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ABSTRACT

The Nuclear Power Plant Krsko Probabilistic Shutdown Safety Assessment (PSSA) was recently
enhanced to refine the modeling and quantification of human errors during shutdown operations. The
use of EPRI's ORAM software allows for human error probabilities to be~ calculated based on the
time available to perform an action, which varies considerably during shutdown operations and
typically has a significant impact on human error probabilities. The enhanced human action
modeling uses a cause-based methodology for most response times. For short times, such as early in
an outage with reduced inventory, the human error probability calculation is based on an empirical,
time-based analysis. Operator interviews provided a basis for calculations in both methodologies.
An analysis was performed to determine the impact of human actions on the quantified core damage
risk and the factors contributing to important human actions.

ORAM PSSA METHODOLOGY

ORAM is a software tool developed by EPRI for evaluating outage risk using deterministic
and probabilistic evaluations. The Probabilistic Shutdown Safety Assessment (PSSA)
module of ORAM allows for a plant specific model to be developed and used to calculate
outage risk (e.g., Core Damage Frequency - CDF) based on the actual configurations present
during an outage. Event trees are used to calculate CDF using sequences that initiate from a
loss of decay heat removal event. Each unique configuration is evaluated separately, so the
factors that significantly affect the CDF quantification are explicitly evaluated. In this way,
ORAM differs from traditional shutdown PSA analyses and provides greater insights into the
significant contributors to calculated risk during an outage. Configuration information, such
as decay heat level, RCS configuration, equipment status and risk significant activities are
tracked throughout the outage. Each unique configuration is evaluated using time- and
configuration-dependent variables, which are based on component availability, decay heat
level and RCS status.

THE ROLE OF HUMAN ACTIONS IN THE ORAM PSSA

Human action failures play a major role in the evaluation of shutdown risk. In general,
recovery from most adverse events while in the shutdown condition requires significant
human recovery actions to prevent core damage. During at power operations, automatic
safety system actuations are important in preventing undesirable end states (e.g. core
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damage). Human intervention is typically needed to recover from system failures or to
perform long term actions. However, the shutdown condition is very different. Following a
loss of decay heat removal, the operator attempts to recover the normal mode of decay heat
removal. If that mode fails, the operator must initiate alternate means to remove heat from
the reactor. Nearly all the steps involved in these recovery strategies require operator action,
since very few automatic actuation systems are available in the shutdown mode to assist the
operator.

For example, following a loss of offsite power (LOOP) event, the emergency diesel
generators will automatically start and energize the safety related electrical buses. However,
the Residual Heat Removal (RHR) pumps must be restarted by the operator, since the pumps
do not restart automatically. If the RHR pumps fail to restart or subsequently fail, the
operator must evaluate the situation and determine how to re-establish decay heat removal. In
this example, the two human actions that must be explicitly evaluated are failure of the
operator to restart the RHR pump(s) and failure of the operator to establish alternate decay
heat removal (ADHR). The operator's failure probability is based on different factors, many
of which are determined by the • configuration of the plant (e.g., is the RCS full or at
midloop?) and the decay heat level, which sets the bounds on the time available for the
operator to respond. These factors are tracked in the ORAM software and the human
reliability analysis (HRA) takes them into account.

The ORAM analysis also considers human action failures implicitly. The failure probability
of the operator, for certain recovery actions, is not explicitly quantified using an HRA
methodology. Rather, industry data collected over several hundred shutdown years is used to
determine the probability of recovery from certain initiating events. For example, data has
been collected to determine the time required recovering from a loss of shutdown cooling due
to inadvertent RHR system isolation. This data is used to develop a time-based probability of
non-recovery from the initiator. This data is strictly empirical and includes the potential for
equipment failure; it is not included in the scope of this paper.

Most human actions evaluated in the ORAM PSSA are complex, multi-step actions. In the
example of the LOOP event described earlier, two human actions are discussed. The first
action involves a simple procedural step, that is, to restart an RHR pump following a loss of
offsite power. However, the second action, establishing an alternate mode of decay heat
removal involves many steps in more than one procedure. The HRA methodologies
described in the following sections are used for both simple and complex actions. Complex
actions are broken down into discrete steps for analysis, but the failure probability of the
entire action (e.g., establish alternate decay heat removal) is quantified to obtain a single
human error probability (HEP)

METHODOLOGY

Two methods of quantifying human action failure probabilities are used in the NPP Krsko
PSSA model. They are the time-based Human Cognitive Reliability / Operator Reliability
Experiments (HCR/ORE) Correlation and the Supplementary Cause-Based Approach both
developed by EPRI [1]. The use of the cause-based methodology is an enhancement to the
original Krsko PSSA model, in which only the HCR/ORE method was utilized.
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The PSSA model uses the time-based approach during periods when the excess time is short
(e.g., less than 15 minutes). Excess time is the difference between the time available to the
operator and the time required to diagnose and perform the action. The cause-based approach
is used during periods when the excess time is longer.

HCR/ORE Correlation

The time-based approach relies on simulator exercises, operator interviews and analysis of
operating procedures to determine the mean crew response time for various actions. To calculate
the human error probability, the ORAM software compares the response time with the time
available to perform the action.

hi the case of the NPP Krsko model, simulator exercises were not available to use as
benchmarks for crew response time. Instead, operator interviews were conducted, in which the
operators were requested to provide time estimates for each step of the procedure being
modeled. This data was used as the basis for the median crew response time (T1/2). In order to
calculate the HEP, a formula is used in the ORAM event tree to compare the mean response
time with the actual time available (e.g., time to core damage) for each configuration in the
outage. The formula used is provided by the EPRI HCR/ORE analysis [1]:

P c = Prob (Tr > T) = 1 - <j> [ (In (T/T1/2))/CT]

where:
Pc Crew non-response probability
Tr Crew's actual response time
T Time available for successful response (total time available minus time

required to perform task)
T[/2 Median crew response time

a Logarithmic standard deviation of normalized response time
<j) Standard normal cumulative distribution

The experimental data indicates that the curve fit formula should be limited to normalized
time values (T/ T1/2) below 10. For high-normalized time values, the formula leads to
extremely low estimates of non-response probabilities. Because of this, the PSSA uses a
bounding minimum Pc of 1E-3. Additionally, if the normalized time values are less than 1.0,
the PSSA uses an operator failure probability of 1.0 (guaranteed failure). In the PSSA model
the <() function is represented by a third order polynomial.

Supplementary Cause-Based Approach

The cause-based method uses an analytic approach rather than an empirical correlation
method. This method decomposes the operator actions into error-causing mechanisms and
evaluates each mechanism for its affect on the failure probability of the operator to diagnose
and respond to the situation. This methodology is similar to the various methods used to
calculate HEPs for at-power PSAs. Two general failure modes are considered in determining
the failure of the operator to diagnose and perform the action.
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Failure Mode 1: Failures of the Plant Information-Operator Interface

The four mechanisms evaluated for this failure mode are:
• The required data are physically not available to the control room operators.
• The data are available, but are not attended to.
• The data are available, but are misread or mis-communicated.
• The available information is misleading.

Failure Mode 2: Failure in the Procedure-Crew Interface

The three mechanisms evaluated for this failure mode are:
• The relevant step in the procedure is skipped.
• The error is made in interpreting the instructions or diagnostic logic.
• The crew decides to deliberately violate the procedure.

In the cause-based approach, a decision tree is constructed which incorporates questions
concerning the principal factors that influence each failure mechanism. An example .of the
decision tree used to model the first failure mechanism is provided as Figure 1. This decision
tree consists of four yes/no questions which are asked. Based on the responses to the
questions, a path through the event tree is taken and each endstate has a value associated with
it. The values are defined in the EPRI report [1].

Indication Available
in Control Room?

Control Room
Indication Accurate?

Warning in
Procedure?

Training on
Indication?

Yes
No

Figure 1 - Decision Tree for Failure Mechanism: Data Not Available

Time is factored into the cause-based HEPs by applying recovery factors, which reduce the
base failure probabilities calculated in the decision trees. As the time available for the
operator increases, the HEP decreases. This accounts for changes in crew personnel and the
availability of additional technical support resources. For the NPP Krsko study, different
recovery factors were considered for three time frames: 15 m'in to 6 hours, 6 to 14 hours and
14 - 24 hours. Recovery factors are only applied to applicable failure mechanisms. The final
probability of non-performance is equal to the sum of the failure mechanisms multiplied by
the recovery values.

Another failure probability that must be considered is the failure to properly operate the
equipment. The error probability is estimated based on the ease of selecting the proper

434 Nuclear Energy in Central Europe '98



control equipment and operating the equipment in the proper manner. Constant values for
these error probabilities were selected from industry data sources [2].

HUMAN ACTION SELECTION

The PSSA considers operator actions that are necessary to manually initiate alternate or
backup systems following a loss of decay heat removal or loss of coolant inventory from the
RCS. During shutdown operations, a significant amount of time may be available for
operator response. Hence, operator actions modeled in the NPP Krsko PSSA may include a
number of options. Five human action groups are modeled in the NPP Krsko PSSA.

1. Operator Restores RHR Following a Loss of Offsite Power Event - The operator is
required to manually start the standby RHR Pump, or restart the tripped RHR pump after
a loss of the running train has occurred due to a LOOP. The RHR Pump does not
automatically restart after power has been restored, either from offsite or the emergency
diesel generators. Separate HEPs are calculated for RCS at midloop and non-midloop
conditions.

2. Operator Implements Alternate Decay Heat Removal - Following a loss of normal
shutdown cooling via the RHR system, the operator must establish ADHR. The methods
of ADHR are detailed in the NPP Krsko Loss of Residual Heat Removal Cooling
Procedure [3]; they include Steam Generator Heat Removal (SGHR) and Feed and Bleed
Cooling. The NPP Krsko PSSA model only allows one of these methods to be credited in
each sequence, depending on the status of the RCS. If the RCS is intact, SGHR is used,
otherwise Feed and Bleed is used. A separate HEP is quantified for each method,
depending on the scenario (LOOP or non-LOOP) and whether or not the RCS is in a
midloop condition.

3. Operator Initiates Gravity Feed from the RWST to the RCS System - If other methods of
ADHR are not available to the operator, then the operator is directed to attempt decay heat
removal using this method. This action is only credited in configurations when the
method is viable (i.e., RCS is open with a sufficient vent path).

4. Operator Isolates RHR or RCS System Leak - In the event of a loss of inventory from the
RCS or RHR systems, the operator is directed to attempt to stop or isolate the leak.

5. Operator Re-establishes RCS Inventory - Following a loss of inventory event, the operator
is directed to re-establish and maintain sufficient RCS inventory to prevent core uncovery.

HUMAN ERROR PROBABILITY EVALUATION

Several operators, having various levels of experience, were interviewed. The results of these
interviews, investigation into operational procedures and a review of industry data were used
as inputs into the human error probability calculations. The HEPs are expressed as time-
varying formulas, which are used in the ORAM event tree calculations.
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For the time-based correlation, 10 operators were interviewed and asked to estimate the time
required completing each action. The operators were given the necessary procedures and
were to estimate how long each step or functional group of steps would take. In this way, the
operator is not challenged to estimate the time required performing a complex series of
procedural steps, which would lead to a greater range in the estimates and thus higher levels
of uncertainty. Significant correlation was obtained in the times estimated, even though the
operator responses were given independently. Any outlier responses were investigated and
noted.

For the cause-based method, several methods were used to determine the value to use for
each of the failure mechanisms. As described previously, a decision tree is developed to
calculate the probability of failure due to a given mechanism. A set of questions with 2 or 3
possible responses was developed to determine the path through the event tree that ultimately
provides an answer. This series of questions was provided to four operators of varying
experience levels. It was initially intended to interview 10 operators, but the responses to the
questions were almost identical between the first four operators interviewed. Additionally,
the PRA analysts conducted a review of the procedures and a walk-down of the control room
to ascertain their judgments on the failure mechanisms. Based on the results of the interviews
and using the judgment of the analysts, the failure mechanism values were calculated.

INSIGHTS ON HUMAN ACTION FAILURES

The cause-based approach allows for analyses to be performed so that an understanding of the
failure probability mechanisms can be developed. For each important human action
evaluated, the most significant barriers to the operator's successful action are identified by
determining the contribution of each failure mechanism to the overall failure probability. The
failure mechanism can in turn be decomposed to determine the most significant factors
contributing to the value of the failure probability (i.e., the nodes in the event tree which have
the most impact). This provides the plant staff with useful insights into areas for
improvement, in order to reduce the operator's contribution to risk.

As an example, the action "Operator Restores RHR Following a Loss of Offsite Power
Event" during midloop was evaluated. The failure mechanism, which contributes nearly 80%
to the overall failure probability of the human action, is that an error is made in interpreting
the instructions or diagnostic logic. This failure mechanism is affected mostly by the
complicated procedural logic and relative inexperience of the operators in using this
procedure.

Although the cause-based method is not used for very short available times (less than 15
minutes), the insights gained from the cause-based evaluation are still applicable, since each
operator action is evaluated using this method.

The NPP Krsko ORAM model was constructed to allow JFor easy evaluation of the impact of
human error probabilities on calculated risk. Risk levels during various configurations were
compared, with and without operator failures considered. Times during an outage when
human actions play the most significant role can be identified to allow plant personnel to take
any compensatory actions necessary to minimize risk.
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The results of the overall impact on the quantified risk in the NPP Krsko PSSA are shown in
Table 1. This table lists the Initiating Event, the reduction in the initiating events'
contribution to CDF, and the overall Risk Reduction Worth (RRW). It is clear from this table
that human action failures have the most impact during LOOP events, from both an initiating
event perspective and with respect to the overall CDF. However, while the impact of human
actions on a rapid draindown sequence is significant, the overall impact on CDF is minor.
This is due to the relatively low importance of the rapid draindown scenario on overall
quantified risk.

Initiating Event
RAPID DRAINDOWN
SMALL LEAK
LOSS OF OFFSITE POWER
RHR ISOLATION
LOSS OF ESW/CCW
LOSS OF AC BUS
RHR PUMP FAILURE

TOTAL CDF

% Reduction
31%
39%
89%
26%
0.2%

1%
7%

CDF RRW
0.9%

13.3%
33.2%
0.03%
0.03%
0.02%
0.04%

48%

Table 1 - Impact of Human Errors on CDF

The applicability of these insights is to make operators aware of those times during the outage
where human errors are most critical, so that additional awareness and training may be used
to reduce the impact on risk associated with the human errors.

CONCLUSIONS

The NPP Krsko Shutdown PSA model has been enhanced in the area of Human Reliability
Analysis. The ORAM software provides an excellent framework with which to evaluate the
complex interaction of human actions on the various plant configurations present during
shutdown operations. By incorporating two methodologies for determining HEPs, the new
NPP Krsko PSSA better estimates the impact of human actions during shutdown. During
periods where time is critical, a time-based method is used. Each action is also evaluated
using a cause-based approach, which allows a decomposition of the failure mechanisms and
important insights into the mechanisms that mostly affect the failure probability of operators
during shutdown events.
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