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Abstract. In nuclear power plants (NPPs), operators are in general expected to 
strictly (but not blindly) follow symptom-based emergency operating proce-
dures (EOPs) in responding to emergencies. The procedures are highly prescrip-
tive by their nature as their purpose is to enable the operators to restore and 
maintain plant safety functions without having to diagnose events or the specif-
ic causes of process disturbance.  However, this does not necessarily imply that 
operators’ procedure following behavior can simply be assumed as a preemi-
nently step-by-step, rule-based activity of reading, understanding and following 
individual steps without much cognitive effort. 

This paper examines the procedure following behavior of NPP control room 
operators in a large-scale empirical human reliability analysis (HRA) study, re-
ferred to as the US Empirical HRA Study [1-2].  Observations on challenges 
that operators experienced in following the EOPs are presented, and their impli-
cations for enhancing operator performance and modeling operator behavior 
under the naturalistic decision making (NDM) framework are discussed.   

Keywords: procedure following, emergency operating procedures, nuclear power 
plant, human reliability analysis, naturalistic decision-making. 

1 Introduction 

Operating procedures are widely used in hazardous and complex industries, such as 
nuclear, chemical and aviation industries, to ensure safe operations.  By providing in-
structions and guidance for completing a given task (e.g., what parameters to check, 
how to interpret observed symptoms, and what actions to take), procedures can enhance 
human operators’ performance and reduce human error (e.g., skipping critical actions), 
particularly if the task has to be carried out under complicated and stressful conditions.  
Without such instructions, operators are likely to be distracted by irrelevant and/or trivi-
al detail of an abnormal event, make an incorrect or partial plant status assessment, and 
fail to acknowledge information and perform actions to address the critical aspects of 
the event in a timely manner.  However, it becomes increasingly evident that operating 
procedures, including those for maintenance, test and calibration, can also degrade  
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operators’ performance and procedure-related system failures constitute a source of 
vulnerability of the integrity of complex systems [3-8]. Therefore, to improve reliable 
operator performance, it is important to understand when and how procedures can nega-
tively impact operators, especially their role in operators’ responses to emergencies. 

In nuclear power plants (NPPs), symptom-based emergency operating procedures 
(EOPs) are established to guide operators to respond to emergency conditions. The 
EOPs are highly prescriptive by their nature in that they are a static model of the tasks 
that need to be completed to accomplish a certain system goal.  In addition, the rules 
and strategies specified in the procedures to guide operators’ activities are mechanis-
tic given that they are based on theoretical and practical knowledge of processes or 
event sequences that are well analyzed [6-8].  Although the purpose of the EOPs is to 
enable operators to restore and maintain plant safety functions without having to di-
agnose events or the specific causes of process disturbance, this does not necessarily 
imply that operators’ procedure following behavior can simply be assumed as a pree-
minently step-by-step, rule-based activity of reading, understanding and following 
individual steps without much cognitive effort. This is because, in contrast to the stat-
ic nature of the EOPs, the processes and operations in NPPs under emergency condi-
tions are quite dynamic. When facing an unusual accident condition (e.g., multiple 
failures involving complicating factors such as failed sensors) that is not foreseen, 
analyzed or prepared for, operators’ cognitive efforts are needed to compensate for 
the gap and mismatch between the instructions in the EOPs and the real situation. For 
example, operators need to understand the underlying logic and basis of the required 
tasks specified in the EOPs so that they can select appropriate activities from the pre-
scribed instructions when the plant conditions are not fully addressed in the EOPs. In 
addition, due to the level of detail in the description of the actions to be performed, 
the EOPs may implicitly call on operators’ knowledge, judgment and decisions in 
interpreting and executing the procedures.   

This paper explores NPP control room operators’ role in handling emergencies and 
their interactions with the EOPs based on data collected from a large-scale empirical 
human reliability analysis (HRA) study, referred to as the US Empirical HRA Study 
[1-2].  Observations on issues and challenges that operators experienced in following 
the EOPs are presented, and their implications for enhancing operator performance 
and modeling operator behavior under the naturalistic decision making (NDM) 
framework are discussed.  Note that the purpose of the US Empirical HRA Study 
was to evaluate various HRA methods against crew performance in scenarios simu-
lated on a NPP simulator.  In order to be able to assess to what extent the HRA  
methods could predict how operators could fail a scenario, some of the scenarios de-
veloped in the study, while plausible, comprised far more difficulties than those mod-
eled in standard HRA and probabilistic risk analysis (PRA) studies.  In other words, 
those scenarios are rare in reality.  Thus, most of the observations discussed in this 
article are unlikely to occur and should not be interpreted as common issues or safety 
status in current NPPs.  Nonetheless, a close look at the observations from the chal-
lenging scenarios can shed light on the subtle and complex aspects of operators’  
procedure following behavior that are not well understood or are even overlooked, 
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and provide useful insights to further improve operator performance and procedure 
effectiveness. 

2 Study Background 

2.1 Operator Crews and Simulator 

Four licensed operator crews (Q, R, S and T) from a participating US nuclear power 
plant responded to simulated scenarios developed for the study (see Section 2.2 for 
scenario description) on the participating plant full-scope training simulator (PWR 4-
loop Westinghouse) using the plant’s EOPs and related procedures.  There were five 
members in each crew: one Shift Manager (SM), one Unit Supervisor (US), one Shift 
Technical Advisor (STA), and two Reactor Operators (ROs).   

2.2 Scenarios 

The three scenarios developed in the study are briefly described in the following sub-
sections (see [1-2] for additional details).  To control for confounded learning effects 
due to the order of presentation of the scenarios, the scenarios were presented to par-
ticipating operator crews in different orders.  All crews did not have knowledge of 
the types of scenarios that they would face before they participated in the study. 

Scenario 1: Total Loss of Feedwater (LOFW) Followed by Steam Generator 
Tube Rupture (SGTR). When all three main feedwater pumps are tripped at the 
beginning of Scenario 1, only one auxiliary feedwater (AFW) pump can be started to 
supply feedwater.  However, the feedwater cannot reach the steam generators (SGs) 
because the recirculation valve for the AFW pump is mis-positioned to be open, 
which will not be indicated in the control room.  Without feedwater, the ability to 
remove decay heat from the reactor vessel is severely degraded.  Operators will have 
to first identify the misleading flow indication and the total LOFW and then enter 
functional restoration procedure FR-H1 (Response to Loss of Secondary Heat Sink) to 
start bleed and feed (B&F).  

After B&F is initiated, operators are allowed to establish AFW flow to SGs by ei-
ther closing the recirculation valve or cross-connecting the running AFW pump. At 
this point, another, unrelated failure occurs: a tube rupture is initiated in the first SG 
that is fed.  Procedure E-30 (Response to SGTR) provides instructions to terminate 
the leakage of reactor coolant into the secondary system when a tube rupture occurs. 

Scenario 2: Loss of Component Cooling Water (CCW) and Reactor Coolant 
Pump (RCP) Sealwater. At the beginning of Scenario 2, the Distribution Panel 1201 
fails. The feedwater regulation valve on SG A cannot be closed and remains fully 
open; as a result, the reactor will be tripped either manually or automatically. When 
the reactor trips, one AFW pump cannot start due to the loss of Panel 1201. In addi-
tion, all CCW and charging pumps become unavailable. If operators continue running 
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the RCPs without CCW, they risk RCP seal failure, which can result in a loss of coo-
lant accident (LOCA). It is therefore important that operators identify the loss of 
CCW and RCP sealwater and then trip the RCPs and start the Positive Displacement 
Pump (PDP) per instructions in procedures RC-0002 (Reactor Coolant Pump Off 
Normal) and ES-01 (Reactor Trip Response).  The procedure requires the operators 
to stop the RCPs within 1 minute after loss of CCW.  After that period, the risk of 
seal failure increases.  

Note that the failing distribution panel is unrelated to the loss of CCW and RCP 
sealwater but it increases the complexity of the scenario as the alarms associated with 
the distribution panel can mask the status of CCW and RCP sealwater. 

Scenario 3: SGTR. Scenario 3 is a standard SGTR without other complications. Op-
erators will need to first identify the SGTR and then perform actions in E-30 to  
respond to the event. 

2.3 Data Collection and Analysis 

The data on scenario development and crew responses were collected and analyzed by 
reviewing notes, simulator actions monitor logs, interviews and Video recordings. 

3 Observations on Interactions between Operators and EOPs 

Significant variability in crew performance was observed, especially for the relatively 
more difficult scenarios (e.g., Scenarios 1 and 2) where complicating factors such as 
misleading indicators considerably increased scenario complexity and cognitive de-
mands on operators. Overall, the crews varied in their ability to (1) integrate all evi-
dence to formulate a coherent explanation to account for observed plant symptoms 
and (2) cope with the difficulties in following EOPs in responding to emergency sit-
uations.  In the following sub-sections, some observations that were made on the 
interactions between operators and EOPs are discussed with specific plant conditions 
and operational contexts.  It should be noted that although this section focuses on the 
issues and difficulties that the crews experienced in following the EOPs, it is not  
intended to and does not adequately reflect the overall performance quality of the 
participating crews.  Not all of the issues and difficulties led to a significant conse-
quence (e.g., failure of a scenario).  In some cases, the crews managed to recover 
from their errors through recovery measures and compensatory factors. 

3.1 Misreading or Skipping Procedure Steps 

Misreading or unintentionally skipping procedure steps is an example of slips and 
lapses that operators make in following procedures. It can occur even when the in-
formation in the procedure is clear and unambiguous and when operators use human 
performance tools such as signing off on completed steps. Such slips and lapses can 
lead to an incorrect plant status assessment or initiation of incorrect response. 
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Observation 1: In Scenario 1, when Crew Q followed Step 28 in FR-H1 to stop the 
third high head safety injection (HHSI) pump, the US misread the reactor coolant 
system (RCS) subcooling requirement.  This error caused a delay of approximately 
30 to 60 minutes in stopping the pump.  As a result, an excessive amount of water 
was fed into the faulted SG (water in faulted SG reached the steamline). 

Observation 2: In Scenario 1, Crew S skipped the step of stopping the RCPs before 
they initiated B&F.  However, this error was soon corrected by their STA.  This 
indicates that good teamwork is an efficient measure to help prevent operators from 
committing an error in misreading or skipping a step in the procedure.  Hence, this 
example is, to some extent, related to the observation on communication and team-
work (see Section 3.6). 

3.2 Verbatim Procedure Following 

Operators may literally follow procedures without understanding the intent of the 
procedures and observed plant symptoms. 

Observation: In Scenario 1, when Crew R became aware of the SGTR, they en-
tered Procedure E-30 to isolate the faulted SG.  Since they did not turn off the HHSI 
pump, the pressure in the faulted SG kept rising and eventually caused the Power 
Operated Relief Valve (PORV) on the SG to open, and the steam flow released from 
the lifted PORV caused the RCS pressure to decrease.  Although the crew was not 
aware of the lifted PORV, they detected the steam flow from the faulted SG.  How-
ever, the crew, solely based on the decreasing RCS pressure, transferred from Step 21 
in E-30 to EC-31, which is the procedure for tube rupture in combination with a leak 
in the reactor coolant system.  In this situation, as pointed out by a trainer from the 
participating plant who reviewed the crew’s performance, the crew should have been 
able to connect the steam flow from the faulted SG to the possibility of an open SG 
PORV and explain that the decreasing RCS pressure was due to the PORV rather than 
a primary leakage.  Without a good understanding of the intention of Step 21 in E-30 
and the plant status, the crew literally followed the procedure to make an inappro-
priate procedure transfer, which eventually caused the crew to fail the scenario. 

3.3 Premature Termination of Plant Parameter Trend Assessment 

Observing and assessing plant parameter trends is one aspect of procedure following 
that is particularly dependent on operators’ expectations and evaluations.  In an 
emergency situation, plant parameters change dynamically.  There are times when a 
specific parameter satisfies a procedure step entry criterion before the step entry but 
then changes in the opposite direction after the step entry.  An insufficient trend as-
sessment can cause operators to develop an incorrect mental model of the plant status. 

Observation: The same case as discussed above in verbatim procedure following.  
At the moment when Crew R reached Step 21 in E-30, the RCS pressure was decreas-
ing due to the lifted SG PORV.  However, it started to increase only after several 
minutes.  Since the crew only evaluated the trend at the moment when they reached 
Step 21 in E-30 and stopped evaluating the pressure trend very soon, they did not 
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obtain an accurate picture of the plant status and thus made an inappropriate proce-
dure transfer decision (see discussion above).  Had they waited a few more minutes 
they could have seen the pressure rise again and continued to the next step in E-30 to 
stop the HHSI pump, which could have reduced the RCS pressure and lead the crew 
to successfully bring the plant to a stable condition. 

3.4 Decisions and Judgments Based on Operator’s Knowledge 

When facing cognitively challenging situations involving complicating factors, opera-
tors need to rely on their knowledge to differentiate expected from unexpected plant 
behavior and pursue all possibilities for the unexpected behavior.  Similarly, under 
circumstances when there is inadequate procedure guidance, operators need to rely on 
their knowledge to make judgments and take necessary actions outside procedures. 

Observation 1: In Scenario 1, an SGTR was initially masked by the AFW flow fed 
into the faulted SG.  After the AFW flow was stopped per procedural instructions, 
the water level in the faulted SG kept rising. Since the steamline on the faulted SG 
had been isolated earlier in the scenario, the steamline radiation alarm, which will 
normally be triggered during an SGTR event, was not triggered when the SGTR oc-
curred.  Therefore, the rising SG level became the main cue for operators to identify 
the SGTR.  When Crew S detected the rising SG level after the AFW flow was 
stopped, they suspected an SGTR.  At the same time, they were also aware that the 
water level was expected to rise to some extent due to a swelling effect after stopping 
feedwater flow to an SG. The crew relied on their knowledge to evaluate the plant 
status and decided that the rising SG level was caused by an SGTR rather than a nor-
mal amount of swell.  In contrast, when Crew R detected the rising SG level, they, 
like what they were trained to do, checked radiation levels at the plant as a confirma-
tory plant parameter for an SGTR.  Since, as mentioned above, the steamline on the 
faulted SG had been isolated, no abnormal radiation activities were initially detected 
as what would be expected in an SGTR.  As a result, the crew concluded that no 
SGTR had occurred.  Operators are trained to check plant parameters (e.g., radiation 
levels) in diagnosing abnormal events (e.g., an SGTR).  The observation on Crew R 
suggests that operators’ knowledge about the processes at the plant is needed in inter-
preting the plant parameters in connection with the plant condition at that moment.  
Simply following a standard practice without considering the scenario context led 
Crew R to make an incorrect judgment.  Hence, this is, to some extent, related to 
verbatim procedure following (see Section 3.2). 

Observation 2: In Scenario 1, when Crews Q and S identified the SGTR, they were 
in FR-H1 to recover from the LOFW that occurred in earlier in the scenario. Although 
E-30 provides instructions to respond to an SGTR, the crews could not transfer to this 
procedure because FR-H1 has a higher priority over E-30.  However, the crews were 
aware from their training that they would need to adjust the PORV setpoint of the 
faulted SG to prevent the PORV from lifting (to avoid releasing radioactive water into 
the containment). Since Crew Q could not find instructions for adjusting the setpoint 
in any procedure they were in, they cautiously managed to control the SG pressure 
below the PORV setpoint by controlling the RCS pressure. In the case of Crew S, 
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after assessing the SG pressure at that moment, which was far below the setpoint, the 
crew considered that they were not at risk of lifting the PORV and thus decided not to 
adjust the setpoint.  In this example, since FR-H1 does not provide guidance to re-
spond to an SGTR, this case is, to some extent, related to the observation of inade-
quate procedure guidance (see Section 3.5). 

3.5 Inadequate Procedure Guidance 

Due to the complex nature of the processes in NPPs, it is difficult to develop EOPs 
that cover every possible contingency in detail.  Operators may feel challenged when 
there is inadequate procedure guidance, but training can help them handle the gap 
between the EOPs and the real situations. 

Observation 1: In Scenario 1, one crew never suspected that the recirculation valve 
of the AFW pump was open because checking the valve status was not specified in 
the EOPs.  Although the other three crews checked the valve status, the action was 
driven by their knowledge from training rather than procedures.   

Observation 2: In Scenario 2, one objective was to establish RCP seal cooling with 
the PDP when CCW and RCP seal injection was lost.  Crew S indicated that they 
knew they needed to start the PDP, but they could not find procedure guidance, which 
is only provided by ES-01 and procedure POP4.  It would be helpful to include the 
guidance in the POP9 annunciator response procedure on low charging flow. 

Observation 3: In Scenario 2, as discussed above, the RCP seal cooling can only be 
placed in service when the RCP temperatures are below 230° F.  Crew R attempted to 
restore the RCP seal cooling with the POP 9 annunciator response procedure on low 
charging flow; however, since the procedure assumes a single failure (i.e., low charging 
flow), the temperature limit of the RCP seals is not specified in the procedure. 

3.6 Communication and Teamwork 

Crew members have their unique roles and responsibilities at the plant. They some-
times often need to simultaneously work in different procedures in complex dynamic 
situations. Inefficient communication and task coordination can impact their ability to 
integrate information distributed across crew members to develop team situation 
awareness, evaluate the appropriateness of procedure paths, reach team consensus, 
synchronize on a common strategy, and pursue multiple objectives. 

Observation 1: In Scenario 2, one expected response was to restore the RCP seal 
injection (i.e., RCP seal cooling) to protect the RCP seals. According to procedures, 
the seal injection can only be started when the RCP seal temperatures are below 230° 
F. When the third RO of Crew Q reported to the US that the seal temperature limit 
was exceeded, the RO and the US were working in two different procedures.  The 
communication protocol broke down for some reason and the information was not 
well internalized by the US.  Several minutes later, the US attempted to re-establish 
the RCP seal injection with a charging pump at Step 6 in ES-01.  However, this ac-
tion was soon stopped by the crew’s SM, who recognized the temperature limit. It is 
interesting to note that although Step 6 in ES-01 specifies the seal temperature limit, 
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the US seemed to ignore the instructions, which could be considered a deviation from 
the procedure.  Nonetheless, good teamwork stopped the evolution of the deviation. 

Observation 2: In Scenario 1, when Crew R was in Step 28 in FR-H1 to stop the 
last HHSI pump to terminate B&F, the procedure required them to evaluate if they 
had an “active loop”.  One criterion for an active loop is that natural circulation has 
been established, which is verified by five criteria.  Normally, verification of natural 
circulation and active loops are the STA’s task.  When the crew’s US and SM incor-
rectly assumed that they had an active loop, neither did they seek verification from the 
STA nor did the STA verify the assumption by himself.  As a result, the crew de-
cided not to stop the last HHSI pump, which eventually caused the crew to fail the 
scenario. 

Observation 3: It was observed that the crews often held team briefings to share in-
formation and discuss plant conditions.  The briefings effectively kept the crews 
aware of the goals of the US, the procedural paths that they were supposed to follow, 
and the course of actions that they were supposed to take. 

4 Discussion and Conclusions 

EOPs play an important role in guiding NPP operators to respond to emergency situa-
tions. In this article, the operational behaviors of four crews in three simulated emer-
gency scenarios were examined and several observations were made on the issues and 
challenges that the crews experienced in their interactions with the EOPs. Despite of 
the small set of scenarios and crew performance data, the observations made in the 
present study echoed the findings from previous studies [e.g., 8-10]. Given that the 
previous studies investigated crews from different countries (e.g., Korea and Sweden) 
with different scenarios, it is reasonable to conclude that the observations from the 
study can be generalized across the boundaries of countries. 

Overall, the observations discussed in Section 3 consist of examples of both slips 
and lapses in executing intended actions and difficulties in high-level cognitive 
processes (e.g., situation assessment and response planning). Compared to slips and 
lapses, which could be soon detected and corrected with compensatory factors (e.g., 
Observation 2 in Section 3.1), the difficulties in high-level cognitive processes 
seemed to have caused relatively more serious consequences. 

The observations also illustrate the dynamic aspect of operators’ procedure follow-
ing behavior. As discussed in Section 1, the EOPs are a static model of the tasks pre-
scribed for the expected progression of pre-defined accident scenarios. In contrast, the 
real emergency situations are quite dynamic, involving unexpected complicating fac-
tors and uncertainties. In the paradox of using a static model to deal with dynamic 
situations, an active role of operators is called for to fill the gap between the static and 
the dynamic. This is in agreement with the conclusions from previous studies [8-10] 
that operators actively engage in high-level cognitive activities to adequately handle 
cognitively demanding emergencies even when the EOPs are employed (i.e., opera-
tors do not just literally follow the EOPs without much thought in the context of the 
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accident scenarios).  Evidence of the nature and extent of cognitive activity required 
of operators from the study includes: 

• Operators need to make decisions and judgments and take extra-procedural actions 
based on their knowledge when (1) relevant procedures are not entered due to sce-
nario characteristics and (2) some specific aspects of a scenario are not fully ad-
dressed by the EOPs (see Sections 3.4 and 3.5). 

• When facing uncertainty and unexpected plant behavior, operators need to perform 
systematic diagnosis activity in parallel to following the EOPs to develop and 
maintain an accurate mental model of the plant status by pursuing all possibilities 
and integrating all available evidence to form a coherent explanation to account for 
multiple symptoms across diverse systems (see Sections 3.2 and 3.3). 

• Based on their understanding of plant conditions and the EOPs, operators need to 
prioritize their goals, monitor plant parameters, and evaluate the feasibility of re-
sponse plans and applicability of procedures as plant status evolves dynamically 
(see Section 3.2). 

One implication of the observations is that operator performance can certainly be 
enhanced by improving guidance in the EOPs, adding countermeasures to prevent 
slips and lapses (see Section 3.1), adhering to work practices (see Section 3.6), and 
strengthening teamwork (see Section 3.6).  More importantly, operators need to be 
trained to develop high-level cognitive skills such as situation assessment and re-
sponse planning to compensate for the limitations of the EOPs [11].  One prerequisite 
for such skills is a good knowledge of the plant processes, components, and systems, 
and an accurate mental model of how they interact with each other.  In addition, op-
erators need to develop a good knowledge of the EOPs, including the intent behind 
specific procedure steps, the rationale for transitions among procedures, and the re-
sponse strategies embodied in the EOPs. 

Another important implication is that it may be more appropriate to study NPP op-
erators’ behavior under a naturalistic decision making (NDM) [12] framework rather 
than normative decision theories (e.g., [13]).  Normative decision theories assume 
that decision makers make rational judgments defined as the optimal choice among 
available alternatives by a certain comparison scheme.  Although they have been 
highly successful in describing decision strategies in well-structured settings, their 
prescriptive validity is questionable for describing NPP operators’ behavior in their 
operational settings for the following reasons.  Firstly, as discussed above, situation 
assessment plays an important role for operators to handle a plant upset; however, this 
cognition component tends to be neglected by the normative decision theories. Se-
condly, given the time pressure, uncertainty, limited information, dynamic conditions, 
and shifting goals and priorities involved in plant incidents, it is not always feasible 
for operators to conduct a relatively thorough information search to choose among 
concurrently available alternatives through a deliberate and analytic comparison 
process as described by rational choice models. Thirdly, operators often resort to their 
experience to make a rapid decision under difficult situations; however, experience is 
normally treated as a nuisance variable in normative decision theories. In contrast, 
NDM is an approach to understand how experienced decision makers use their  
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experience to make decisions in real world settings. Its strength is its emphasis on the 
role of experience in situation assessment and response planning. In addition, NDM 
describes how humans make a decision rather than attempt to prescribe how humans 
should make decisions.  Hence, this can, with a focus on the observable features of 
operator performance, improve our ability to model and understand operators’ qualita-
tive reasoning behavior when there is a mismatch between procedures and the dynam-
ic reality. 
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