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Abstract 
Errors of Commission (EOCs) refer to the performance of inappropriate actions 
that aggravate a situation. In PSA terms, they are human failure events that result 
from the performance of an action. This report presents the Commission Errors 
Search and Assessment (CESA) method and describes the method in the form of 
user guidance. The purpose of the method is to identify risk-significant situations 
with a potential for EOCs in a predictive analysis. 

The main idea underlying the CESA method is to catalog the key actions that are 
required in the procedural response to plant events and to identify specific 
scenarios in which these candidate actions could erroneously appear to be 
required. The catalog of required actions provides a basis for a systematic search 
of context-action combinations.  

To focus the search towards risk-significant scenarios, the actions that are 
examined in the CESA search are prioritized according to the importance of the 
systems and functions that are affected by these actions. The existing PSA 
provides this importance information; the Risk Achievement Worth or Risk 
Increase Factor values indicate the systems/functions for which an EOC 
contribution would be more significant. In addition, the contexts, i.e. PSA 
scenarios, for which the EOC opportunities are reviewed are also prioritized 
according to their importance (top sequences or cut sets). The search through 
these context-action combinations results in a set of EOC situations to be 
examined in detail. 

CESA has been applied in a plant-specific pilot study, which showed the method 
to be feasible and effective in identifying plausible EOC opportunities. This 
experience, as well as the experience with other EOC analyses, showed that the 
quantification of EOCs remains an issue. The quantification difficulties and the 
outlook for their resolution conclude the report. 

 

Keywords: error identification, error of commission, Human Reliability Analysis 
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1. Introduction 

1.1. Overview of the report 
This report presents the Commission Errors Search and Assessment (CESA) method and 
describes the method in the form of user guidance. The purpose of the method is to identify 
risk-significant situations with a potential for errors of commission (EOCs) in a predictive 
analysis.  

The development of the CESA method was motivated by the potential safety impact of 
EOCs. Nuclear operating experience shows that EOCs are a contributing factor in numerous 
events. However, most current Probabilistic Safety Assessments (PSAs) in the nuclear power 
industry do not address EOCs comprehensively. One of the reasons is the lack of methods 
for a systematic identification of EOCs as well as for their quantification. The research that 
led to the development of CESA is a response to this deficit in methods.  

The term error of commission (EOC) refers to the performance of inappropriate actions that 
aggravate an abnormal or accident scenario. The remainder of this chapter provides 
background on the EOC issue and outlines why the identification of EOCs is particularly 
challenging.   

Chapter 2 outlines the context in which the CESA method was developed and its connection 
to earlier work. It presents the purpose and scope of the method and compares the CESA 
identification scheme with some schemes used by other methods.  

Chapter 3 outlines the information required for the identification of EOCs using the CESA 
method. It also defines key terms and concludes with an overview of the method. Chapter 4 
provides guidance for each of the CESA method steps.  

The outlook for quantification is discussed in Chapter 5. Chapter 6 concludes the report with 
an outlook and discusses on-going work.  

Additional background information is provided in the appendices: 

 - examples of EOCs in nuclear operating experience since the 1979 Three Mile Island 
accident (App. A).  

 - an overview of selected other studies aimed at identifying EOCs (App. B) 

An overview of the pilot study in which the CESA method was first applied and its results is 
provided in (Reer et al., 2004). 

1.2. Errors of commission 
One of the earliest references to errors of omission (EOOs) and to EOCs is the draft of the 
Technique for Human Error Rate Prediction (THERP) method (Swain, Guttmann, 1980). The 
distinction between these two types of errors is tied to the "classical" model of accident 
sequences in PSAs.  

EOOs refer to the failure to perform a system-required task (the task is omitted) whereas 
EOCs refer to the incorrect performance of such a task or the performance of an extraneous 
task with the potential to contribute to some system-defined failure (an inappropriate action 
is committed). Defined in this way, both types of errors refer explicitly to system-required 
tasks and system failures.  

In NUREG-1792, which addresses good practices in HRA, an EOC is defined as a human 
failure event resulting from an overt, unsafe action, that, when taken, leads to a change in plant 
configuration with a consequence of a degraded plant state (NUREG-1792, 2005, p. 6-1). This 
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definition is consistent with the shorter definition used in the development of CESA, the 
performance of an inappropriate action that aggravates a situation. 

The EOC issue 

The need to identify potential EOCs became particularly evident with the occurrence of the 
core damage accident at the Three Mile Island (TMI) Unit 2 on March, 28 1979. In response to 
a loss of coolant (LOCA) through a stuck-open pressurizer (PZR) safety valve, the TMI 
operators erroneously terminated the operation of safety injection (SI) and they failed to 
recover this EOC before core damage (EPRI/NSAC, 1980; NRC, 2000). The lessons learned 
from the TMI accident led to the implementation of significant improvements in procedural 
guidance, operator training and system design. 

In spite of the improvements that were implemented, nuclear operating experience since the 
TMI accident continues to highlight the critical impact of EOCs on safety and risk. EOCs are 
involved in accident precursors and reportable incidents.  

 - In the Davis-Besse event (1985), the operators decided to start auxiliary feedwater 
operation before its automated startup in response to loss of main feedwater. In 
attempting this, they manipulated the wrong pair of switches, which led to the 
failure of auxiliary FW. 

 - In a 1992 event occurring at 20% power during shutdown (La Salle), valve testing 
led to a LOCA through the cleanup system. The operators inhibited the automatic 
isolation of the cleanup system on high differential pressure because of previous 
experience with spurious isolations of the cleanup system that had led to valve 
motor damage. The LOCA was terminated three minutes later when the operators 
confirmed the validity of the differential pressure alarm.  

 - In a 1997 event (Oconee 3), with the High Pressure Injection (HPI) system 
providing normal RCS makeup and RCP injection, the operating HPI pump was 
damaged due to inadequate suction head from the Letdown Storage Tank (LDST). 
The LDST low level alarm was unavailable. The standby HPI pump was placed 
into operation. The operators did observe unexpected behavior at the LDST level 
chart recorder and secured the pump 15 minutes later; however, the standby pump 
was already damaged due to the inadequate suction. 

These events include events in Pressurized Water Reactor (PWR) as well as Boiling Water 
Reactor (BWR) plants. They represent various human error modes and associated scenario 
features that may contribute to an EOC, i.e. misinterpretation of an unclear written 
instruction, failure to anticipate the full implications of considered actions, misperception of 
system state indications, failure to refer to additional or redundant indications, failure of rule 
compliance in view of concurrent goals, and execution slips in decision implementation. 
Further details on these EOC events and seven others from the U.S. operating experience are 
presented in Appendix A.  

1.3. The challenge for EOC identification in PSA 
As noted above, there is a lack of coverage of EOCs in the accident sequence models in 
nuclear power plant (NPP) PSAs. The primary focus in current PSA is placed on those 
sequences of hardware failures and/or EOOs that lead to unsafe system states. Although 
EOCs can be modeled when they are identified, a systematic and comprehensive treatment 
of EOC opportunities remains outside the scope of PSAs and PSA requirements. NUREG-
1792 (HRA Good Practices) notes that both the ASME PRA standard and U.S. NRC 
Regulatory Guide 1.200 (NRC, 2004) do not explicitly address EOCs; however, it 
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recommends that future HRA/PSAs do attempt to identify and model potentially important 
EOCs. (NUREG-1792, 2005, p. 2-2). 

The challenge for PSA is that a comprehensive treatment of EOCs could potentially add 
numerous scenarios that are not in the "nominal" accident sequence model (the current 
sequence model consisting mainly of hardware failures and EOOs). At any point in the 
scenario where an action is required, the operators may perform one or more alternative 
actions. In addition, the operators may erroneously decide to perform an action that will 
aggravate the scenario at any other point, even if no action is required at that time. The 
search for potential EOCs thus has to consider an extensive set of potential actions that the 
operators may take. Moreover, these may introduce opportunities for additional erroneous 
actions. As a result, numerous scenarios must be postulated and examined. 
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2. The Development of the CESA Method 

2.1. Previous work 
The experience with EOC identification within the scope of PSA is relatively limited 
although it is growing slowly. Some of the important efforts in this area previous to the 
development of CESA as well as concurrent efforts include the following. 

 - For the PSA of the Borssele plant (480 MWe PWR), an EOC analysis was carried out 
with emphasis on screening (Julius et al., 1995; Versteeg, 1998). The search 
examined the nominal, procedure-guided operator responses to four groups of 
initiating events, i.e. (1) transients (e.g. loss of component cooling or service water), 
(2) steam line break, (3) LOCA, and (4) SGTR. Task analysis addressing procedural 
decision points and execution steps for a given scenario identified various EOC 
candidates such as degradation of decay heat removal by inappropriate isolation of 
one SG, creation of a LOCA by inappropriate transfer to bleed and feed, and slips 
associated with the electrical power system and one SG train. All EOC candidates 
were finally screened out mainly due to: the redundancy, diversity and reliability 
of indications, the sequential arrangement of the procedural decision points and 
execution steps, guidance for re-diagnosis in various procedures, or spatial 
separation (serving the prevention of slip-induced EOCs).  

 - The French PSAs, completed in 1990 for the standardized 900 MWe and 1300 MWe 
PWRs, explicitly quantified and integrated two types of EOCs, (1) SI termination of 
in LOCA scenarios, and (2) isolation of atmospheric steam relief in SGTR scenarios. 
For their identification, a systematic analysis of the possible EOCs leading to the 
loss of safety systems was carried out (EDF, 1990; IPSN, 1990; Lanore, 2000). 

 - In recent Electricité de France (EDF) PSA studies, the post-initiator HRA is 
performed with the new method denoted as MERMOS, Méthode d'Evaluation de la 
Réalisation des Missions Opérateur pour la Sûreté. The problem of identifying EOCs is 
shifted to the identification of human factor missions; e.g. no switch off of SI pumps for 
more than one hour after a LOCA. So-called CICAs (caractéristiques importantes de la 
conduite accidentelle) are used to build failure scenarios; e.g. the crew wants to restrict 
the increase in pressure and the releases within the containment and decides to limit the 
flow leaking through the breach by switching off the SI pumps - this scenario has been 
built on the basis of a CICA denoted as anticipation of a further operation objective 
(Bieder et al., 1998; Le Bot, 2000). 

 - Some plant-specific EOC analysis cases are covered by demonstrations of the 
ATHEANA (A Technique for Human Event Analysis) method (NRC, 2000; Fukuda 
et al., 2000). The current ATHEANA method comprises multiple schemes for the 
identification of links between functional system failure modes and EOC types, and 
for the identification of error-forcing contexts (EFCs). For instance, the narrow 
range SG water level gauge failure is identified as a context that forces the 
inappropriate stop of auxiliary FW operation in a SGTR scenario (Fukuda et al., 
2000). 

Appendix B is a more detailed overview of these studies. An overview of the pilot study of 
the CESA method was first reported at the 2001 OECD NEA Workshop, “Building the New 
HRA: Errors of Commission – from Research to Application” (Dang et al., 2001). Currently, 
the main publication on the CESA pilot study is (Reer et al., 2004).  
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2.2. EOC identification (search) schemes 
One of the first steps of the PSI work in this area was an evaluation of the emerging methods 
for EOC analysis (Reer et al., 1999) (Dang et al., 2000). In a cooperation with the Gesellschaft 
für Anlagen und Reaktorsicherheit (GRS), the evaluation and comparison addressed 

-  the Borssele screening methodology (Julius et al., 1995),  

-  the Connectionism Assessment of Human Reliability (CAHR) method (Sträter, 
1997; Sträter, Bubb, 1999) method,  

-  the Conclusions from Occurrences by Description of Actions (CODA) method 
(Reer, 1997, 1999),  

-  the ATHEANA method as described in the draft report (NRC, 1998), and  

-  the Cognitive Reliability and Error Analysis Method (CREAM) (Hollnagel, 1998). 

The methods apply a variety of approaches to identify EOCs. The evaluation identified three 
basic search schemes, in which the following search elements can be distinguished: tasks 
(actions), system failures, and scenarios. Most methods include several identification 
schemes. 

The combination of the search elements (actions, system failures, and scenarios) in the 
different schemes are illustrated in Figure 2-1.  

 

Action

In what situations may the operators erroneously commit 
actions that are required in other contexts?

System Scenario

ActionSystemScenario

Given that in this situation this system is required, could an action 
that contributes to the failure of this system be motivated? 

Given a scenario requiring specific procedural transfers, could an 
action in an inappropriate procedure contribute to the failure of a 

system required in the scenario?

Scenario Action System

 
Figure 2-1. Schemes for EOC identification (by looking at adverse combinations of 

three key elements) 
 

As summarized in (Dang et al., 2000), these schemes are: 

Search for decision failures in procedures (and consequent EOCs) (Borssele-global 
misdiagnosis search). This scheme is based on the fact the procedures to which the 
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operators are directed will potentially influence all of the subsequent response. 
This scheme starts with the scenario. The procedure decision points that transfer 
operators to different procedures are reviewed qualitatively, in terms of the 
potential for an inappropriate transfer, and the inappropriate actions that result 
from these transfers, i.e. the actions that are demanded in the procedure that is 
erroneously transferred to, are considered. This scheme corresponds to scenario-
action-system in Figure 2-1. 

Search for EOCs that fail required system functions (ATHEANA, Borssele-local 
search).  This scheme starts with the required system functions in the PSA model 
and searches for opportunities or motivations for the operator to commit actions 
that fail these functions. In other words, the EOCs are viewed as a failure mode for 
a system function that is additional to the hardware contributions. In ATHEANA, 
both external factors that distort the available plant indications (e.g. 
instrumentation failure or inadequacies) as well as internal factors that distort the 
interpretation of the plant indications are considered as potential motivations. This 
scheme corresponds to scenario-system-action in Figure 2-1. 

Search for situations where an action that is required in another context is 
inappropriate, leading to a system failure (CODA). This scheme begins by 
identifying the key actions required in various accident scenarios and the objectives 
of these actions, i.e. the goal states for the system or plant. For each such action and 
associated objectives, the accident sequence models are searched for situations in 
which this action is inappropriate. For example, alignment for recirculation from 
the containment sump is a required action in large loss of coolant accidents 
(LOCAs). The search should identify LOCA variants where there is no or 
insufficient water in the sump. (action-system-scenario in Figure 2-1.) 

In spite of differences in search strategies or terminology, these diverse search schemes share 
a common notion, the error-forcing context (EFC). An EFC refers to a situation in which PSFs 
and plant conditions create an environment in which errors or unsafe actions are more likely 
to occur (NRC, 2000). The terms error-producing condition in the Borssele and CODA 
methods and error-likely situation in CAHR refer to the same kinds of situations. Searching 
for EFCs and the EOCs induced by these often involves considering the cognitive behaviors 
of the operators. Besides mistakes or slips, typical operator habits or attitudes in work 
performance are also important in the identification of EFCs (e.g. Mosneron-Dupin et al., 
1997). 

Some methodologies, e.g. CAHR and CREAM do not propose a specific scheme for 
identifying potential EOCs. For instance, the CREAM methodology relies on the preceding 
event sequence model (as is done in PSA) to identify the opportunities for decision and/or 
execution failures that would lead to EOCs. 

Before introducing the identification scheme used in the CESA method, in Section 2.4, the 
purpose and scope of CESA are described next.  

2.3. Purpose of the CESA method, CESA’s identification scheme 
Following the review of emerging EOC methods, the CESA method was developed with the 
explicit aim to identify potential EOC scenarios that could be risk significant. In other words, 
it expressly addressed the additional contribution from EOC scenarios to the risk assessed in 
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a typical industrial PSA study. In doing so, it assumes that there is an existing PSA study in 
which EOOs are modeled and uses its quantitative results extensively.1 

The main idea underlying the CESA method is to catalog the key actions that are required in 
the procedural response to plant events and to identify specific scenarios in which these 
candidate actions could erroneously appear to be required. The catalog of required actions 
provides a basis for a systematic search of context-action combinations.  

In terms of the search schemes mentioned in Section 2.2, CESA’s basic identification scheme 
is an action-system-scenario scheme. It proceeds from actions to the affected systems to 
scenarios. It is closest to the CODA search scheme and integrates elements of the other 
schemes. 

To bias the search towards risk-significant scenarios, the actions that are examined in the 
CESA search are prioritized according to the importance of the systems and functions that 
are affected by these actions. The existing PSA provides this importance information (top 
systems and functions); the Risk Achievement Worth or Risk Increase Factor values indicate 
the systems/functions for which an EOC contribution would be more significant. In 
addition, the contexts, i.e. PSA scenarios, for which the EOC opportunities are reviewed are 
also prioritized according to their importance (top sequences or cut sets). The search through 
these context-action combinations results in a set of EOC situations to be examined in detail. 

2.4. The pilot study 
Starting from the outlined search scheme, a pilot study for a Swiss nuclear power plant was 
performed with the cooperation of the utility. The goals of the study were a) to further 
elaborate and test the method for identifying EOCs, b) to obtain an initial estimate of the risk 
significance of the analyzed EOCs, and c) to derive safety insights about the identified EOCs 
and about EOCs in general. 

As noted in (Reer et al., 2004), the identification scheme2 proved to be practical and effective 
in the pilot study. Thirty-three (33) EOC split fractions3 were identified, which were 
associated with 11 EOC events. For most split fractions examined in detail, multiple 
situations (2 to 3 EOC paths) were identified that could lead to the performance of the 
inappropriate action in the specific scenario. Each of these paths includes combinations of 
system conditions, human errors (at the sub-task level), and nominal actions (again at the 
sub-task level). 

To estimate the risk significance of the EOC situations, their probabilities had to be 
estimated. Many elements of the EOC tasks are quantifiable with existing HRA methods. In 
particular, data from THERP method (Swain, Guttmann, 1983) was used in the pilot study to 
quantify many these elements. For example, the failure to detect an out-of-tolerance system 
parameter may cause the personnel to perform the EOC, e.g. to trip the back-up system in 
this case. In addition, the THERP dependence model could be used to roughly bound some 
of the remaining path elements. 

The quantification of some EOC path elements with THERP or any of the methods generally 
applicable for errors of omission can be problematic. Decision-based errors play a critical role 
in a number of EOC paths. In EOO quantification, the main approach has been to use a Time 
                                                 
1 It is worth noting that if there is no existing PSA study, an accident sequence analysis (and human failure event 
identification) that would encompass both errors of omission and EOCs would be expected to be quite different 
from the CESA scheme. 
2 The EOC identification method used in the pilot study was first named CESA, for Commission Errors Search 
and Assessment, in the first publications reporting on the study (Dang et al., 2001; Reer et al., 2002). 
3 The terms EOC event, EOC split fraction, and EOC path are defined in Section 3.2, which also includes some 
examples.  
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Reliability Curve such as the one in THERP. This essentially postulates that the more time 
the personnel has, the less likely it is that a required decision is omitted. For EOCs, this 
relation simply does not hold. This issue and other issues associated with EOC quantification 
are presented in (Dang, Reer, 2002). 

Subsequent to the pilot study, the work at PSI on the issue of EOCs continues. One area of 
the work concerns the quantification of EOCs, or more generally, the quantification of 
decision-based errors. Other developments relate to the analysis of potential EOCs in 
shutdown operation and in connection with initiating events. 
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3. Applying CESA 
This chapter covers the types of information required for an application of CESA and defines  
some key terminology used in the method description. Section 3.3 presents a flow chart of 
the main steps of the method. Section 3.4 discusses how the required analysis resources can 
be influenced by modifying the search scope.   

3.1. Information requirements 
An application of CESA requires the following: 

 • a PSA for the plant in question 

- the accident sequence model 

- dominant contributors and the importance values for systems and functions 

 • the plant operating procedures 

- emergency operating procedures (EOPs) 

- abnormal operating procedures (AOPs) 

 • information on plant operations 

- how the operating procedures are used in practice 

- the knowledge and training associated with abnormal/emergency operation and 
needed to apply the procedures 

It may require additionally in some cases: 

 • system procedures (for individual systems, as referenced by the AOPs and EOPs) 

 • the qualitative analyses (task analyses) of operator tasks supporting the HRA in the 
PSA 

It can be seen that with the exception of the PSA and its results, an application of the CESA 
method requires the same information basis as used in a typical HRA as performed today. 

3.2. Key terms – EOC event, split fraction, and path 
The CESA method uses a terminology that is by and large compatible with current 
PSA/HRA practice (IAEA, 1995; ASME, 2002; NUREG-1792, 2005). Three additional key 
terms are introduced, (1) EOC event, (2) EOC split fraction, and (3) EOC path. 

As the following definitions show, EOC events and EOC split fractions are defined 
analogously to event tree top events (or headers) and to the sequence-specific split fractions, 
respectively. The event tree header refers to the system function in general whereas the split 
fractions of a top event define the conditions and success criteria for the top event in a 
specific sequence.4 

EOC event 

An EOC event is an operator action that contributes to the failure of a PSA top event 
(typically a function of a system). The performance of the action may lead to the top event 
failure or to the failure of basic events that are inputs to the top event fault tree.  

                                                 
4 The split fractions are theoretically sequence-specific. In practice, many sequences have similar conditions and 
success criteria and the same split fraction will be used for several sequences. In some cases, a limiting set of 
conditions and success criteria are defined and one split fraction could be used for all sequences. 



Applying CESA 
 

22 

Usually, PSA top events are defined specific to systems. Thus the description of an EOC 
event specifies the adverse consequence of the action on a system. It is specified what system 
function may fail or degrade if the action is performed in an inappropriate scenario. The 
scenario in which such an adverse consequence would occur is not specified. In short, an 
EOC event can be therefore denoted as a system-specific EOC description. 

An example of an EOC event is operator contributes to the failure of auxiliary feedwater (AFW), 
where the affected PSA top event is auxiliary feedwater. Contributions to this EOC event may 
include the switch-off of both AFW pumps or the closure of the AFW control valve in one train. 

EOC split fraction 

An EOC split fraction is an EOC event in a set of specific event sequences with similar 
performance conditions.  

Each such set corresponds to a scenario. In short, an EOC split fraction can be denoted as a 
scenario-specific EOC description. A number of EOC split fractions can be associated with 
one EOC event (see Table 3-1). 

Table 3-1. Examples of EOC split fractions related to one EOC event 

EOC event Related EOC split fractions 

EOC contribution to failure of emergency FW - internal event scenarios with 
degraded secondary component cooling 

EOC contribution to 
failure of emergency 
FW EOC contribution to failure of emergency FW - severe external event 

scenarios (wind, earthquake or the like) with degraded secondary component 
cooling 

 

EOC split fractions are the recommended elements (in the sense of ‘units’) for integration in 
the PSA model. Thus an EOC split fraction can be classified as a human failure event (HFE) 
according to the ASME standard. 

HFE: a basic event that represents a failure or unavailability of a component, system or 
function that is caused by human inaction, or an inappropriate action (ASME, 2002, 
Section 2, p. 8). 

Although the ASME definition does not refer to the scenario context, it is clear from the 
ASME requirements that the HRA should account for this context: 

The assessment of the probabilities of the post-initiator HFEs shall be performed using a 
well-defined and self-consistent process that addresses the plant-specific and scenario-
specific influences on human performance, and addresses potential dependencies between 
human failure events in the same accident sequence (ASME, 2002, Table 4.5.5-1, p. 52). 

EOC path 

An EOC path represents a specific sequence of human and system events that lead to the 
EOC in a given EOC split fraction (EOC scenario). Multiple EOC paths may be identified for 
a given EOC split fraction, as shown in the examples of Table 3.2. 

The human events in an EOC path may be errors, e.g. misreading an indication, as well as 
actions that are prescribed by procedures or training in the situation. In some cases, the 
human event will be an error, for instance, inadvertently skipping a procedure step; 
however, EOC paths may contain human events that are the nominal, expected and most 
likely response of the operators in a given situation. 
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Table 3-2. Examples of EOC paths  

EOC split fraction EOC paths – brief descriptions 

path 1. Stop of all FW at the procedural point (EOP ES-0.1 step 3) that 
requires to check the RCS temperature and to control the FW flow (if 
necessary) 

EOC contribution to 
failure of emergency FW 
- internal events with 
degraded secondary 
component cooling 

path 2. Stop of emergency FW at the procedural point (EOP ES-0.1 steps 
5 to 7) that requires to check the status of operation of FW systems 
path 1. Transfer to the EOP on SI termination (ES-1.1) at the procedural 
point (EOP E-1 step 10) that requires to check the RCS pressure and 
PZR level 

EOC contribution to 
failure of SI - small 
LOCA scenario 

path 2. Transfer to the EOP on SI termination (ES-1.1) at the procedural 
point (EOP E-0 step 29) that requires to check the containment 
conditions 

 

In some cases, the analyst may decide to model the potential for correction of an EOC as part 
of the scope of the EOC split fraction. For instance, neglecting the correction potential may be 
excessively conservative.5 If correction is modeled, it may also be necessary to treat the 
associated hardware. 

Nomenclature suggestions 

In this report and the pilot study, the nomenclature is based on identifiers that distinguish 
between the EOC events and split fractions.  

For the system/function emergency feedwater (EFW), the EOC event associated with this 
function is EFW.EOC.  Each split fraction is identified EFW.EOC1, EFW.EOC2, etc. Such a 
nomenclature clearly identifies the system/function that is affected by the EOC.  

3.3. An overview of CESA (flowchart of steps) 
The CESA method consists of four basic steps: 

• Step 1. Catalog required operator actions 

• Step 2. Identify EOC events linked to important systems 

• Step 3. Identify specific EOC scenarios (EOC opportunities) 

• Step 4. Characterize the EOC scenarios in detail and quantify 

Fig. 3-2 illustrates how these steps work. Steps 1 to 3 serve the implementation of the newly 
developed EOC search scheme, while step 4 deals with quantification. 

                                                 
5 As noted in (Dang, Reer, 2002), correction refers to opportunities for reversing the inappropriate action before 
significant system consequences have arisen. 
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scenarios 
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4. Characterize
the EOC 
scenarios in 
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importance measures)

PSA accident 
sequence info

(e.g. ranked cut sets)

Quantification 
method(s)

EOC 
split 

fractions

EOC 
probabilities

Plausible 
intervention 

options 

Risk 
impact

Scenario conditions

EOP decision 
points

EOC 
events

EOC 
paths

(*) The pilot study primarily used the EOPs as a source for 
the catalog. Actions based on training and knowledge could 
also be considered.

 
Figure 3-2. Flowchart of the CESA steps 
 

Step 1. On the basis of emergency operating procedures and related practices (e.g. with 
respect to manipulations associated with a procedural task), possible actions are selected and 
cataloged in step 1. The result is a plausible set of intervention options (i.e. credible 
possibilities for human-induced changes of system states).  

Step 2 deals with the identification of system failures (or degradations) that may result from 
these actions. Prioritization of system failures is mainly performed on the basis of the 
importance measures of the PSA top or basic events for these system failures. It is 
recommended to use the Risk Achievement Worth6 (RAW) for this purpose. For instance, the 
identification may focus on the PSA top (or basic) events with RAW>10. Each combination of 

                                                 
6 The RAW, or Risk Increase Factor (RIF), is defined as the factor by which the CDF increases if the top (or 
basic) event is modeled with a failure probability of 1.0. 
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a PSA top or basic event with a procedural action (that would contribute to the failure of this 
event) defines an EOC event, i.e. an operator action that may contribute to a system failure in 
some - at this point unspecified - scenarios. 

Steps 1 and 2 may be performed in an interactive manner. In order to discover links between 
procedures and system models, the selected actions are represented by their consequences 
(step 1/2 interface). For each consequence it is investigated whether it contributes to the fault 
tree of an important top event. During the compilation of the catalog of actions, it would be 
efficient to check for each record whether the action consequence matches a PSA top (or 
basic) event. 

Step 3. On the basis of the accident sequences in the original PSA model, the scenarios in 
which an EOC event may occur are identified in step 3. It is recommended to focus on event 
sequences with a relatively high frequency. Event sequences that have similar performance 
conditions are grouped, and each group is defined as a scenario with the opportunity of the 
EOC event in question. The combination of an EOC event with a group of similar event 
sequences defines an EOC split fraction, i.e. an operator action that contributes to a system 
failure in a specific scenario. At this point, the specific scenario evolution and personnel 
responses that lead to the performance of the inappropriate action have not been 
determined. 

For each EOC split fraction, the procedural decision points and the scenario conditions 
corresponding to the branching criteria are analyzed, in order to identify the EOC paths.  

Step 4 involves the qualitative analyses performed to characterize the EOC paths and the 
estimation of the probabilities of the EOC path elements. The EOC probability is then the 
sum of the EOC path probabilities, calculated from the probabilities of elements of each path. 
The risk impact of the EOCs, e.g. the contribution of EOC scenarios to the core damage 
frequency, can then be calculated. 

Steps 3 and 4 may be performed in an interactive manner. Findings regarding performance 
conditions in step 4 may lead to revised grouping of event sequences in step 3 and thus to a 
revised set of EOC split fractions. 

3.4. Prioritizing the EOC (CESA) analysis 
The resources required for the EOC analysis can be limited or their use can be prioritized by 
controlling the scope of the search. This is done by controlling the scope of the actions 
considered in the search. The scope of the actions has two dimensions: 

- basis for performing the action 

- system or function impacted by the action 

The basis for performing actions refers to the procedures, training, and the experience of the 
operators. The impacted system or function specifies the scope of the search in terms of the 
effect of the actions. 

3.4.1 Search scope – basis for actions 
Generally, the performance of any operator action can be said to be based on the following 

 - the procedural guidance, which includes all types of procedures, including EOPs, 
AOPs, system operation procedures; 

 - training, which results in a set of rules known by the operators and learned sequences 
of operations; and 

 - the experience of the operators. 
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In the ideal case, these bases are consistent and mutually reinforcing. For instance, critical 
rules that are learned and practiced in training and sequences of operations that the 
operators have memorized are also documented in procedures. 

To limit the resources required for the pilot study, the CESA application in that study 
addressed only those actions identified from the emergency operating procedures (EOP). A 
limited selection of actions based on training and experience was also included. 

It is important to stress that the application of CESA does not require this limitation. This 
limitation is imposed as one of the means to limit the required analysis resources. 

3.4.2 Search scope – impacted systems or functions 
A second means to limit the required resources for the EOC identification is to limit the 
scope of the actions considered in the search in terms of the impacted systems and functions. 
The prioritization would be based on the RAW of the impacted systems or functions, 
whereby the actions associated with systems or functions with a low RAW are not examined 
in the search.  

In the pilot study, a RAW threshold of 10 has been applied. This means that the actions 
associated with systems that have a RAW below 10 are not included in the search scope. 
(This occurs in Step 2, where the EOC events to be addressed in the search are defined, since 
the EOC events refer to the combinations of actions and impacted systems.) In other words, 
inappropriate actions that impact functions that have a low RAW, as reported in the PSA, 
will generally have a lower risk significance. 

The RAW threshold may be adjusted, downwards to expand the search scope and upwards 
to limit the analysis resources. 
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4. Step-by-Step Guidance 
The CESA method consists of four steps as outlined in Fig. 3-2. Detailed guidance on these 
steps is presented next. 

4.1. Step 1, Catalog required operator actions 
The objective of step 1 is to define and catalog possible operator actions to be considered as 
potential causes of system failures. As a final product, a catalog of actions that are required 
in the procedural response to plant scenarios is established. This is performed by reviewing 
the procedures that guide the operators in the response to plant trips and to initiating events. 

In this CESA step, the conditions under which the procedures call for the actions are not 
examined. The result of step 1 is a listing of actions that could be carried out in the operators' 
responses to plant trips and initiating events. 

The sub-steps associated with step 1 are: 

- Step 1.1. Define the scope of emergency operating procedures to be considered. 

- Step 1.2. Compile the catalog of actions. 

- Step 1.3, Account for premature terminations of manually initiated functions. 

4.1.1 Step 1.1, Define the scope of emergency operating procedures to 
be considered 

This sub-step defines the procedures to be addressed by the process of action cataloging in 
step 1.2. The choice depends on the scope of EOC study and the availability of respective 
resources. In case of resource limitations, it is recommended to select first those procedures 
that cover short-term and medium-term responses to an abnormal event. Procedures for 
long-term responses (e.g. switch-over to recirculation) may be subjects of case-by-case 
extensions of the method implementation. 

4.1.2 Step 1.2, Compile the catalog of actions 
In the catalog, the actions are defined in terms of a specific action, e.g. opening, closing, 
starting, stopping, and the specific equipment on which this action is carried out. Table 4-1 
presents examples of excerpts of such a catalog. Attached to the action is the procedure step 
in which the action is called for. Actions assignable to tasks are represented in a hierarchical 
manner. For instance, the alignment of charging pump suction from the volume control tank 
(VCT) appears as a heading of the two valve manipulations required to perform this task. 
This eases the analysis documentation and the identification of groups of closely coupled 
actions. 

Actions required in the response to plant scenarios that are based on training are also 
covered in the catalog when a procedure step calls for a task without explicitly listing the 
specific equipment to be manipulated. The excerpts in Table 4-1 include two such cases. For 
instance, the procedure instructs the alignment of charging pump suction from the refueling 
water storage tank (RWST), but the respective valve manipulations are not specified. 
However, they were included in the action catalog, because it has been assumed that these 
manipulations are known from training or experience. The second case concerns the 
instruction to throttle manually the special feedwater (FW) flow. In agreement with the 
model of the reference PSA, it is assumed that the flow will be stopped and restarted, since it 
is not possible to easily throttle the respective discharge valve. 

The following guidelines may ease the performance of step 1.2. 
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1.  If available, use electronic copies of the EOPs. 

2.  Ensure that the component and system notation in the catalog matches the notation in 
the fault trees of the PSA model. 

3.  Do not spend time in documenting the conditions under which a cataloged action is 
required. These conditions will be addressed for the decision points identified as 
important in step 3. 

4.  Catalog as well actions advised in precaution notes and fold-out pages of the EOPs. 

5.  Catalog as well actions, which are modeled as required in the PSA (of concern) but 
which do not appear in the procedures. Typical actions of that type are valve 
manipulations to isolate leaks (internal flooding or LOCA IEs) or to cross-tie available 
equipment (scenario with adverse combination of component failures); e.g. in Table 
4-1 (CCW isolation, appropriate in case of a specific internal flooding IE). 

4.1.3 Step 1.3, Account for premature terminations of manually initiated 
functions 

This sub step, which serves to increase the completeness of the catalog returned from step 
1.2, is only necessary if the HRA of the PSA in question does not account for premature 
terminations of manually initiated functions (e.g. feed and bleed operation). In this case, the 
analyst is supposed to verify that such terminations are covered by the action catalog 
compiled in step 1.2. 

For instance, the HRA credits the operator action to perform feed and bleed cooling in loss of 
feedwater (FW) scenarios, but the quantification model of this action does not include the 
failure contribution from a premature termination of feed and bleed operation. In this case, 
the analyst has to verify that respective actions - like closure of the pilot-operated PZR relief 
valve (PORV) - required for the termination of feed and bleed operation are included in the 
catalog of actions. These actions may be grouped as illustrated in Table 4-1. 
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Table 4-1. Illustration of step 1 outcome: excerpt from a catalog of actions 

   Referred to in: 
Action    Procedure Step no. Step title 
• RCP trip signal inhibited  

• RCP B started  
ES-0.1 (”Reactor 
trip”) 

15 Check RCP conditions 

Charging supply from volume 
control tank (VCT) 

aligned  

• VCT suction valve opened  

• Borated water injection 
valve 

closed  

ES-1.1 
(“Termination of 
SI”) 

11 Check charging pump 
suction line 

Charging supply from 
refueling water storage tank 
(RWST) 

aligned  

• Borated water injection 
valve 

opened (a)

• VCT suction valve closed (a)

ECA-0.0 (“Loss of 
AC power”) 

10 Establish RCP seal 
injection supply 

Special FW flow throttled  
• Special FW flow stopped (a)

• Special FW flow restarted (a)

E-0 (”Reactor trip 
or SI”) 

24 Check RCS temperature 

Component cooling water 
(CCW) flow path to 
ventilation unit A  

isolated (b)

• CCW isolation valve 1A  closed  

• CCW isolation valve 2A closed  

N/A   

Feed and bleed cooling stopped    
• Safety injection (SI) pump B stopped  33 Check whether SI pump B 

or C should be stopped 
• PORV in PZR relief line 1 closed  

FR-H.1 (“Loss of 
secondary heat 
sink”) 

34 Check state of PZR relief 
system 

 (a) called for by this step but not explicitly mentioned in the procedure  
(b) modeled in the PSA as required in case of an internal flood initiated by a fault in the CCW piping to the 

ventilation system 
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4.2. Step 2, Identify EOC events linked to important systems 
The aim of step 2 is to define EOC events, which are defined as operator actions that may 
contribute to the failures of PSA top events, i.e. the required systems or functions in the PSA 
safety model. A first screening is done in this step by focusing on the PSA top (or basic) 
events with a Risk Achievement Worth (RAW) above a given threshold. In this way, the 
additional contribution to PSA top event failure probabilities from EOCs is considered for 
those top events with the largest impact on the core damage frequency. EOC events are not 
defined for PSA top events with a small impact on the core damage frequency. 

The catalog of candidate actions from step 1 is compared against the fault trees for the PSA 
top events thus selected. An EOC event is defined when a candidate action affects one of the 
PSA top events. Next, this set of EOC events is reduced by considering on a case-by-case 
basis the consequence of the contributing candidate action on the PSA top event expressed 
by the fault tree structure. For instance, a top event may be discarded if the candidate action 
affects only one component of a highly redundant system or if additional component failures 
have to occur in conjunction with the candidate action for the top event to occur. 

The result of step 2 is a more manageable number of EOC events for which specific scenarios 
will be identified subsequently. The level of screening in this step is determined by the RAW 
threshold that is used. The RAW of the affected PSA top event additionally prioritizes EOC 
events. 

The sub-steps associated with step 2 are: 

- Step 2.1. Define the failure event search space. 

- Step 2.2. Identify EOC events on a fault tree top and basic event level. 

- Step 2.3. Determine the EOC events to be retained (case-by-case screening). 

4.2.1 Step 2.1, Define the failure event search space 
This sub-step defines the PSA failure events (top and basic events) to be addressed in the 
search. The set of all PSA top and basic events is the initial basis of step 2.1. To limit the 
search space, it is recommended to define a RAW threshold, say 10 meaning all top and basic 
events with a RAW of 10 or higher should be subjects of the search in step 2.2. (See Section 
3.4 for a brief discussion). 

The outcomes of step 2.1 are two lists. 

1.  For all top events - or pairs of functionally related top events - with a RAW above a 
selected threshold, the basic events used as inputs to their fault trees should be 
listed. Table 4-2 shows how such a list may look. It is recommended to sort the list 
by descending values of the top event RAW. All basic events are listed – meaning 
also the ones with a RAW below the defined threshold – to cover the possibility 
that an action (e.g. close valves V1 and V2) instructed for one condition can affect a 
set of basic events (e.g. V1 transfers closed, and V2 transfers closed). 

  The potential need to include pairs would arise, if the PSA models redundant trains 
(or sub parts) of a common system (or function) by different top events. For 
instance, if the PSA models the failures of auxiliary FW train A and auxiliary FW 
train B as different top events, the analyst is advised to define the failure of auxiliary 
FW trains A and B as a top event pair. To identify such pairs, it is recommended to 
by quickly scan through list of top event names. The RAW of this pair can be 
estimated as follows. 

RAW = 1 + (1/p – 1) FV 
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Where: 

FV = MAX{FV1; FV2} 

FV1 = Fussell-Vesely index of the first top event of the two top events to be merged as 
a pair. 

FV2 = Fussell-Vesely index of the second top event of the two top events to be merged 
as a pair. 

p = joint failure probability of the two top events to be merged as a pair. If the PSA 
does not present this joint value, it is recommended to determine it by an analysis 
of the fault tree compiled for the joint failure event. 

  The concern is that such a top event pair, defined as the joint failure of two top 
events, might have a high RAW, while each pair element has a low RAW. 

2.  All basic events with a RAW above a selected threshold may be listed as well. This 
list serves to address important basic events (as a result from potential operator 
actions) that contribute to multiple system failures. Table 4-3 shows how such a list 
may look. It is recommended to sort the list by descending values of the basic event 
RAW.  

Note a list like in Table 4-3 may be dispensable, given that the PSA results on 
accident sequences leading to core damage are not presented as minimal cut sets 
involving basic events (as it is in case of a PSA model compiled with the 
RISKMAN software - see description of step 3.2).  

As indicated in Tables 4-2 and 4-3, the space of failure events may comprise as well operator 
actions, in order to account for EOC contributions to important HFEs; see step 1.3 above. 

Table 4-2. Illustration of step 1.1, outcome 1: list of top events sorted by decreasing 
RAW (descending values) and associated basic events 

Top event - failure of: Top event 
RAW 

Basic events (all inputs to top event fault 
tree) 

Basic event 
RAW 

380V breaker L5 transfers open … 
120V DC bus work fails during operation … 

120V DC distribution … 

… … 
Operator fails to perform feed and bleed 
cooling (condition: loss of FW)  

… 

Operator fails to perform feed and bleed 
cooling (condition: loss of FW, fire IE) 

… 

Fire IE (house event) … 

operator action to 
perform feed and bleed 
cooling 
 

… 

… … 
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Table 4-3. Illustration of step 1.1, outcome 2: list of basic events sorted by decreasing 
RAW and affected top events 

Basic event Basic event 
RAW 

Affected top event(s) (*) 

RWST suction valve #A transfers open … • Refueling water storage tank  
• ECCS suction or injection line  

Operator fails to perform feed and 
bleed cooling (condition: loss of FW) 

… • operator action to perform feed and 
bleed cooling 

(*) A top event is affected, if the basic event appears as an input to its fault tree. 

 

4.2.2 Step 2.2, Identify EOC events by comparing actions with important 
failure events 

This sub-step searches for links between the action catalog (from step 1, c.f. Table 4-1) and 
the important failure events (from step 2.1). As illustrated in Figure 4-1, this is carried out by 
comparisons. Finally, important EOC events (with RAW values above a certain threshold – 
say 10) are listed as illustrated in Table 4-4. The analysis process yielding such a table is 
outlined below.  

1.  For each critical keyword that characterizes a component or function in the action 
catalog (Table 4-1), start a query to the list of failure events (from step 2.1). Four 
examples are presented below. 

a) Safety injection (SI) is function that appears in the action catalog and is thus 
used as a keyword of a query addressing the list of failure events (of the PSA 
model). 

b) Valve V1 appears in the action catalog and is thus used as a keyword of a query 
addressing the list of failure events. 

c) Pump #A appears in the action catalog and is thus used as a keyword of a 
query addressing the list of failure events. 

d) Feed and bleed cooling appears in the action catalog and is thus used as a 
keyword of a query addressing the list of failure events. 

2.  Given a matching link (e.g. common component) identified from the query, assess 
whether the component (function) behavior according to the action catalog list 
would be equivalent to a failure event (top event or basic event). Four examples are 
outlined below. 

a) A query with the keyword safety injection identified a matching link, since the 
PSA model includes a top event denoted as failure of safety injection. It is now 
assessed whether this top event is equivalent to a record on safety injection 
included in the action catalog. This is concluded to be the case: the catalog record 
SI terminated is assessed as equivalent to SI failure, since SI must operate for at 
least one hour after a small LOCA and premature SI termination has the potential 
to jeopardize this success criterion. 

b) A query with the keyword valve V1 identified a matching link, since the PSA 
model includes a basic event denoted as valve V1 transfers closed. It is concluded 
that this failure event (V1 transfers closed) is equivalent to the respective record 
(V1 closed) in the action catalog.  
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c) A query with the keyword pump #A identified a matching link, since the PSA 
model includes a top event with a fault tree that has an input basic event denoted 
as pump #A fails during operation. It is concluded that this failure event is 
equivalent to the respective record (pump #A stopped) in the action catalog. 

d) A query with the keyword feed and bleed cooling identified a matching link, 
since the PSA model includes various failure events entitled operator failure to 
perform feed and bleed cooling. It is concluded that these failure events are 
equivalent to the respective record (feed and bleed cooling stopped) in the action 
catalog. 

3.  Retain EOC events (i.e. action identified as equivalent to failure events) with an 
RAW above the threshold defined in step 2.1 (Define the failure event search space).  

The EOC events in examples a) and b) would retain if: 

a) the action (SI terminated) is equivalent to a top event (failure of SI) selected in 
step 2.1 on the basis of a high RAW value; and 

b) the action (V1 closed) is equivalent to a basic event (V1 transfer closed) selected 
in step 2.1 on the basis of a high RAW value. 

If an action is equivalent to a basic event with a RAW below the threshold and 
the basic event is an input to a fault tree of a top event with an RAW above the 
threshold, it needs to be assessed whether the condition requiring the action 
requires as well an additional action so that that both actions together are 
equivalent to the failure of the RAW-important top event. An example for the 
case of an RAW threshold of 10 is presented below.  

c) An action (pump #A stopped) is identified as equivalent to the basic event 
entitled pump A fails during operation. The basic event has a RAW below 10. The 
affected top event has a RAW above 10. The same condition that requires 
stopping pump #A requires as well stopping pump #B, and the top event failure 
would occur if pumps #A and #B fail. Thus the action to stop both pumps is 
defined as a RAW-important EOC event. 

d) An action (feed and bleed cooling stopped) from the catalog is identified as 
equivalent to various top and basic events dealing with the operator action to 
perform feed and bleed cooling. None of these events has a high RAW (say above 
10) and thus premature termination of feed and bleed cooling is not retained as an 
important EOC event. 

4.  Assess the plausibility of each retained EOC event on a case-by-case basis and 
compile the final list of the retained EOC events. The case-by-case review may 
eliminate some EOC events. A high RAW value of a top event may be the result of 
a conservative assumption related to hardware modeling. For instance, top event B 
is modeled as guaranteed failed under the condition of the failure of top event A 
because of common cause failure (CCF) considerations, and an EOC event was 
identified for top event A. If there is no such CCF potential associated with the 
EOC opportunity in the procedure, a reduced RAW of the EOC event should be 
used and the EOC event importance may drop below the RAW threshold after this 
reduction. 

Table 4-4 presents a suggested form to document the finally retained EOC events. For each 
top event a set of contributing actions is presented together with respective EOP references. 
It is recommended to list first the action that is equivalent to the top or basic event with the 
highest RAW; this RAW should also be assigned to the EOC event.  



Step-by-Step Guidance 
Step 2, Identify EOC events linked to important systems 

34 

 

e.g. close RWST suction valve 
(ECA-0.0, step 26)

Catalog of actions (from step 1)

e.g. RWST suction valve transfers closed
(basic event of the model of top event RWST )

List of important top and basic events

EOC EVENT: 
contribution to failure 
of top event RWST

 
Figure 4-1. EOC event identification by comparing records from the action catalog with 

records from the list of important top and basic events 
 

Table 4-4. Illustration of step 2, final outcome: list of retained EOC events sorted by top 
events affected 

EOC EVENT - 
contribution to failure 
of PSA top event: 

Contributing action(s) (EOC(s) 
if performed under inappropriate 
conditions) 

EOP reference(s) of 
action(s) 

EOC event 
RAW 

Start a RCP Steps on checking the 
RCP operation conditions 
(E-3 step 35a; ES-0.1 step 
15b; ES-1.1 step 19a) 

… 

Isolate special seal injection flow Step on checking the 
containment radiation 
(ECA-0.0 step 26) 

 

Reactor coolant pump 
(RCP) integrity 
control 

… …  
Close RWST suction valve #A Step on checking the 

containment radiation 
(ECA-0.0 step 26) 

… Refueling water 
storage tank (RWST) 

… …  
… … … … 
… …  
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4.3. Step 3, Identify specific EOC scenarios (EOC opportunities) 
After the set of EOC top events is defined, specific scenarios with EOC opportunities are 
identified in step 3. The outcome is a list of EOC split fractions defined for relatively likely 
scenarios with opportunities for important inappropriate actions. For each split fraction the 
EOC opportunity is specified as an inappropriate path in going through the procedures. 

The sub-steps associated with step 3 are: 

- Step 3.1. Define the accident sequence search space. 

- Step 3.2. Identify accident sequences specific to EOC events. 

- Step 3.3. Define groups of accident sequences associated with similar scenario conditions. 

- Step 3.4. Identify EOC paths related to the performance at EOP decision points. 

- Step 3.5. Identify opportunities for EOC-inducing execution slips. 

- Step 3.6. Compile a summary sheet for each EOC split fraction. 

4.3.1 Step 3.1, Define the accident sequence search space 
Scenarios are defined in terms of specific accident sequences. The search is prioritized by 
looking for EOC opportunities in the top PSA sequences, those with the largest contributions 
to the core damage frequency (CDF).  

Step 3.1 defines a threshold that determines the fraction of PSA sequences addressed in the 
search. This threshold will vary depending on the risk profile of the existing PSA and the 
resources available for the search. In view of limited resources for the EOC study for 
instance, it may be reasonable to focus the search on the top 500 accident sequences (leading 
to core damage), given that these sequences cover a notable (say more than 60%) fraction of 
the total CDF.  

Thresholds specific to EOC event characteristics may be defined as well; e.g.: for an EOC 
event that has a consequence equivalent to a top or basic event with an extremely low failure 
probability (say <1E-5), it may be reasonable to search in the top 1000 accident sequences, in 
order to address that this low failure probability prevents that the basic or top event appears 
in the top 500 accident sequences. 

4.3.2 Step 3.2, Identify accident sequences specific to EOC events 
The EOC events identified and retained in step 2 are first compared against the top PSA 
accident sequences to obtain the most important accident sequences with potential EOC 
contributions. At this stage in the identification, specific mechanisms and situations are not 
defined yet. For example, the sequences to be examined for an EOC event denoted as 
contribution to failure of auxiliary FW will include all of the top sequences that include top 
event auxiliary FW (or the basic event(s) equivalent to the consequence(s) of specific action(s) 
identified for the EOC event).  

Table 4-5 shows how the assignments of accident sequences to EOC events may look. An 
analysis process yielding such a table is outlined below. 

1.  For each top or basic event (from the list of retained EOC events) associated with 
the EOC event, start a query to the list of accident sequences. The practical 
implementation of such a search may depend on the software used for PSA model 
creation. Some guidance for two typical cases is outlined below. 
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a) If the list of PSA accident sequences displays top event split fractions (i.e. 
failures of top events under specific scenario conditions), use the identifiers of the 
EOC-related top events for the performance of the query.  

Note the appearance of top event split fractions in lists on accident sequence 
results is typical for a PSA model created by the RISKMAN software. 

A top event is EOC-related if an inappropriate action (defined for the EOC event) 
has a consequence that is equivalent (with respective to the degradation of plant 
safety) to it. 

b) If the list of PSA accident sequences displays minimal cut sets involving basic 
events, use the identifiers of the EOC-related basic events for the performance of 
the query. Note a basic event is EOC-related if an inappropriate action (defined 
for the EOC event in the second column of Table 4-4) has a consequence that is 
equivalent (with respective to the degradation of plant safety) to it. If the EOC 
has the potential to fail a top event, search for cut sets with individual basic 
events or sets of basic event that have the equivalent consequence. For instance, if 
the EOC event has the potential to fail the auxiliary FW system by stopping both 
auxiliary FW pumps, the analyst may search for core damage cut sets that include 
a CCF of both auxiliary FW pumps. 

2.  Given a matching link (e.g. common top or basic event) identified from the query, 
assign the accident sequence to the EOC event and provide (at a minimum) the 
information (accident frequency, failure probability of EOC-related top or basic 
event) as outlined in Table 4-5. 

 

e.g. Contribution to failure of top event RWST

List of EOC events (from step 2)

e.g. • Small flood in aux building, and 
• Failure of RWST

List of important core damage accident 
sequences (from original PSA)

Potential EOC 
contribution in a 
specific accident 

sequence (initiated by 
internal flooding)

 
Figure 4-2. Identification of specific accident sequences with potential EOC 

contributions by comparing records from the list of EOC events with 
records from the list of important PSA accident sequences 
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Table 4-5. Illustration of step 3.2, outcome: list of accident sequences (from the PSA 
model) assigned to EOC events 

EOC EVENT - 
contribution to failure 
of PSA top event: 

Affected accident 
sequence(s) (sorted by 
frequency) 

Sequence 
frequency 

Failure probability of EOC-
related (*) top (or basic) event 
in the sequence 

• Loss of service water due 
to internal events,  
• Failure of RCP integrity 
control, and  
• Failure of special 
recirculation 

… … 
(probability of failure of top 
event RCP integrity control 
under the conditions in the 
accident sequence) 

• Loss of service water due 
to external events,  
• Failure of RCP integrity 
control, and  
• Failure of special 
recirculation 

… … 

RCP integrity control 

… … … 
… … … … 
… … … 

(*) A top or basic event is EOC-related if an inappropriate action (defined for the EOC event) has a 
consequence that is equivalent (with respective to the degradation of plant safety) to it. 

 

4.3.3 Step 3.3, Define groups of accident sequences associated with 
similar scenario conditions 

The identified accident sequences with potential EOC contributions are next grouped into 
sequences with similar performance contexts.  

In principle, it is possible to proceed without grouping and to define for each accident 
sequence assigned to an EOC event a separate split fraction. In view of limited analysis 
resources however, it may be desirable to keep the number of EOC split fractions addressed 
by quantification as small as possible. For this purpose, grouping of event sequences should 
be carried out according to existing HRA practices in defining split fractions for human 
failure events under specific scenario conditions. Some criteria for grouping are: preceding 
events, indications, preceding operator errors (EOOs or EOCs), feedback, and time available 
for EOC correction. Each group of such sequences defines a potential scenario. For each EOC 
event, the result of this sub-step is one or more event sequence. 

Examples of grouping considerations are presented below. 

1.  Accident sequences involving identical events of the scenario evolution before the 
EOC opportunity may be grouped together; e.g.: 



Step-by-Step Guidance 
Step 3, Identify specific EOC scenarios (EOC opportunities) 

38 

EOC EVENT - contribution 
to failure of PSA top event: 

Affected accident sequence(s) (sorted by 
frequency) 

Common EOC 
split fraction? 

• Loss of service water due to internal 
events,  
• Failure of RCP integrity control, and  
• Failure of special recirculation 

RCP integrity control 

• Loss of service water due to internal 
events,  
• Failure of RCP integrity control, and  
• Failure of special SI 

YES 

 

2.  An accident sequence initiated by internal events may not be grouped together with a 
sequence initiated by external events; e.g.: 

EOC EVENT - contribution 
to failure of PSA top event: 

Affected accident sequence(s) (sorted by 
frequency) 

Common EOC 
split fraction? 

• Loss of service water due to internal 
events,  
• Failure of RCP integrity control, and  
• Failure of special recirculation 

RCP integrity control 

• Loss of service water due to external 
events,  
• Failure of RCP integrity control, and  
• Failure of special recirculation 

NO 

 

3.  An accident sequence involving a human error event in the scenario evolution before 
the EOC opportunity may not be grouped together with a sequence without such 
human error event; e.g.: 

EOC EVENT - contribution 
to failure of PSA top event: 

Affected accident sequence(s) (sorted by 
frequency) 

Common EOC 
split fraction? 

• Loss of primary component cooling 
(hardware failures),  
• Failure of RCP integrity control, and  
• Failure of special recirculation 

RCP integrity control 

• Loss of primary component cooling 
(operator failures),  
• Failure of RCP integrity control, and  
• Failure of special recirculation 

NO 

 

4.  Accident sequences involving similar indications with respect to EOP branching 
criteria related to potential EOC decisions (identified in step 3.4) may be grouped 
together.  

For instance, loss of service water and loss of primary cooling water are initiating 
events (IEs) yielding similar indications with respect to RCP operating 
conditions. And these indications appear as branching criteria relevant to the 
EOC (start of a RCP) in question. Furthermore, the related decision point in the 
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EOP is called up in the nominal response to both IEs. Thus it would be reasonable 
to group both IEs together: 

EOC EVENT - contribution 
to failure of PSA top event: 

Affected accident sequence(s) (sorted by 
frequency) 

Common EOC 
split fraction? 

• Loss of service water due to internal events,  
• Failure of RCP integrity control, and  
• Failure of special recirculation 

RCP integrity control 

• Loss of primary component cooling 
(hardware failures),  
• Failure of RCP integrity control, and  
• Failure of special recirculation 

YES  

 

The final sequence results for an EOC split fraction may be summarized as shown in Table 4-
6. The RAW of the EOC split fraction can be estimated as follows. 

  RAW ~ 1 + FV1/p1 + FV2/p2 + … + FVn/pn  

Where: 

FVi ~ fi/CDF = Fussell-Vesely index of the ith accident sequence identified for the 
EOC split fraction. 

pi = failure probability of the EOC-related PSA top or basic event under the 
conditions in the ith accident sequence identified for the EOC split fraction. 

n = number of accident sequences identified for the EOC split fraction. 

fi = frequency of the ith accident sequence identified for the EOC split fraction. 

CDF = core damage frequency (basic value, before EOC integration). 

The third column of Table 4-6 presents the set of PSA event sequence before the EOC, i.e. the 
sequences grouped as a common opportunity for the EOC. In the fourth column, the post-
EOC event sequences leading to core damage are summarized. In case of an EOC 
contribution to the failure of RCP integrity control (IC.EOC1) after loss of service water for 
instance, a seal LOCA would occur. Due to the IE, the normal SI system is unavailable. Core 
damage would occur in case of the failure of special SI.  
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Table 4-6. Illustration of step 3.3, outcome: PSA event sequences assigned to a given 
EOC split fraction 

EOC split fraction RAW Pre-EOC event 
sequence 

Post-EOC event sequence leading to core 
damage (examples) 

… • Loss of 
secondary 
component 
cooling 

• Operators fail to start feed & bleed 
cooling 

EFW.EOC1. 
Contribution to failure 
of emergency FW; 
scenario: internal 
events with degraded 
secondary component 
cooling 

 • Loss of service 
water due to 
internal events 

• Operators fail to align well water for 
alternate secondary component cooling, and 
• Failure of: Operator actions to start feed & 
bleed cooling 

RWST.EOC2. 
Contribution to failure 
of RWST; scenario: 
small LOCA 

… • Small LOCA N/A (core damage if EOC remains 
uncorrected) 

 

4.3.4 Step 3.4, Identify EOC paths related to the performance at EOP 
decision points 

Each of these groups of sequences is then examined to determine EOC paths through the 
procedure that would lead to each of the candidate actions associated with the EOC event. 
This begins with the candidate action and proceeds backwards in the scenario evolution 
through each of the procedure transfers leading back to the beginning of the operator 
response. For each EOC event, e.g. operators contribute to failure of auxiliary FW, multiple 
procedural paths are theoretically possible for each of the candidate actions, e.g. close AFW 
flow control valves, close AFW pump discharge valves, etc. Moreover, each action may appear at 
different points of the EOPs and may be called up under different conditions. For instance, 
stop of emergency FW operation may be called up if the RCS temperatures is low 
(overcooling), and - at another part of the EOP - if the auxiliary FW pumps are operating. 

Finally, a set of "minimal" procedural paths is defined by comparing the plant conditions 
present in the scenario evolution against the procedure branching criteria. Paths that lead to 
the satisfaction of the PSA requirements are success paths. Generally, the procedural paths 
with the smallest number of postulated errors are retained; each of these EOC paths would 
lead to the commission of the EOC. 

Fig. 4-3 illustrates the process of minimal EOC path development for the inappropriate 
termination of SI in a small LOCA scenario. SI termination is instructed in procedure ES-1.1 
entitled SI termination. The two paths leading to ES-1.1 may result from performances of the 
procedure steps that require checking the conditions (1) in the containment (radiation, 
pressure, and sump level) and (2) in the RCS and PZR, since each of these steps introduces 
the decision option for transferring to procedure ES-1.1. The success paths include the 
transfer to procedure E-1 and do not include the transfer to procedure ES-1.1; the respective 
plant conditions (in the first hour after the IE) do match the branching criteria of this success 
path (maintain SI operation). Since the plant conditions do not match the branching criteria 
of any EOC path, errors need to be examined for the performance of the procedure steps 
referring to these plant conditions. Note the path via procedure E-3 (SGTR) - which also 
involves an option for transferring to procedure ES-1.1 - is neglected due to both: the path 
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involves as well the performance of a procedure step that requires checking RCS and PZR 
conditions, and the inappropriate transfer to procedure E-3 must occur as an additional 
error. 

 

Containment 
radiation  

high 

Containment 
pressure  

high 

Containment 
sump level 

high 

EOP E-0:  
Reactor 

trip or SI 

EOP  
ES-1.1:  

SI 
termination 

EOP E-1:  
Primary or 
secondary 

leak 

RCS pressure 
low 

PZR level  
low 

no no no 

no no 

yes yes yes 

yes yes system-defined 
success 

EOC 
path #2 

EOC 
path #1 

START 

Nominal indications in the first hour after a small LOCA: 
• Containment radiation, pressure and sump level HIGH 

• RCS pressure and PZR level LOW  

 
Figure 4-3. Illustration of EOC path development (example EOC: SI termination in a 

small LOCA scenario) 

4.3.5 Step 3.5, Identify opportunities for EOC-inducing execution slips 
Execution slips, i.e. unintended performances of inappropriate actions, are identified by 
comparing the inappropriate action with similar execution steps of the nominal response. A 
slip is modeled as a cause for an inappropriate action that is  

1.  not inhibited by an automatic interlock device, and 

2.   in close spatial (e.g. same control board) or functional (e.g. same system but different 
train, or some stereotype association to a nominal execution step) relation to the 
nominal response. 

The first criterion is assumed as met if the execution step of the nominal response requires to 
reset (or inhibit) an interlock before the carrying out the related manipulation (e.g. pressing 
of a button to stop a pump after inhibition of the pump actuation signal). In that case, a 
confusion slip may affect both the reset and the subsequent manipulation. 

Table 4-7 shows how the documentation of a search for execution slips may look. As an 
example, it is briefly assessed whether the executions prescribed in the early phase of the 
response to a small LOCA may contribute to an inadvertent stop of SI pump operation. Only 
the executions related to equipment stopping are listed. It can be seen that all identified 
potentials for slip contributions to the EOC are assessed as negligible. 
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Table 4-7. Illustration of step 3.5, outcome: assessment of the potential for slip 
contributions to an EOC 

Stop of equipment operations 
required by the nominal response 

Assessment of the potential for an inadvertent 
• stop of SI pump operation (requires signal 
reset/inhibition) 

EOP E-0 step 20: 
Stop unnecessary operation of the two 
emergency FW pumps; requires signal 
reset/inhibition 

Negligible potential. Both actions require signal 
resets/inhibitions, but on different panels, and the actions 
refer to different systems. 

EOP E-0 step 26; EOP E-1 step 1: 
Stop RCPs; no signal reset/inhibition 
required 

Negligible potential. Stop of SI pump operation requires 
signal reset/inhibition. 

EOP E-1 step 11: 
Stop containment spray pumps; 
requires signal reset/inhibition required 

Negligible potential. Containment spray pumps do not 
operate in the nominal case of the scenario. 

 

4.3.6 Step 3.6, Compile a summary sheet for each EOC split fraction 
Note the result of step 3 is a set of scenario-specific EOC split fractions. Each EOC split 
fraction, which is an EOC event in specific accident sequences with similar performance 
conditions, will have associated with it a number of EOC paths. The quantification of the 
EOC split fraction in step 4 will account for each of the elements of each retained EOC path. 

To prepare this quantification, step 3.6 recommends the compilation of a summary sheet for 
each EOC split fraction addressing the items outlined next.  

1.  The Title of the EOC Split Fraction provides condensed description of the EOC 
event (i.e. the top event affected) and the scenario. 

2.  Under Preceding Events, the sequences are summarized by a list of occurrences 
(e.g. initiators, top event failures, top event successes) or conditions (e.g. available 
and unavailable systems) that are typical for the scenario. 

3.  Under the heading of Inappropriate Action(s) the considered set of EOC-inducing 
interventions, identified as contributors to the top event failure in question and 
addressed in the process of EOC path development, is described together with brief 
references to the EOP steps. 

4.  The Nominal Response Path summarizes the behavior of the operators as 
required. The performance of the procedures steps with the branching criteria 
identified as EOC-relevant is outlined, and respective references to the nominal 
plant indications are made. 

5.  Under EOC Path(s) the procedure performances leading to inappropriate actions 
are outlined. 

6.  Execution Errors (slip leading to the EOCs) may be outlined as well if identified in 
step 3.5. 

7.  Under the heading of Consequence, the system failure contribution resulting from 
the EOC is specified together with respective timing information: when does the 
failure contribution become irreversible, or what time is available to reverse the 
inappropriate action? 
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8.  Post-EOC Scenario Evolution summarizes the consequences in case that the EOC 
remains uncorrected, i.e. after the occurrence of the associated system failure 
degradation. It is outlined whether core damage occurs or which additional failures 
must occur before core damage. 

9.  Further Remarks may present assumptions or additional explanations. 
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4.4. Step 4, Characterize the EOC scenarios in detail and quantify 
In step 4, qualitative and quantitative analyses are performed to determine the risk impact of 
the identified EOC situations and to provide insights for reducing the risk contributions from 
these EOCs.  

The sub-steps associated with step 4 are: 

- Step 4.1. Select EOC split fractions for quantification. 

- Step 4.2. Assess the performance conditions qualitatively. 

- Step 4.3. Quantify the errors and calculate the EOC probability. 

- Step 4.4. Assess the EOC safety impact. 

4.4.1 Step 4.1, Select EOC split fractions for quantification 
This sub-step selects EOC split fractions for quantification. The basis of the choice is the list 
of EOC split fractions identified in step 3. No hard and fast rules for the choice process can 
be presented here, since analysis resources, features of the EOC identified, and analysis 
objectives may vary from study to study. Coarse orientations are outlined below. 

-  EOC split fractions with a high value of the RAW should be selected first. If 
quantitative screening is preferred in the EOC study, a default value of 10 for the 
RAW threshold is recommended as criterion to start with. However, case-by-case 
deviations from this default value should be considered: 

• In case of obvious factors serving EOC prevention (e.g. clear indications of 
available offsite power, while the EOC involves transfer to the procedure on total 
loss of offsite power), a higher RAW threshold may be selected. 

• In case of obvious factors forcing the EOC (e.g. procedure instructs the 
inappropriate action under the plant conditions in the scenario), a lower RAW 
threshold may be selected. 

-  If a study objective is to learn lessons about a wide spectrum of EOCs (with diverse 
procedures and IEs involved), it might be desirable to select as well EOC split 
fractions on the basis of a reduced RAW threshold. 

4.4.2 Step 4.2, Assess the performance conditions qualitatively 
Note: The guidance on step 4.2 presented here reflects PSI’s HRA project work in 
the state of May 2001 (Reer, Dang, 2001). Recent research findings on qualitative 
analysis to support EOC quantification (Dang, Reer, 2002; Reer, 2004, 2005) have 
not been incorporated so far. Of course, an analyst may choose a qualitative 
analysis approach he is familiar with or that corresponds to his preferred 
quantification method. Nevertheless, step 4.2 can be used as checklist serving to 
ensure that important error-producing conditions have been considered. 

In the qualitative analysis, the context for each element of the EOC paths is characterized. 
The characterization considers the performing shaping factors (PSFs) typically used in HRA, 
i.e. concurrent tasks, training and experience, plant indications of conditions, recovery 
factors (error correction opportunities), and the like. Available recovery factors 
(opportunities for EOC reversion) may be modeled as additional elements of an EOC path. 
Additionally, the analysis also looks for error-producing conditions (EPCs), such as goal 
conflicts or plant parameters with values close to numerical decision criteria, and 
dependence between errors and failures of recovery. 
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Figure 4-4 presents the framework that an analyst may consider for the assessment of PSFs. 
The guidance distinguishes between  

- decision errors (mistakes),  

- execution errors (slips), and  

- errors potentially dependent on preceding human errors. 

Table 4-8 lists the headings of the error-specific PSFs. Extended guidance is presented in 
Tables 4-9 through 4-11. Examples of critical findings, in the sense of EPCs, are presented as 
well. 

For a combination of two human errors (Table 4-11), those PSFs are addressed that may drive 
the dependence between these. Dependence is rather driven by the pair of the ratings per 
PSF for both errors than by the rating itself for each error in isolation. According to Figure 4-
4, the assessment of dependency is required, 

- if the scenario involves a preceding error event (EOO or EOC), 

- if error correction can be credited, or 

- if an EOC path (leading to the inappropriate action) includes more than one human error. 

In the context of the latter condition, a preceding EOC path event might be considered as an 
error in the widest sense even if it represents the nominal response to the procedure. For 
instance, if the procedure instructs to stop a pump under scenario conditions that require the 
operation of it, the evaluation of the subsequent errors in the path should account for the 
dependence on the preceding action to stop the pump, in order to account for issues like 
fixation on procedural requirements. 

Table 4-8. Headings of error-specific PSFs 

Decision error 
(or task) 

Execution error 
(or task) 

Combination of two human errors (*) 

1. Training 
2. Procedures 
3. Indications 
4. Error’s 

attractiveness 
5. Operator’s 

attention 

1. Training 
2. Procedures 
3. Interfaces 
4. Error’s 

attraction 
5. Operator’s 

attention 

1. Personnel that performs the tasks 
2. Performance locations 
3. Time when the errors are possible 
4. Procedure parts that call up the tasks 
5. Indications of plant conditions required for the task  
6. Possible goals associated with the errors 
7. Procedure-related implication of the first error 
8. Equipment-related implication of the first error 

(*) The PSFs listed under this heading serve the assessment of dependence between two errors in a common 
sequence of events or tasks. 
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   What type of error?    

 Decision error (*) Execution error (*)  
        

Assess decision-related PSFs 
(according to Table 4-9) 

  Assess execution-related PSFs 
(according to Table 4-10) 

        
Does the scenario involve a 

preceding operator error event? 
  Does the scenario involve a 

preceding operator error event? 
 no 

 
yes 

 
  yes 

 
no 

 
 

   Assess dependency-related PSFs 
(according to Table 4-11) 

   

       
Is feedback available or personal 
redundancy provided for error 

correction? 

  Is feedback available or personal 
redundancy provided for error 

correction? 
no yes 

 
  yes 

 
no 

 Is time available 
for error 

correction? 

  Is time available 
for error 

correction? 

 

 no 
 

yes 
 

  yes 
 

no 
 

 

Do not credit error 
correction 

 Credit error correction 
 

 Do not credit error 
correction 

 
 

 Assess dependency-related PSFs 
(according to Table 4-11) and/or 
PSFs required by a suitable time 

reliability correlation model 

  
 

       
Is the decision error the first event 

of a path leading to the 
inappropriate action? 

  Is the execution error the first 
event of a path leading to the 

inappropriate action? 
 yes 

 
no 

 
  no 

 
yes 

 
 

   Assess dependency-related PSFs 
(according to Table 4-11) 

   

       
Proceed with the next error (if any)   Proceed with the next error (if any) 

Figure 4-4. Guidance for the assessment of PSFs for errors involved in an EOC split 
fraction 

(*) Related definitions:  
- Decision error: to proceed (intentionally) with a path that leads to the inappropriate action. 
- Execution error: inappropriate action occurs inadvertently (slip) during the implementation of a manual 

action required at a specific point of the procedure. 
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Table 4-9. Guidance for the assessment of decision-related PSFs 

PSF Subject (*) Item for clarification EPC examples 

1. Training Decision-
making in the 
scenario 

(1) Are the decision tasks covered 
by training? Which scenarios are 
trained? How frequently?  

- Decision-making in the 
scenario is not covered or 
rarely (less than one time 
per 3 years) covered by 
training 

(2.1) What is the decisive difference 
between these conditions?  

- No difference between 
the conditions; error 
prevention requires 
deviation from procedural 
rule 
- Small difference 
between the conditions; 
similarity may lead to 
confusion 

(2.2) What procedural rule serves 
the recognition of the decisive 
difference? What logical 
combinations (AND, OR, negation) 
are used? 

- Complex logical 
reasoning required: 
AND/OR structures of 
items, double negations 

2. Procedures Per error: the 
procedural 
condition that 
would require 
to proceed with 
the 
inappropriate 
path vs. the 
condition that 
is present in the 
scenario 

(2.3) Is the procedural condition 
referred to on the level of available 
indications? 

- Missing reference to 
available indications; 
association between 
condition and indication 
relies on the expertise of 
the operators 

(3.1) What is the difference 
between the indications that 
correspond to the decisions of 
concern? How is the difference 
represented by displays, signals or 
the like? 

- No difference between 
the indications; error 
prevention might be 
possible by an extended 
investigation of 
additional indications 
- Small differences 
between the indications; 
similarity may lead to 
confusion  

(3.2) When will the indications be 
available? 

- Delayed availability of 
decisive indications (that 
serve the error 
prevention) 

3. Indications Per error: the 
indication of 
the procedural 
condition that 
would require 
to proceed with 
the EOC path 
vs. the 
indication of 
condition that 
is present in the 
scenario 

(3.3) Where are the decisive 
indications presented? What other 
indications are presented in the 
scenario? Where are they 
presented? 

- Similar but misleading 
indications are presented 
on a front panel, while 
decisive indications are 
presented on back panels 
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PSF Subject (*) Item for clarification EPC examples 

(4.1) Predisposition and fixation? 
What is the sequence of the 
preceding actions? Does the error 
correspond to a preceding goal (or 
intention) associated with this 
sequence? Has there been a series 
of unsuccessful attempts in 
achieving this goal? 

- The error itself or the 
condition (that would 
require to proceed with 
the EOC path) matches a 
preceding goal; the 
operators are strongly 
engaged in achieving this 
goal, and may therefore 
ignore the present 
condition or assume the 
indication of it as 
spurious 

Per error: 
stimuli while 
performing the 
procedural task 
where the error 
is possible 
(temporary 
features of the 
scenario 
evolution) 

(4.2) Stereotype response due to 
preceding habits? What is the 
sequence of the preceding actions? 
Does the error correspond to a 
temporary behavior mode practiced 
in this sequence? 

- Error matches a 
temporarily  behavioral 
mode 

4. Error’s 
attractiveness 

Inappropriate 
action (end 
point of the 
EOC path) 

(4.3) Reluctance? Does the action 
have a positive side effect? Delay 
reduction? Reduction of economical 
loss? 
(4.4) Disbelief? What is more 
likely, (a) a situation where the 
action is harmless or useful, or (b) a 
situation where the action leads to 
adverse consequence? 

- Action has a positive 
side effect, and is likely 
to be harmless 

(5.1) Concurrent constraints? What 
other tasks are called up at this 
point? What other tasks are called 
up previously are still under 
performance? 

- Need to perform or to 
be aware of concurrent 
tasks 

(5.2) Perceived time urgency? Are 
there indications of fast plant 
responses, e.g. rapid decreases of 
level indicators? 

- Hasty response, 
neglecting checks for 
verification 

5. Operator’s 
attention 

Per error: 
stimuli while 
performing the 
procedural task 
where the error 
is possible 

(5.3) Relaxation? What are the 
preceding successful operator 
performances in the scenario? Do 
they mark significant turning points 
in dealing with the scenario? 

- Reduced accuracy in 
view of perceived success 

(*) Related definitions:  
- Error (per procedural key point): to proceed (intentionally) with a path that leads to the inappropriate 

action. 
- Task (per procedural key point): requirement to make a choice in further procedure following. 
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Table 4-10. Guidance for the assessment of execution-related PSFs 

PSF Subject (*) Item for clarification EFC examples 

1. Training Execution in the 
scenario 

(1.1) Are the execution tasks 
covered by training? How frequent? 
(1.2) Which execution tasks are part 
of the permanent skill of the 
operators? 

- Execution tasks that 
(a) are not a part of the 
permanent skill of the 
operators, and that (b) 
are not regularly 
covered by training. 

(2.1) How is the nominal action 
denoted in the procedure? What is 
the difference compared to the 
notation of the inappropriate action?

- Small difference 
between the notations 

2. Procedures Per error: the 
inappropriate 
action vs. the 
nominal action 
required by the 
procedure 

(2.2) How is the implementation of 
the nominal action specified? Does 
the procedure refer to specific valve 
operation required for the action? 

- Implementation 
inadequately detailed; 
association between 
action and required 
manipulations relies on 
the expertise of the 
operators 

(3.1) Labeling of the inappropriate 
and the appropriate control? 
Content? Notation? 

- Labels mismatch or 
contradict the 
procedural notations for 
the associated actions 
- Small differences 
between the decisive 
labels 

(3.2) Size of the symbols used per 
control label? 
(3.3) Illumination? 
(3.4) Density of arrangement of 
controls? Mode of arrangement? 
Integration in functional flow 
charts?  

- Difficulties in label 
reading or control 
discrimination 

3. Interfaces Per error: group 
of controls 
(buttons, 
switches or the 
like) that includes 
(a) the 
inappropriate 
control (for 
actuating the 
inappropriate 
action), and  
(b) the 
appropriate 
control (for 
actuating the 
nominal action) (3.5) Position (location) of the 

inappropriate and the appropriate 
control? 

- Attractive position 
(first row of an array, 
front panel) of the 
inappropriate control 
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PSF Subject (*) Item for clarification EFC examples 

4. Error’s 
attraction 

(4) Stereotype response due to 
preceding habits? What is the 
sequence of the preceding actions? 
Does the error correspond to a 
temporary behavior mode practiced 
in this sequence? 

- Error matches a 
temporary behavioral 
mode 

(5.1) Concurrent constraints? What 
other tasks are called up in parallel? 
What other tasks called up 
previously are still under 
performance? 

- Need to perform or to 
be aware of concurrent 
tasks 

(5.2) Perceived time urgency? Are 
there indications of fast plant 
responses, e.g. rapid decreases of 
level indicators? 

- Hasty response, 
neglecting checks for 
verification 

5. Operator’s 
attention 

Per error: stimuli 
while performing 
the procedural 
task where the 
error is possible 
(temporary 
features of the 
scenario 
evolution) 

(5.3) Relaxation? What are the 
preceding successful operator 
performances in the scenario? Do 
they mark significant turning points 
in dealing with the scenario? 

- Reduced accuracy in 
view of perceived 
success 

(*) Related definitions:  
- Error: inappropriate action occurs inadvertently (slip) during the implementation of a manual required at a 

specific point of the procedure. 
- Task: requirement to perform a manual action. 
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Table 4-11. Guidance for the assessment of dependency-related PSFs 

PSF 

Items to be clarified concerning conditions that may increase 
the dependency between 
• a first (preceding) human error or related task, and  
• a second (subsequent) human error or related task 
in a common event sequence 

1. Personnel that performs the 
tasks 

(1) Both tasks are performed by the same operator or by the same 
team of operators. 

2. Performance locations (2) Both tasks are performed in the same area of the control room 
(CR) or in the same area outside the CR. 

3. Time when the errors are 
possible (see PSF 4 as well) 

(3) Both errors are possible closely in time, e.g.: 
(3.1) both tasks are called up in parallel, or  
(3.2) the second task includes an immediate check of the success 
of the first task. 

4. Procedure parts that call up 
the tasks (related to PSF 3 as 
well) 

(4) Both tasks are called up  
(4.1) in a common step of a procedure,  
(4.2) in a common series of closely related procedures steps, or 
(4.3) on a common page of a procedure. 

5. Indications of plant 
conditions required for task 
performances 

(5) Both tasks require to recognize: 
(5.1) the same indications, 
(5.2) indications presented in the same area of the control room, 
(5.3) indications presented on a similar type of display, or 
(5.4) indications of the state of an identical system function. 

6. Possible goals associated 
with the errors 

(6) Both errors may occur due to a common goal (e.g. to prevent 
delay in plant stabilization) that might, inappropriately, drive the 
operator’s response in the considered scenario  

7. Procedure-related 
implication of the first error 

(7) As a consequence of the first error, the operators may perform 
a procedure that inadequately covers the performance of the 
second task. 

8. Equipment-related 
implications of the first error 

(8) The first error may result in the unavailability of equipment 
that is needed for the performance of the second task. 

 

4.4.3 Step 4.3, Quantify the errors and calculate the EOC probability 
An EOC path is quantified by multiplying the probabilities for each event of the path, and an 
EOC split fraction is quantified by summing (according to a Boolean OR gate) the 
probabilities for each of the EOC paths.  

A framework for the quantification is proposed in Fig. 4-5. The assignments of human error 
probabilities (HEPs) to the events in Fig. 4-5 should account for the findings from the PSF 
assessments in step 4.2, especially: 

-  the PSFs per single error (Tables 4-9 and 4-10); 

-  the PSFs regarding opportunities for error correction (Fig. 4-4: feedback, personal 
redundancy, time available); 

-  the PSFs (Table 4-11) that drive dependencies for the various cases of human error 
combinations identified in Fig. 4-4. 
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Two top OR gates are shown in Fig. 4-5 for the split fraction of an EOC. The inappropriate 
action may occur intentionally due to a decision error (mistake) or unintentionally due to an 
execution error (slip). 

The decision error occurs if at least one EOC path occurs and leads to the associated system 
failure. A path element is denoted as uncorrected error. Uncorrected means that (a) no 
correction opportunity exists (according to the evaluation in Figure 4-4), or that (b) correction 
fails. In case (b), the probability of the path element accounts for the correction failure 
probability. In the same sense, a basic contribution to the execution error gate (if any 
identified in step 3.5) is denoted as uncorrected execution error. 

It is recommended to distinguish between two types of corrections, 

1.  prevention of the inappropriate action (endpoint of an EOC path or result from an 
execution slip), given an error in responding to the scenario, and 

2.  prevention of the system failure event, given the inappropriate action. 

Further decompositions (especially for the decision error gate) depend on the method 
selected for quantification. One method may model single error modes or correction 
opportunities separately, while another method may account for them in one HEP estimate.  

In the pilot study, after consideration of the HRA quantification methods available at the 
time, the THERP method (Swain, Guttmann, 1983) was used for the quantification of human-
related path events. The issues and limitations associated with using THERP (and generally 
any of the methods intended for errors of omission) are discussed in (Dang, Reer, 2002). 
Chapter 5 summarizes the application of THERP in the pilot study and the outlook for 
quantification. 
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 (a)          
EOC split fraction          

 OR           
           
           

Decision error     Execution error    
 OR       OR     

           
    (b)       

EOC path #1 
leads to system 

failure 

 EOC path #2 
leads to system 

failure 

 Execution error #1 
leads to system 

failure 

 Execution error 
#2 leads to 

system failure 
 AND    AND    AND    AND  

           
           
    (b)      (b) 

EOC path #1 
leads to the 

inappropriate 
action 

 No correction of 
EOC path #1 
before system 

failure 

 Uncorrected 
execution error #1 

leads to the 
inappropriate 

action 

 No correction of 
execution error #1 

before system 
failure 

 AND    (c)    (c)    (c)  
           
    (b)       

First error of 
path #1 occurs 
and remains 
uncorrected 

 Second error of 
path #1 occurs 
and remains 
uncorrected 

      

 (c)    (c)        
           

Figure 4-5. Framework for the quantification of an EOC split fraction. 
(a) Consider dependency in view of a preceding error (HFE) in the scenario. 
(b) Consider dependency in view of a preceding operator error of this fault tree model. 
(c) Further decompositions are optionally, according to the requirements of the selected quantification method. 

 

4.4.4 Step 4.4, Assess the EOC safety impact 
The risk impact of the EOC split fractions basically consists from the additional frequency of 
the sequences (cut sets) calculated with the EOC split fraction probability. This calculation 
accounts for the integration of the EOC split fraction into the accident sequence context. In 
many sequences, core damage only results when the EOC is combined with subsequent 
hardware failures and operator action failures. 

In the quantification of an EOC split fraction, within the EOC paths, dependencies have to be 
considered. Similarly, dependency has to be analyzed in accident sequences where the EOC 
is combined with preceding or subsequent operator action failures (these could be EOOs and 
EOCs). 
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If the access to the PSA model is difficult or restricted, the EOC-induced percentage value of 
the CDF increase (∆CDF%) can be assessed from the following approximation. 

∆CDF% ~ ∑[FVi (pEOC + pi)/pi – FVi)], i = 1…n  

Where: 

FVi ~ (fi/CDF) 100% = Fussell-Vesely index (percentage value) of the ith accident 
sequence identified for the EOC split fraction. 

pEOC = EOC probability for the quantified EOC split fraction. 

pi = failure probability of the EOC-related PSA top or basic event under the 
conditions in the ith accident sequence identified for the EOC split fraction. 

n = number of accident sequences identified for the EOC split fraction. 

fi = frequency of the ith accident sequence identified for the EOC split fraction. 

CDF = core damage frequency (basic value, before EOC integration). 
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5. Quantification in the Pilot Study and Issues 
The approach to quantification presented in the step-by-step guidance in the previous 
chapter reflects the approach used in the pilot study (Reer et al., 2004). This chapter discusses 
how procedural guidance was modeled, the applicability of the THERP values and some 
adjustments, and the modeling of hardware events in the EOC paths. 

5.1. Modeling of procedurally-guided actions  
Nominal response. EOC path events that reflect the correct application of the procedures 
under the conditions of the scenario were assumed to take place with probability 1.0. No 
errors in following and implementing the procedure that would reduce the probability of an 
EOC path are credited. 

Some EOC path events correspond to errors in following or implementing the procedures. 
The potential for incorrect decisions that would contribute to an EOC path was examined 
within the context of the procedural guidance and the characteristics of the human-machine 
interface and EOC path events corresponding to these decisions were defined. To quantify 
these path events, the THERP human error probabilities (HEPs) for display reading and step 
omission were typically applied. In other words, decision errors were assumed to result from  
perception errors, misinterpretation of indications associated with procedural decision 
criteria, or omission of procedure steps corresponding to decision points (e.g. procedural 
transfers). 

The THERP nominal HEP values were adjusted to address further sources of decision errors 
that were identified. For instance, adjustments were made if the procedure step required 
additional logical reasoning after reading of plant parameters. Thus in some cases the 
adjustment factors proposed in THERP for dynamic tasks (tasks that may require some 
decision-making) were used. This process of adjustment addresses some sources of errors 
that are presumably not covered by the nominal HEP values in the THERP tables. 

5.2. Applicability of THERP values and adjustments 
Events subsequent to initial deviations from the nominal response were quantified with the 
THERP dependence model. These events of the EOC path account for the 
prevention/correction potential of additional persons or indications, typically prior to the 
performance of the inappropriate action.  

In one case dependence was identified between a nominal path event (i.e. consistent with 
correct application of the procedural guidance) and a subsequent checking error. This 
modeling is consistent with the THERP guidance that explicitly highlights the "influence of 
the failure or success of the immediately preceding task on the task of interest", cf. Table 10-1 
in (Swain, Guttman, 1983). 

In cases where time is available to "correct" the situation after performance of the 
inappropriate action and prior to the irreversible occurrence of the associated system failure, 
the THERP initial-screening models for diagnosis and execution were frequently used. This 
would apply, for instance, when an RCP pump is started with inadequate cooling, alarms 
may indicate the abnormal pump operation parameters and there may be time to trip the 
pump before the RCP seals begin to leak. Dependence is likely in these cases, such that the 
initial-screening models may provide more realistic estimates than the nominal diagnosis 
model. Compared to applying the THERP dependence model, the initial-screening model 
has the advantage that it takes into consideration the available time. It is worth noting that 
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using the THERP dependence model would usually yield higher probabilities for the failure 
of correction than the initial-screening model. 

5.3. Treatment of uncertainties 
Uncertainties were estimated for the EOC paths based on the THERP guidance. The resulting 
5th and 95th percentiles of the EOC split fraction probabilities reflect rather high 
uncertainties. For three of the quantified split fractions in the pilot study, the intervals 
bounded by the percentiles cover more than two orders of magnitude. For one of the split 
fractions, the uncertainty is somewhat smaller (about one and a half orders of magnitude), 
since the dominant path includes only two events modeled as uncertain. These results 
confirm the uncertainty associated with EOC quantification on the basis of current models 
and data.  

Clearly, the numerical adequacy of the probabilities used is an issue that deserves further 
investigation. In spite of the weaknesses of the quantification, the probabilities provide some 
support for the plausibility of the identified sequences of events that could lead to an EOC. 
Finally, the attempt to quantify the scenarios is useful in highlighting the types of path 
events for which more information is needed for quantification. 

5.4. Hardware 
A hardware failure was included in a path model if a notable contribution was identified for 
this failure. Usually, the reliability of hardware is challenged for those path events that 
model recovery or correction after an inappropriate action. Given that the failure probability 
of the hardware required for recovery is very small compared to the recovery HEP, separate 
modeling of hardware is dispensable. However, the bounding impact of hardware on the 
success of recovery should be kept in mind if a smaller recovery HEP is used (e.g., based on 
new findings that justify the reduction of conservatism). 

5.5. Problematic situational features for EOC quantification 
With regard to quantification, the experience of the pilot study underscores the fact that, in 
view of their scope, the accepted methods of quantification used in HRAs have difficulties in 
addressing EOCs. In particular, the decision-based errors that occur in the EOC paths are 
problematic. This generally introduces some uncertainty concerning the conclusions with 
regard to the quantitative risk contribution, an uncertainty that is probably larger than that 
associated with typical current HRAs.  

However, the modeling of EOC opportunities in terms of paths in procedure-following 
supports the estimation of the probabilities. Looking at such a path as a whole may facilitate 
the identification of dependent human errors. 

Some of the features of EOC situations that prove to be problematic for quantification are 
identified in (Dang, Reer, 2002). These include: 

The effectiveness of checking steps following entry into a procedure. The purpose of these 
steps is a) to re-check the procedure entry conditions to ensure that the procedure is 
appropriate, and b) to check that the boundary conditions for carrying out the procedure are 
satisfied. When the inappropriate transfer into the procedure is due to a slip, e.g. a decision 
criterion value is misread or the logic is inadvertently reversed, it can be expected that these 
steps are relatively effective. On the other hand, if the inappropriate transfer is due to an 
incorrect situation assessment, it is possible that the factors driving the incorrect situation 
assessment will also influence the evaluation of the checking steps. 
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The impact of training. Training and, in particular, training in simulators has shown its 
value as preparation and practice for dealing with emergency situations. In some scenarios, 
however, the required response will differ from the response appropriate in a number of 
trained situations.  

The role of expectations. The expectations of the operators in a given situation can act as a 
positive as well as a negative factor. In the positive sense, when expectations are not met, the 
system indications and the response strategy may be questioned and re-assessed. In the 
negative sense, the perception or recall of plant parameters may be influenced or repeated 
readings of the parameters may be omitted when expectations are strong. At the system 
level, a re-verification of a system state may be omitted.  

Cyclic operation of systems. In cyclic operation, the number of cycles is only one factor for 
performance failure.  

The role of operator knowledge. Operator knowledge and knowledge of the procedures are 
essential to reliable and safe operation. In some scenarios, however, this training and 
experience may contradict the procedures. In most cases, adherence to the procedures is 
preferable because it relies on a response strategy has been prepared deliberately and 
comprehensively analyzed. Related to knowledge are priorities among goals and preferences 
among response strategies.   

The “solution” to these problematic situational features, in other words, the analysis 
assumptions appropriate relative to these features, will depend on the specifics of the 
situations where these features play a role. 
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6. Conclusions and Outlook 
This report has presented CESA, a method for the identification of post-initiator errors of 
commission (EOCs) to be integrated in a PSA model and provides information usable for the 
quantification of these errors. The method also provides guidance for the qualitative analysis 
of the EOC opportunities. 

While the issues associated with EOC quantification remain to be solved, the efforts to 
identify scenarios that were previously outside the scope of the PSA and examining their 
plausibility do pay off. The qualitative analyses of the identified EOC split fractions provide 
insights for improving plant safety, in particular because potential EOC situations have to be 
described in some detail in order to be credible. The probabilities that are estimated are 
primarily used to rank the safety issues that are identified. 

Concerning the qualitative analysis of EOCs, which could support a ranking of EOC 
situations, the definition of a set of risk factors and of mitigating factors is suggested as a 
means to develop 1) a common view of EOC situations, and 2) a hierarchy of the factors. An 
understanding of the interactions among these factors in specific situations is particularly 
important. When may a risk factor force errors in spite of mitigating factors? More generally, 
will a mitigating factor (a defensive feature) be effective in a given situation. 

With respect to quantification, the work on the issue of EOCs is gradually shifting from the 
development of identification schemes and methods to applications of methods. The 
resulting body of application experience is leading to a growing "library" of specific 
(hypothetical and experienced) EOC situations. The contributing factors highlighted in the 
analyses of the situations in this "library" may support a consensus about which factors are 
important in practice and in plant-specific terms. This consensus can form the basis for 
progress on quantification. 

With respect to the quantitative aspect, the strong dependence of the probabilities on specific 
features of the context, i.e. the presence of the different factors and their combinations, 
suggests that the need for some expert judgment remains unavoidable. 

In conclusion, a combination of empirical work and of expert judgment and analysis appears 
to be required in the development of improved quantification methodologies. Addressing 
EOCs, and thus the full-scope of human errors in PSAs, enlarges the scope of the HRA 
quantification problem. Fortunately, it should mean that decision-making performance is 
considered more comprehensively, as can already be seen in the identification process, and it 
removes the artificiality of focusing solely on the omissions of required actions in PSAs. 
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Appendix A. Some EOCs From U.S. Operating Experience 
 

This appendix presents a selection of 10 examples of errors of commission that have occurred 
in events from the nuclear operating experience in the U.S. since the Three Mile Island (TMI) 
accident in 1979. 

These events and the associated source(s) are: 

Event Sources 

1. Oyster Creek 1, BWR, 2 May 1979 Embrey and Reason (1986), Pew et al. (1981) 
2. Ginna, PWR, 25 January 1982 Embrey and Reason (1986), Forester et al. (1997) 
3. Trojan, PWR, 22 January 1983 Forester et al. (1997) 
4. Davis-Besse, PWR, 9 June 1985 NUREG-1154 (NRC, 1985), NUREG-1624 (NRC, 

2000) 
5. Crystal River 3, PWR, 8 December 1991 Kauffman (1995), NUREG-1624 NRC (2000) 
6. La Salle 2, BWR, 20 April 1992 Kauffman (1995), Inspection report NRC (1992) 
7. Ft. Calhoun, PWR, 3 July 1992 Dougherty (1998), Rosenthal (1992) 
8. North Anna 2, PWR, 16 April 1993 Kaufmann (1995), NUREG-1624 (NRC, 2000) 
9. St. Lucie 1, PWR, 2 August 1995 Belles et al. (1997) 
10. Oconee 3, PWR, 3 May 1997 Belles et al. (1998) 
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Table A-1. Examples of post-initiator errors of commission in U.S. nuclear operating 
experience since the TMI accident (1979) 

Event and summary of the EOC 
opportunity 

EOC Summary of post-EOC 
scenario evolution 

1. Oyster Creek 1, BWR, 2 May 
1979. 
Power operation. Hydraulic 
disturbance caused reactor to trip on 
a spurious high pressure signal at 
0150 (p.m.). Trip of all recirculation 
pumps. Operators intended to align 
natural recirculation. 

Closure of pump discharge 
valves B and D (at 0151), in 
addition to the required 
closure of pump discharge 
valves A and E 

Natural recirculation failed in 
a mode which led to 
conflicting indications of 
reactor vessel level behavior: 
high in the annulus (edge) vs. 
low in the shroud (center). 
The operators diagnosed the 
low level indication as 
spurious; the misdiagnosis 
lasted about 30 minutes. 

2. Ginna, PWR, 25 January 1982. 
Power operation. Steam generator 
tube rupture at 0925 (a.m.). Reactor 
trip and SI start. Initially, the 
operators cooled down the reactor by 
steaming both SGs to the main 
condenser. Then they isolated the 
defect SG B (0940) and initiated 
RCS depressurization via PZR relief 
(1007). The RCS pressure dropped 
from 89.5 to 55 bar but the PZR 
relief valve failed to reclose. The 
operators closed the PZR relief 
block valve. 1010. Consequently, SI 
operation re-pressurized the RCS to 
89.5 bar and SG B fill-up began. 
Opening of a relief control valve of 
SG B was imminent. The procedure 
requests the relief control valves to 
be placed in manual closed position. 

Inhibition of the automated 
opening of the atmospheric 
relief control valves of the 
defect SG (at 1025). 
The EOC may lead to a 
challenge of the SG safety 
valves which are not designed 
to relieve water. 

1038. The SG B safety valve 
cycled three times. The 
operators terminated SI. The 
RCS pressure dropped to 55 
bar. 1107. The operators 
started one SI pump. 1119. 
The RCS pressure increased to 
71 bar. A SG B safety valve 
lifted and closed. 1121. The 
operators started RCP A; the 
resulting addition of flow led 
to another cycle of a SG B 
safety valve. The operators 
stopped SI, but the lifted SG 
safety valve continued to leak 
water at ~100 gpm (380 
l/min). Thus there was a 
LOCA through the defect SG 
B. 1212. The operators started 
one SI pump, and operated it 
intermittently until 1235. SG 
B stopped leaking at 1225. 

3. Trojan, PWR, 22 January 1983. 
Low-power operation. Loss of main 
FW, automatic start of auxiliary FW. 

Stop of auxiliary FW (1056 
a.m.).  
The operators assumed that 
main FW is still operating. 

The operators realized that the 
main FW had tripped, and 
attempted to restart the 
auxiliary FW pumps. This 
recovery action was 
complicated by adverse 
boundary conditions. Finally, 
they reestablished auxiliary 
FW flow to all four SGs. The 
total loss of FW lasted 7 min. 
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Event and summary of the EOC 
opportunity 

EOC Summary of post-EOC 
scenario evolution 

4. Davis Besse, PWR, 9 June 1985. 
Power operation. 0135 (a.m.). 
Failure of one main FW train. 
Reactor trip. 0141. Total loss of FW. 
Imminent automatic startup of 
auxiliary FW. Operators intended to 
start the auxiliary FW system 
(before its automated startup). 

Isolation of auxiliary FW to 
both SGs due to manipulation 
of a wrong pair of switches (at 
0141) 

The core started to heat up due 
to total loss of FW. About 12 
min later, the operators 
succeeded to establish 
adequate auxiliary FW flow. 
The criterion for bleed & feed 
initiation was met 2 min 
before this recovery success. 

5. Crystal River 3, PWR, 8 
December 1991.  
Start-up operation. Undesired RCS 
depressurization and cooldown due 
to faulty open PZR spray valve at 
0249 (a.m.). The operators pulled 
rods to increase reactor power. 0309. 
The reactor tripped on low reactor 
pressure (1800 psig, i.e. 126 bar). 
The reactor pressure continued to 
decrease. Automatic initiation of 
Engineered Safety Features (ESF): 
SI, emergency FW, emergency 
diesel generator operation, and 
partial containment isolation) was 
expected at 1553 psig (109 bar) in 
about 10 minutes. 

Bypass of engineered safety 
features (SI et al.) (at 0311) 

The operators returned the 
ESF to automatic initiation 
mode when annunciators and 
a manager (with senior reactor 
operator qualification) alerted 
the shift supervisors to the 
ESF bypass (0319). 

6. La Salle 2, BWR, 20 April 1992. 
 Shutdown state, reactor at 20% 
power. 0847 (a.m.). LOCA through 
cleanup system during valve testing. 
High differential pressure alarm 
indicates imminence (in 45 s) of 
automatic isolation of the cleanup 
system. Operators had experience 
with valve motor damages due to 
spurious cleanup isolations. 

Inhibition of cleanup isolation 
(0847) 

The LOCA proceeded. About 
3 min later, the operators 
determined that the cleanup 
isolation signal (and the 
associated high differential 
flow alarm) was valid, and 
removed the inhibition, 
allowing the cleanup system 
automatically to isolate. The 
LOCA was terminated. 
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Event and summary of the EOC 
opportunity 

EOC Summary of post-EOC 
scenario evolution 

7. Ft. Calhoun, PWR, 3 July 1992. 
Power operation. 1136 (p.m.). Loss 
of heat sink. Reactor trip on high 
PZR pressure. The pilot-operated 
PZR relief valves (PORVs) and at 
least one PZR code safety valve 
(PSV) lifted. 1137. The heat sink 
returned. PZR pressure decreased. 
PORVs reclosed. One PSV failed to 
reclose resulting in a small LOCA 
into the quench tank. 1143. 
Automatic start of SI operation on 
low PZR pressure. Pressure indicator 
on the front panel falsely indicated 
high value. Back panel indications 
were correct and cued by an alarm 
based on comparisons of measured 
pressure values. 1146. The operators 
discussed the conflicting pressure 
indications. 

SI flow reduction, i.e. the 
operators stopped 2 of 3 HPI 
pumps (1146 p.m.) 

SI flow reduction resulted in 
reactor overheating (small sub 
cooling margin, <20°F, 
furthermore reduced). The 
LOCA-induced containment 
indications were noted by the 
operators at 1155 (p.m.), when 
the quench tank disk burst. In 
the next hour (after midnight, 
between 0004 and 0110 a.m., 
approximately), the operators 
started cycled operation of SI 
and charging, which resulted 
in successful refill of the RCS 
inventory. 

8. North Anna 2, PWR, 16 April 
1993. 
Power operation. Generator-turbine-
reactor trip at 0716 (a.m.). Loss of 
main FW. Automatic start of 
auxiliary FW. 0724. Main FW 
recoverable. Valid low SG level 
signal hindered fast switchover from 
auxiliary to main FW operation. 

Bypass of auxiliary FW 
automatic start on low SG 
level (at 0726) 

About 18 min later, the 
operators restored the 
auxiliary FW automatic start 
configuration. 

9. St. Lucie 1, PWR, 2 August 
1995. 
Startup operation. 0805 (a.m.). 
Signalization of lower seal failure of 
a RCP, while RCS temperature is 
too high for failure recovery by 
restaging (sequential 
depressurization of the seal cavities 
from the top to the bottom). 

Restaging of RCP seal cavities 
(~0805 a.m.) 

The EOC led to failure of the 
RCP middle seal, and to 
degradation of the upper and 
vapor seal. At 0550 (p.m.), the 
indication of the failed middle 
seal occurred in the CR. The 
operators began to cool down 
the reactor at 0610. 

10. Oconee 3, PWR, 3 May 1997. 
Decay heat removal operation. HPI 
system provided both normal RCS 
makeup and RCP seal injection. 
0913 (a.m.). Damage of operating 
HPI pump due to inadequate suction 
source (depletion of LDST). LDST 
low level alarm unavailable. 

Operation of the standby HPI 
pump (0916), i.e. the operators 
placed the mode switch in 
position run 

Due to inadequate suction, 
hydrogen entrained to the 
standby pump. In response to 
the observation of an 
unexpected behavior of the 
LDST level chart recorder, the 
operators secured the standby 
pump (0931). However, the 
pump was already damaged at 
this time. 
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Appendix B. Overview of Selected EOC Studies and their 
Results 
 

This appendix is an overview of a selection of prospective studies in which EOCs were 
identified. These include: 

 

Study References 

EDF EPS 1300 
PSA study 

EDF (1990), Mosneron-Dupin et al. (1990), Lanore (2000) 

EPS 900 
PSA study 

IPSN (1990), Lanore (2000) 

Borssele EOC study (full-power) 
 

Julius et al. (1995), Versteeg (1998) 

EDF N4 PSA Le Bot et al. (1999), Bieder et al. (1998), (1999), Le Bot 
(2000) 

ATHEANA examples 
(NUREG-1624 App. B and E) 

NUREG-1624 (NRC, 2000) 

ATHEANA trial application to 
SGTR event 

Fukuda et al. (2000) 
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Table B-1. EOC identification in selected prospective studies (part 1 of 2) 

Studies EOC identification 
process 

Results  Comments (based on the 
references indicated) 

EPS 1300 and 
EPS 900 PSA 
studies 

Systematic analysis 
of unwarranted 
shutdown of all 
important safety 
systems, and 
examination of 
simulator tests. 

Two EOCs identified for 
quantification:  
(1) SI termination in LOCA 
scenarios;  
(2) isolation of atmospheric 
steam relief in SGTR 
scenarios 

A detailed description of 
the identification process 
is not provided. 
A comprehensive 
application was 
performed, but 
documentation is not 
available in the open 
literature. 

Borssele EOC 
study for full-
power 
conditions 

Task analysis 
addressing procedural 
decision points and 
execution steps for a 
given scenario 

Summary of EOC candidates 
identified:  
(1) degradation of decay heat 
removal by inappropriate 
isolation of one SG;  
(2) creation of a LOCA by 
inappropriate transfer to 
bleed and feed;  
(3) slips associated with the 
electrical power system and 
one SG train.  
All EOCs were screened out 
mainly due to: redundant, 
diverse or high-reliable 
indications; sequential 
arrangement of the procedural 
decision points and execution 
steps; guidance for re-
diagnosis in various 
procedures; need to provide a 
confirmatory signal before 
the implementation of various 
types of critical manual 
actions. 

A detailed description of 
the identification method 
is provided. 
A comprehensive 
application of the method 
was performed.  
Note that the method was 
also applied for Low 
Power and Shutdown 
Operating Conditions. 

EDF N4 PSA MERMOS method. 
Functional analysis of 
the state of the plant 
after an initiator. 

One EOC-related failure of a 
human factor mission 
identifiable in the references 
indicated: interruption of SI 
operation for more than 1 h 
in a LOCA scenario. 

A detailed description of 
the identification process 
is not provided.  
The identification of 
human factor missions is 
not a component of 
MERMOS. 
A comprehensive 
application was 
performed, but 
documentation is not 
available in the open 
literature. 
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Table B-1. EOC identification in selected prospective studies (part 2 of 2) 

Studies EOC identification 
process 

Results  Comments (based on the 
references indicated) 

ATHEANA 
examples 
(NUREG-1624 
Appendix B) 

ATHEANA method.  
Extended fault tree 
analysis for safety 
functions that are 
required in a given 
scenario; supported 
by tables on links 
between functional 
system failure modes 
and EOC types. 

EOC identified for 
quantification: degradation of 
secondary cooling in a loss of 
main FW scenario 

A comprehensive 
application of 
ATHEANA is not 
available in the open 
literature. 
The inappropriate action 
was assumed first, and 
the scenario was selected 
subsequently. 

ATHEANA 
examples 
(NUREG-1624 
Appendix E) 

 Post-LOCA EOC candidates 
identified:  
(1) removal of early makeup 
from armed status;  
(2) interruption of early 
makeup;  
(3) premature securing of 
long-term makeup or cooling; 
(4) diversion of sump water.  
 

EOC (2) is the only 
candidate retained for 
quantification  
It is unclear why only 
EOC (2) retained. 
 

ATHEANA 
trial application 
to SGTR event 

ATHEANA method. PSA for Japanese 4-loop 
PWR.  
Post-SGTR EOCs selected 
for quantification:  
(1) stop of auxiliary FW 
pumps during forced 
secondary cooling;  
(2) PORV closure during 
forced primary cooling; 
(3) PORV closure during feed 
& bleed operation. 
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