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ABSTRACT:

Although in risk screening of equipment structures, systems and components, changes can be accom-
plished directly using RG 1.174, a plant change may also include changes te-human actions. Human reliabil-
ity analysis is an integral part of probabilistic safety assessment modeling. Using best estimate codes can
identify unknown accident sequences as well as quantify more realistic _probabilities of human error. This pa-
per proposes a three-step approach to evaluate the risk impactcof ‘¢changes to completion time within nuclear
power plant technical specifications, using a probabilistic safety assessment model refined by a best-estimate
safety analysis and human reliability analysis. A case study is presented focusing on a completion time
change of the residual heat removal system of a nuclearpewer plant using a level 1 low power and shutdown
probabilistic safety assessment. Thus, the application case” shows that the change could be accepted from a
risk viewpoint, in particular, because of the risk increase imposed by extending the completion time is partial-
ly compensated by the risk decrease due to the-human error probability reduction since the stress level is re-
duced.

LIST OF ACRONYMS

AFWS Auxiliary Feed Water System

BE Basic Event

CT Completion Time

DSA Deterministic Safety Analysis
ET Event Tree

FT Fault Tree

FB Feed and Bleed

HA Human Action

HEP Human Error Probability

HFE Human Failure Event

HRA Human Reliability Analysis
IAEA International Atomic Energy Agency
LCO Limiting Condition for Operation
NRC Nuclear Regulatory Commission
NPP Nuclear Power Plant

IE Initiating Event

PSA Probabilistic Safety Assessment
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NOTATION

Performance Shaping Factor
Pressurized Water Reactor

Reactor Coolant System

Regulatory Guide

Risk-Informed Decision Making
Residual Heat Removal System
Refueling Water Storage Tank
Surveillance Frequency

Steam Generator

Surveillance Requirements
Structures, Systems and Components
Thermal Hydraulic

Technique for Human Error Rate Prediction
Time Reliability Correlation
Technical Specifications

Time Window

Diagnosis error probability

Response execution error probability

Change in Core Damage Frequency

Core Damage Frequency before the change

Core Damage Frequency after the change

CDF when the equipment is known not to be down fer maintenance
CDF when the equipment is known to be down formaintenance
Incremental Conditional Core Damage Probability

Yearly equipment downtime

Yearly equipment downtime after the change

Yearly equipment downtime before the'ehange

Yearly average frequency equipment.to be'down

Yearly equipment unavailability



1 INTRODUCTION

The safe operation of Nuclear Power Plants (NPPs) is based on Technical Specifications (TS) that establish
operational limitations and test requirements with the aim of keeping the plant’s risk within the regulated
limits. The TS were originally based on Deterministic Safety Analysis (DSA) and engineering judgment as
part of the licensing conditions. Probabilistic Safety Assessment (PSA) has been shown to be a useful tool for
reviewing TS consistency from a risk point of view. Particular attention has been paid to the role of the Sur-
veillance Frequency (SF) as part of the Surveillance Requirements (SR) and to Completion Time (CT) as part
of the Limiting Conditions for Operation (LCO).

In 1995, the US Nuclear Regulatory Commission (NRC) adopted a policy statement [1] which laid down
that PSA methods and data should be used in all regulatory matters in a mannerthat complements the deter-
ministic approach and supports the defense-in-depth philosophy. Since then several Regulatory Guides (RGs)
and NUREG reports have been issued by the NRC on an integrated approach to risk-informed regulation [2—
6]. The most important regulatory guides on risk informed AS.condition evaluation are RG 1.174 [2] and RG
1.177 [3]. The former lays the foundation for using PSA|in'Risk-Informed Decision Making (RIDM) on spe-
cific changes to the licensing basis, while the latter proposes a more specific approach that focuses on plant
specific changes to the TS.

The original US NRC policy statement in'1995 and the first drafts of RG 1.174 and RG 1.177 in 1998 es-
tablished that all sources of uncertainty must be identified and analyzed so that their impacts can be under-
stood. General guidance on addressing uncertainties from modeled and non-modeled risk contributors in this
context, i.e. identification of sources key to decision, treatment and analysis of uncertainties, are specifically
addressed in NUREG=1855[5] and EPRI-1026511[7].

In this way, inthe-last years some works [8, 9] was published showing the need for the appropriate consid-
eration of the uncertainties in the PSA in order to adequately support the risk-informed decision making.

Changes to the risk screening of equipment Structures, Systems and Components (SSCs) can be accom-
plished directly using RG 1.174. Although previous work has focused on the evaluating the risk impact on
plant-specific changes to TS [10,11], changes to human actions may also be included. NUREG-1764 [12]

provides guidance in addressing human performance aspects of changes to operator actions that are credited



for safety, especially those involved in changing the licensing basis of the plant, within the scope of RG
1.174.

It is widely accepted that the human factor is an important part of the design and risk assessment of large
complex systems. As an integral part of a PSA modeling, Human Reliability Analysis (HRA) is a systematic
framework to identify, model and quantify Human Failure Events (HFES) in the operation of an NPP. Several
studies have focused on the benefits of using DSA and PSA together to improve the accuracy time windows
of operator actions, i.e. the time interval in which operators have to perform an action to make the plant safe.
Calculating Human Error Probability (HEP) can be done by HRA techniques [13-16],.while Thermal Hy-
draulic (TH) simulations using best estimate codes could evaluate the appropriateness of the accident scenari-
os pre-established by PSA models, identifying and characterizing unknown.accident sequences and success
criteria [17]. Starting from the International Atomic Energy Agency’s (IAEAYstructured framework [18] , the
combined results of both approaches provide an input on integrated risk-informed decision making to ensure
nuclear reactor safety [19-21].

This paper proposes a three-step approach to evaluating the risk impact of CT changes, based on a refined
PSA model through improved DSA and HRA, which addresses model and parameters uncertainties in an in-
tegrated manner following the integrated approach to risk-informed decision-making defined above.

The paper is organized as follows: Section\2’describes the methodology used to evaluate the risk impact of
TS changes as a result of more realistic HEP quantification, combining DSA and PSA insights under the US
NRC regulatory framework. Section 3 gives the results of a case study evaluating the risk impact of a change
to the CT of the Residual 'Heat Removal System (RHRS) of a Pressurized Water Reactor (PWR) using the

available low power and.shutdown PSA and Section 4 contains the concluding remarks.



2 METHODOLOGY

2.1 Outline of evaluation of risk impact on TS changes addressing HRA

Fig. 1 outlines the main steps of an approach for evaluating the risk impact of changes to CT within NPP TS,
using a PSA model refined through HRA and best estimate TH codes. The approach proposed here is con-

sistent with the principles and framework of RIDM on plant-specific changes to the licensing basis.
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Fig. 1. Outline of RIDM on TS changes addressing HRA

2.2 Modeling of risk impact

Firstly, as concerns risk modeling'in Fig.1, PSA models and data are refined with the results obtained by
TH simulations, as wellas a more realistic HEP quantification. The identification of not only the usually
addressed sources of uncertainty linked to PSA models and data, but also the sources of model and parameter

uncertainties associated with the assumptions in Completion Time therefore change the evaluation [5].

2.2.1 Deterministic Safety Analysis modeling

The first safety analyses of NPPs were performed conservatively because of knowledge limitations [24]. De-
terministic Safety Analysis (DSA) was based on the use of conservative computer codes with conservative in-
itial and boundary conditions, which could not provide precise evaluations of safety margins. As more exper-
imental data have become available and with advances in code development the practice has now moved

towards a more realistic approach together with the evaluation of uncertainties [25].



The so-called best estimate codes are able to provide more realistic information on the physical behavior
and identify the most relevant safety issues. Of these, human errors in the performance of desirable diagnosis
and response execution during an accident make a significant contribution to the risk. Since human errors can
be a large part of the overall risk, especially in low power and shutdown modes [26], it is important that Hu-
man Error Probability (HEP) be appropriately estimated for the purpose of Probability Safety Assessment
(PSA).

Human performance is highly dependent on the time available for the operator to completehis actions, and
the time available is calculated by the analysis of accident scenarios. Best estimate Thermal Hydraulic (TH)
codes make use of a plant specific model to determine the amount of time available to.the operator for his ac-
tion, i.e. Time Window (TW), ensuring that safety parameters are not exceeded [13]. A set of TH simulations
are run to obtain TWs in order to estimate HEPs through the apprapriate ‘htiman reliability analysis tech-

niques, as explained below.

2.2.2 Human Reliability Analysis: Human Error Probability'modeling

HRA is conducted as part of the PSA for an NPP to'determine how human performance affects the safety of
the plant in a structured approach to identify-potential Human Failure Events (HFEs) and to systematically es-
timate the probability of those errors-using:data, models, or expert judgment [27]. These probabilities are
known as Human Error Probabilities (HEPS).

Post-initiator HFEs are the human errors committed during actions performed in response to an accident in-
itiator. Each post-initiator HFE can be divided into two phases: the diagnosis and response execution phases.
The former recognizes,situations that require the operator’s intervention, including time to think it over and
take a decision, while the latter is when the action itself is performed. Accordingly, the total HEP for a post-
initiator HFE can be expressed as:

HEP = Py + (1 — P,)P, (1)
where Py is the diagnosis or cognitive error probability and Pe is the response execution error probability.
These error probabilities are estimated separately since they are affected by a different set of factors, e.g. time,
stress, etc. Nevertheless, the main steps of Py and P, quantification are related to the timing analysis, which is

based on the results of the best estimate TH analysis. Firstly, it is necessary to identify the Time Window



(TW) to perform the action, after which it 1s actually too late to take any action. This TW includes the time in-
terval to diagnose and make a decision as well as the time needed to perform the action. HEP can then be
quantified applying appropriate HRA methods.

There are a number of HRA methods, which have their own advantages and disadvantages, differ in the
levels of details and highlight different aspects of human actions [28,29]. Following the NRC reports related
to good practice in the field of HRA [30,31], two methods were selected in this study to quantify the HEP of
post-initiators HFESs: the Time Reliability Correlation, (TRC) [32] for the diagnosis phase and the Technique
for Human Error Rate Prediction (THERP) [33] for the execution phase. The selection of these methods is
based on the original Level 1 PSA adopted as reference, in which such human_actions are quantified in this
way. Both methods are briefly described below.

e The TRC method uses a lognormal distribution to calculate the probabilityof an operator successfully re-
sponding to a situation within a given time. This quantification system depends on primarily three factors:
available time, whether it is a rule-based action (procedural-actions) or a knowledge-based action (non-
procedural), and whether the possibility of hesitating exists-{34].

e THERP calculates the probability of the successful performance of the necessary activities for the comple-
tion of a task and involves a task analysisto.provide a description of the characteristics of the human tasks
being analyzed. The results are represented’graphically in an HRA event tree, which is a formal represen-
tation of the required action’sequence. THERP relies on a large human reliability database containing
HEPs, which is based uponboth plant data and expert judgments. It also takes into account the effect of
other Performance Shaping Factors (PSFs), e.g. training/experience, workload, stress, procedures, etc.,

which can be’identified by the experts.

2.2.3 Refined PSA model

The IAEA Safety Requirements entitled Safety of Nuclear Power Plants: Design IAEA Safety Standards Se-
ries No. SSR-2/1 [35] states that the safety assessment process includes the complementary techniques of de-

terministic safety analysis and probabilistic safety analysis. PSA Event Trees (ETs) and Fault Trees (FTs) are



defined based on expert judgment and analyzed in detail with deterministic plant simulations, e.g. thermal hy-

draulic and reactor physical transient accident analyses.

The capabilities of best estimate codes produce profitable results to search success criteria and to confirm
the appropriateness of the accident scenarios for a postulated Initiating Event (IE) of a PSA of NPP, so that it
is possible to improve the PSA models by combining probabilistic and deterministic safety analysis insights.
The approach proposed in this paper seeks to obtain the following improvements:

e Identify and characterize previously unknown vulnerable scenarios as well as possible inCompleteness,
over or false conservatism in existing PSA and DSA models. Best estimate TH codes could’be used to
evaluate the appropriateness of the accident scenarios pre-established by PSA«models, identifying and
characterizing unknown accident sequences and success criteria. These resultsiare reflected in the PSA
model that modifies branches and quantification of ETs and FTs.

e Model and quantify with better accuracy the HEP of human actions.\Best estimate TH simulations deter-
mine the amount of time available for the operator to perform=an action, i.e. time window. The results of
these calculations could be used to estimate the HEP morejrealistically through the appropriate HRA
methods. The new human error quantification.is included in the PSA as new probability values for the

corresponding Basic Event (BE) of the FT.

Both these aims lead to a refined PSA 'model, representing a more realistic risk model which could be used for

the risk assessment and analysis«described below.

2.3 Assessment of risk impact

Next, based on Fig.J/'risk assessment must be developed adopting the usual risk metrics for analyzing the

completion time changes in the literature [3].

RG 1.174 establishes that the PSA should be performed in a manner that is consistent with accepted practices
and also states that the quality of a PSA analysis can be measured in terms of its appropriateness with respect
to scope, level of detail and technical acceptability. RG 1.177 requires that the quality of the PSA must be
compatible with the safety implications of the Technical Specifications (TS) change being requested and the

role the PSA plays in justifying the change.



The original PSA modeling available should thus be refined if needed on the basis of the revision of the ca-
pability of the PSA for the particular application to the analysis of changes to completion times and the way
in which sources of uncertainty have to be addressed.

Basic risk measures applicable in evaluating the risk impact of CT changes are [3]: 1) Conditional risk giv-
en the limiting condition of operation, 2) Incremental conditional risk and 3) Yearly CT risk, which can be
formulated adopting the CDF as a baseline risk measure that can be derived by using a Level 1 PSA, respec-

tively as follows:

ICCDP,, = dy, - ACDF,, 3)
CDFy = f,, - ICCDP,, 4)

Eq. 2 represents the condition-specific risk, which is the increased(risk.when the equipment is down for
maintenance, CDF; [year™], as compared with the reduced risk. when the component is known not to be
down, CDF [year™], as compared both with the baseline risk;*6DF [year*]. Eq. 3 represents the incremental
conditional core damage probability (ICCDPy) [dimensionless], also known as single-event CT risk for the
downtime, dy [year], associated with one occurrence\ofithe CT. In Eq.4, CDFy [year‘Jrepresents the yearly
CT risk associated with the average yearly“frequency, fu [year'], of occurrences of the CT and the corre-
sponding ICCDP), for each one.

In general, RG 1.174 establishesitwo risk metrics for evaluating the risk impact of whatever change to the
licensing basis. These are the baseline risk, CDF, and the change in the baseline risk, ACDF, which can be
formulated as follows:

ACDF =/CDFy=CDF, (5)
where CDFyand CDF, are the baseline risk before and after the proposed change, respectively.

The following relationship applies as proposed in Ref. [10,11]:

CDF = CDF, + uy, - ACDFy = CDFy + CDFy, (6)
Note, the term CDFy is given by Eqg. 4. In addition, Eq. 5 can be re-written using Eq.6 as follows:

ACDF = (upq — up p) - ACDFy = Auy, - ACDFy @)

10



where Au,, = fM(dM,a — dM,b) represents the difference in the equipment unavailability contribution due to
detected downtimes before and after the CT change.

Specifically concerning TS, RG 1.177 establishes one more risk metric specific to CT changes for evaluat-
ing the risk impact associated with the revised CT, which refers to the single-event CT risk after the change,
i.e. ICCDPy, which can be derived directly using Eqg.3 with the revised downtime, dy.

RG 1.177 also provides a comment on the acceptance guidelines on the basis of this risk metric, which af-
fects the conditional risk, given the limiting condition of operation, i.e. ACDFy, formulated by Eq.2, and

therefore can be considered as the third risk metric of interest in analyzing the risk impact of CT changes.

2.4 Analysis of risk impact

Finally, risk analysis consists of the comparison of the results of the assessment of risk impact of the change
against acceptance goals including treatment of uncertainties [23]:

Adopting the previous risk metrics, the risk impact has to-he-quantified in such a way that uncertainties are
treated in the most appropriate way. This should include, identification of not only the usually sources of un-
certainty linked to PSA models and data but also.the sources of model and parameter uncertainties associated
with the assumptions in CT change.

Once the risk impact of the PSA model change has been assessed it must be compared against the numeric
guidelines given in RG 1.174 (see,Section 2.4 in RG 1.174). In addition, for CT changes, the risk impact
should also be compared with'the numerical guidelines in Section 2.4 in RG 1.177.

In particular, RG 1277 proposes adopting two acceptance guidelines for the evaluation of CT changes
when using a Level 1'PSA. The first, which is the same acceptance guideline proposed by RG 1.174 for eval-
uating whatever change to the licensing bases, uses the baseline CDF and ACDF. Thus, the numerical ac-
ceptance guidelines are given in RG 1.174 in terms of regions defined in the space of values {CDF, ACDF}
where the results of the impact on risk of a CT change are placed (see RG 1.174 for a more detailed descrip-
tion of such regions).

RG 1.177 establishes a second acceptance guideline specific for evaluating the risk associated with changes
to CT, dealing with the single-event CT risk metric assessed after the CT change. It establishes that the licen-

see has to demonstrate that the CT change only has a small quantitative impact on plant conditional risk. For

11



example, an ICCDP of less than 5.0E-07 1s considered small for a single CT change using a Level 1 PSA.
Linked to this second guideline, RG 1.177 establishes that the ICCDP contribution should be distributed in
time so that any increase in the associated conditional risk is small and within the normal operating back-
ground (risk fluctuations) of the plant. Clear indication is provided that ICCDP acceptance guideline of 5.0E-
07 is based upon the hypothetical situation in which the subject equipment at a representative plant is out for
five hours, causing the CDF of the plant, with an assumed baseline CDF of 1.0E-04 per reactor year, to con-
ditionally increase to 1.0E-03 per reactor year during the five-hour period. Based on the previous paragraph, it
seems that a conditional increase to 1.0E-03 per reactor year can be used as a reasonable acceptance guideline
for the third risk metric. Based on this second acceptance guideline in RG 1.177,.0ne ean outline two regions
in the space of values {CDF;, ICCDP} where the results of the impact on risk of a,CT change are placed. The

region of acceptable changes is located below the boundary point {1.0E-03, 5:0E-07}.
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3 CASE STUDY

This section shows the results of combining probabilistic and deterministic models in the evaluation of risk
impact of a Completion Time change of the Residual Heat Removal System (RHRS) of a typical PWR ac-
counting for the evaluation of human action changes through HRA. For sake of simplicity, a loss of the RHRS
during cool down operations in hot shutdown conditions (NPP Mode 4) is the only accident scenario being
presented in detail herein. The analysis of this sequence is framed within the low power and shutdown PSA of
a typical PWR.

The methodology proposed in Section 2 is used to assess and analyze the risk impact of the proposed
change based on a refined PSA modeling, which requires, previously, performing a deterministic analysis to
develop a more accurate model of the loss of RHRS accident scenario that accounts for an improved human
error probability quantification. In section 3.2, the refined model is.proposed departing from the original PSA
based model (section 3.2.1), which considers the results of thethermal-hydraulic analysis presented in section
3.2.2. Based on this TH analysis, the HEP is re-calculated and.presented in section 3.2.3. All previous results
help to build the refined model of the loss of RHRS accident scenario, which is presented is section 3.2.4. In
sections 3.3 and 3.4, the results of the assessment.and.analysis of the risk impact of completion time change

are presented using the new model.

3.1 System description and €T change proposal
The RHRS consists of twoa<independent, redundant mechanical subsystems, each of which receives electrical
power from one of-two separate and redundant electrical power trains. Each subsystem consists of one motor
pump, one heat exchanger, and the required piping, valves, and instrumentation. The primary function of the
RHRS is to remove the decay heat from the core and reduce the temperature of the Reactor Coolant System
(RCS) during plant cool down and refueling operations.

In hot shutdown conditions (NPP Mode 4), one train of the RHRS removes the residual heat from the core.
When the RHRS loses the operational train, the emergency procedures require checking the availability of the
redundant train, which is normally in standby. A human action (HA1) is required to start the redundant train

manually. If the standby train is not recovered, an alternative way of cooling the core is to use the initial water
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inventory of the Steam Generators (SGs) on the secondary, which are under wet conservation conditions.
However, the Auxiliary Feed Water System (AFWS) must start to prevent the SGs from drying out. A human
action (HA2) is required to start the AFWS pumps manually. If it is not possible to remove the heat by means
of Steam Generators, the “Feed and Bleed” (FB) function is required. Charge pumps feeding water can recov-
er the lost inventory and maintain the cooling down as the residual heat is evacuated through a pressurizer re-
lief valve or a RHRS safety valve. In this case, it is necessary to restore the refueling water storage tank
(RWST) to maintain the plant in stable conditions in the end.

The Technical Specifications of the original low power and shutdown PSA established that RHRS can be
inoperable only for 1 hour, i.e. a Completion Time of 1 hour when it operates.in cold shutdown conditions
(Mode 4). The limiting conditions for operation specifically state that RHRS pumps.can be de-energized for a

time of one hour. The CT change proposed consists of extending the current CTfrom 1 to 24 h.

3.2 Modeling of risk impact
3.2.1 Original PSA model

The low power and shutdown PSA Level 1 of a typical PWRis used as a reference model. The original event
tree for a loss of one RHRS train with the NPP in_ Made 4 includes the next three safety functions, as shown
in Fig. 2.

The first safety function, E1, stateSthat the SG is an alternative way of evacuating residual heat. Conserva-
tively, it refers to only two SGs;.Whose inventory must be recovered through AFWS motor pumps.

The second function, F4, deals with manual FB operation and consists of manual feed and bleed with a
charging pump and gravity feed RWST.

The third function,  TA1, refills the RWST. The water inventory must be maintained through the charging

pump RWST toensure that the residual heat is removed from the reactor core.

14
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Fig. 2 Original model of the loss of the' RHRS event tree

Therefore, in the original low power and shutdown PSA 'model, the possibility of recovering the RHRS
train in service is not taken into account, i.e. HA%uis \not accounted for. It is assumed that the core power at
that moment of the loss of the operational'RHRS train is high enough and the temperature threshold to start
the standby RHRS train is soon exceeded, not leaving any time available for the operator to start the redun-

dant RHRS train. So that, it is not given credit to HAL.

3.2.2 Deterministic.model
A typical 3-loop PWR NPP has been modeled for TRACE code and run with version V5.0 Patch 4 [36], using
the SNAP suite to simulate the accident sequences shown in Fig.2. The TH model of the RHRS developed is
linked with the primary system, which is described in detail in Ref.[37].

This TH model is used to study the time window available for the operator to perform HAL to start the

standby RHRS train along the transient evolution, where a set of TH simulations are run considering uncer-

tainty of TH parameters.

15



For example, one of the most important parameters involves the time at which the 1E occurs once the plant

has entered the low power operational mode. Fig. 3 considers the IE may occur randomly in the interval rang-

ing from 100s after the beginning of hot shutdown conditions until 2000s. This period represents approxi-

mately the boundary between hot shutdown (Mode 4) and cold shutdown (Mode 5) conditions, with the plant

in a normal cool down. Fig. 3 shows the evolution of RCS temperature (Trcs) during the accident sequence

for several simulations considering the first accidental sequence in Fig.2, where SGs act as alternative way of

cooling the core. The evolution of the transient suggests the possibility of starting the standby RHRS train just

after the IE occurrence, as there is enough time since the operating RHRS train is lostauntil the' RCS tempera-

ture increases above the threshold (Tjmi) to allow starting the standby RHRS train through HAL. It is also

possible to recover the RHRS later, as soon as operating conditions permit depending on the role played by

the SGs as described in the following.
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Fig. 3. TH simulations for the loss of RHRS sequence
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Fig. 4 shows one simulation of the IE occurrence after 1000s and clearly shows the existence of the following

time windows (TWs) along the accident sequence evolution.
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First, unlike the original PSA model, it'is possible to start the standby RHRS train just after the operating
RHRS train is lost. The available time for performing HA1 is enough to allow removing residual heat from
the RCS by means of the redundant standby RHRS train. The time available for performing HA1 is TW1.

Second, after the temperature has increased above Tjimit, the heat is removed alternatively by means of SGs,
which are kept under wet conservation conditions. However, AFWS motor pumps must be started manually
by mean of HA2 to avoid SGs drying out, as established in the original PSA model. The time available for
performing this HA2 is TW2.

Third, SGs allows reducing the RCS temperature below Tiimit, Which allows the standby RHRS train to be

started though human action HA3. The time available for performing this HA3 is.TW3.
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Fig. 4. Time windows available during loss of RHRS sequence
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Therefore, the TH model i1s used to study not only the time window available for the operator to perform
HAZ1 to start the standby RHRS train along the transient evolution, but also to study the time windows availa-
ble for the operators to perform HA2 and HA3. A set of TH simulations are run considering uncertainty of TH
parameters. This way, the Monte Carlo method is used adopting Latin Hypercube sampling and sample size

1000 to obtain samples of the time windows TW1, TW2 and TWa3.

3.2.3 HEP quantification
Once the different time windows have been determined through TH simulations, the“corresponding HEPs
must be evaluated for each time window using the corresponding values of TW1, TW2 and TW3. The rela-
tionship between the human actions involved in this sequence, the TWs extracted from TH simulations and
human errors are the following:
- Failure of the operator to perform HAL to start the standby RHRStrain in TW1, named FORHRS_W2
- Failure of the operator to perform HA2 to start the standby-RHRS train in TW3, named FORHRS_E1

- Failure of the operator to perform HAS3 to start the AEWS motor pumps in TW2, named FOAFWS_E1

Quantification of HEP depends on P4 and P as’'shown in Eg.1 in section 2.2.2. For the diagnosis phase, Py is
calculated with the TRC method for eachhuman error FORHRS_ W2, FOAFWS_E1 and FORHRS_E1 con-
sidering the corresponding time window available TW1, TW2 and TWa3, respectively. The data of response
time correlation versus probability of the Ref. [32] (Figure 6-1) are used considering rule-based actions and
without hesitancy. This Pg probability reflects the failure probability of a wrong diagnosis in each TW. For
the execution phase,/the exeeution probability (Pe) is quantified by the THERP method. Each human action
HA associated to each TW is divided and listed into human simple tasks required to perform successfully the
correspondingraction. Then, the failure probability of these simple tasks is estimated using Tables 20 of Ref.
[33]. Operational stress is considered in this work to appear as a shaping factor in calculating Pe. High stress
levels with routine or procedurally guided tasks were assumed initially, considering that the operator has a
very short time to successfully perform all the tasks (see Table 17-1 of Ref.[33]). In the original situation, for
human action HA1 and HA3 the operators have 1 hour at the maximum to perform these actions no matter the
TW1 or TW3 available, because of the current technical specifications establish that RHRS can be inoperable
just for 1 hour, i.e. a completion time of 1 hour is stablished by technical specifications.
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Table 1 gives the results obtained through human reliability analysis. This table shown both two contribu-
tions, diagnosis probability (Pg) and response execution probability (Pe), as the total HEP, calculated using
Eq.1, for each time window. These human error probabilities are characterized by the mean values as well as
for the standard deviations of a log-normal distribution, which have been obtained by Monte Carlo simulation
using Latin hypercube sampling. HEP obtained is included in the low power and shutdown PSA refined mod-

el.

Table 1. HEP obtained for each time window

Pd Pe HEP

Time . Standard Standard Standard
. Basic Event Mean L Mean L Mean L
window deviation deviation deviation

TW1 FORHRS "W2  6.937E-03 2.933E-04 1.004E-02 6.145E-04 " 1.695E-02 1.751E-03
TW 2 FOAFWS _E1  4.914E-06 1.472E-10 1.598E-03 1.556E-05 ; 1.603E-03 1.566E-05
TW 3 FORHRS _E1 4.159E-05 1.054E-08 1.004E-02 6.145E-04" 1.008E-02 6.196E-04

3.2.4 Refined PSA model

As a result of DSA (TH simulations) and HEP quantification, 1t is necessary to introduce some modifications
to the event tree corresponding to the loss of one'train of the RHRS in the original full power and shutdown
PSA available.

First, in the original low power and shutdown PSA model, the possibility of starting the standby RHRS
train was not considered. It was assumed Timit IS soon exceeded, not leaving any time for the operator to re-
start the standby RHRS train. However, the TH simulations give credit to the possibility of starting the redun-
dant train, it is to say'HA1, but however with the possibility of human error FORHRS _W?2 too. A new head-
er, W2*, has been therefore added, plus a new sequence on the event tree which leads the plant to a safe state.
Table 1 shows'the HEP value for FORHRS _W?2.

Second, TH simulations show it is possible to recover the availability of the redundant RHRS train later on
in the transient evolution when the RCS temperature drops below Tjimit. This is possible as a consequence that
initial water inventory of the SGs kept under wet conditions allows it. Then, two options exist instead of just
one to complete the E1 safety function, i.e. either starting AFWS motor pumps though HA2 or starting the
RHRS train in standby now available through HA3. The new header is named E1*. Table 1 shows the HEP
values for both human actions HA2 and HA3, i.e. FOAFWS _E1 and FORHRS _E1 respectively.
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Fig. 5 shows the refined RHRS event tree considering the new header W2* and the updated header E1*.
The E1* fault tree replaces the original E1 fault tree available, (see Fig. 6). These changes, together with the

modified HEPs of the human actions mentioned in the previous section define the refined PSA model.
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Fig. 5. Refined model of the loss-0f the RHRS Event Tree
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3.3 " Assessment of the impact on human reliability and risk of the CT change

The CT change proposed in this work consists of extending the current completion time from 1 to 24 h for
the RHRS under low power and shutdown conditions. This change implies that operators would have more
time to perform the actions so that the stress level would decrease, what concerns the execution part of human
action. HEP shown in Table 1 are thus reevaluated to account for the new allowed outage time. HEP and their
components are calculated as explained in section 3.2.3 considering some modifications. Thus, the change on-
ly affects the response execution error probability, Pe, of human actions performed in the/RHRS, i.e. HA1 and
HAZ3. In particular, P is recalculated considering very low stress level (See Table 17<1 of Ref. [33]). The
change does not affect the diagnostic error probability, Pgy, since time windows . TW1 and TW3 are lower than
one hour, therefore extending from 1 to 24 hours has not impact in the human diagnosis. The results of HEP
quantification after the proposed change are shown in Table 2. Note that HEPs are characterized by their

mean values as well as by the standard deviation of a log-normal distribution.

Table 2. HEP obtained for ®ach time window after CT change

P4 P, HEP AHEP
T|_me Basic Event Mean Star_1de_1rd Mean Star_1dz_ird Mean Star_ldz_ird (%0)
window deviation deviation deviation

TW1 FORHRS _W2 6.937E-03"2.933E-04 2.008E-03 2.458E-05 8.940E-03 4.871E-04 -89.6%
TW2 FOAFWS _El1 4.914E-061.472E-10 1.598E-03 1.556E-05 1.603E-03 1.566E-05 0.0%
TW3 FORHRS _E1 4.159E-05 1/054E-08 2.008E-03 2.458E-05 2.050E-03 2.561E-05 -391.7%

In Table 2, column 9 shows the 4HEP, which measures the rise or fall in the value of HEP calculated in Table
1. The results show that the HEP of HA1 and HA3 were considerably reduced after the CT change.

Once the new HEP,have been derived for each human action considered, the refined low power and shut-
down PSA Level is used to calculate the appropriate risk, i.e. CDF; and CDF basic risk measures, which
allow quantifying the conditional risk metric, ACDFy, using Eqg. 2.

CT was adopted instead of the mean downtime for maintenance dy to quantify the second risk metric, i.e.
the single-event CT risk given by Eq. 3, i.e. ICCDPy.

The frequency of entering LCO was estimated using maintenance data available from a real NPP, i.e. fy =
0.00137 years™. Note that this parameter is required to quantify the yearly CT risk, CDF, using Eq. 3, and

thus also quantifying the third risk metric, i.e. ACDF given by Eq. 7.
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Table 3 gives the results of CDF; and ICCDP), risk metrics before and after the change. Table 4 contains

the results of CDF and 4CDF risk metrics including not only mean values but also percentiles.

Table 3. Impact of the CT change in CDF; and ICCDPy,

Study CDF; (year™) ICCDPy (-)
5% 95% 5% 95%
Mean . . Mean . .
percentile percentile percentile percentile

Refined PSA model [CT=1h] 1.18E-05 5.20E-06 2.33E-05 3.76E-10 1.67E-10 7.65E-10
Refined PSA model [CT=24h] 1.12E-05 5.07E-06 2.21E-05 8.88E-09 3.89E-09/1.84E-08

Table 4. Impact of the CT change in ACDF

Study CDF (year™) ACDF (-)
5% 95% 5% 95%
Mean . . Mean . .
percentile percentile percentile percentile

Refined PSA model [CT from

8.59E-06 3.83E-06 1.57E-05 “l#d7E-11 5.10E-12 2.41E-11
110 24 h]

3.4 Acceptance of Risk Impact
This section compares the results shown in the previous section‘with the acceptance criteria established in RG
1.174 and RG 1.177.

First, the couple {CDF, ACDF} has to besplaced”in the corresponding decision region linked to the first
acceptance criterion in RG 1.174. The numerical acceptance guidelines given in RG 1.174, and also in RG
1.177, in terms of regions defined‘in the space of values {CDF, ACDF}, are used to compare the results of the
impact on risk of the Completion Time change, including the reevaluation of HEPs, (see Fig. 7). According to
RG 1.174, because of the way the acceptance guidelines were developed, the appropriate numerical measures
to use in comparing the PRA results with the acceptance guidelines are mean values, which refer to the means
of the probability*distributions that result from the propagation of the uncertainties on the input parameters
and the model uncertainties explicitly represented in the model (middle point for each set in Fig. 7). The re-
sults before and after the CT change, including the reevaluation of HEPs, confirm that the guidelines are still
met, even under the alternative assumptions, i.e. change remains in the appropriate region including not only

mean values but also percentiles, as seen in Fig. 7.
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Couples {CDF,, ICCDPy} are also compared against the second acceptance criterion established in RG

1.177 (see Fig. 8). The results of the completion time change, including the reevaluation of HEPs, remain in

the appropriate region and include not only mean values but also percentiles, as seen in Fig. 8.
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4 CONCLUDING REMARKS

This paper proposes a three-step approdach for evaluation of the risk impact of changes to the licensing basis,
especially on analyzing changes to.completion times within NPP technical specifications, using a low power
and shutdown Level 1 PSA;refined through DSA and HRA. This approach to evaluating the risk impact in-
volves the appropriate treatment and analysis of the risk impact of model and parameter uncertainties and fo-
cuses on improvements to-risk modeling, highlighting the improvements derived from combining determinis-
tic and probabilistic.approaches, together with HRA. Best estimate thermal hydraulic simulations are used not
only to give credit to unknown false conservatism scenarios, but also to contribute to more accurate quantifi-
cation of the HEPs, obtaining the TWs available for the operators to perform an human actions.

A case study is described focusing on a Completion Time change of the residual heat removal system of a
PWR in low power and shutdown conditions. The couple {CDF, ACDF} is compared against the acceptance
criterion established in RG 1.174 for evaluating the risk impact of whatever change to the licensing basis. The

CT change can be considered acceptable from a risk point of view. In the same way couples {CDF;, ICCDP}
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are compared against the second acceptance criterion established in RG 1.177. The reevaluation of HEPs, tak-
ing into account operator stress as a PSF, shows a drop in CDF;, which is consistent with lower HEP mean
values. In contrast, the increased CT indicates a higher ICCDP, although the risk from the proposed change,
i.e. CT change from 1h to 24h, remains acceptable.

It can therefore be concluded that the joint use of best estimate codes and HRA methods could be useful
for evaluating the risk impact of changes to CT within NPP TS, while being consistent with the principles of
the risk-informed decision making proposed by the regulatory bodies and addressing both model and parame-

ter uncertainties.
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