPAR models that have achieved a high level of verification and validation. Although new SPAR-AHZ 
models have some level of validation, these models are at an earlier stage of maturity than the internal 
events models and their limited validation should be considered when the models are used. As these 
models are exercised through routine use, their consistency and fidelity to the as-built, as-operated NPP is 
expected to increase. This expected progress towards maturity is similar to the process followed by the 
existing internal events SPAR models, and the continuous development, usage, and enhancement of such 
models is considered essential in the effort to more fully characterize the risk profile for regulatory 
applications via a stable and converging path towards a well-defined suite of All Hazards models within 
the NRC. 
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Table 5. Plant Condition Importances (AFW-TDP and EDG-B Unavailable) 
 

 

Plant is in 
the 

condition 
for: 

Condition 
importance 
considering 

Internal events 
only (ΔCDF) 

Condition importance 
considering Internal 
events plus another 

hazard category 
(ΔCDF) 

Change in SDP 
color9 if Internal 
events + another 

hazard category is 
used

Change in ASP 
classification10 if 
Internal events + 
another hazard 
category is used

1 day 9.1E-07 3.4E-06 Yes Yes 
1 week 6.4E-06 2.4E-05 Yes No 
1 month 2.8E-05 1.0E-04 Yes No 
3 months 8.3E-05 3.1E-04 Yes No 
6 months 1.7E-04 6.1E-04 No No 
1 year 3.3E-04 1.2E-03 No Yes 

 
 

Conclusions 
 

Development of additional SPAR-AHZ models that include fire and external hazards is the subject of 
continuing focus at the NRC. The inclusion of external hazards and fires results in a more complete and 
integrated risk assessment for operational events and conditions and can improve the realism of reactor 
oversight processes such as the SDP and ASP programs. Although SPAR-AHZ models have somewhat 
limited validation compared to the internal events SPAR models, we expect that user feedback from 
increased use will further improve the maturity of technical quality for these models. 

 
Two additional activities being pursued currently at the US NRC may further improve the completeness of 
agency SPAR-AHZ models: 

 
1. A better process to evaluate, and, if appropriate, include in a PRA model the impact of multiple 

and concurrent events, with emphasis on seismically induced fire and flooding events (Reference 
7). 

 
2. A level 3 PRA model study that includes multi-unit, multi-source events (e.g. spent fuel pool and 

storage casks, in addition to the reactor) covering all operational modes and hazards (Reference 
8). 
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