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1. Introduction

1.1 Motivation
» What is human reliability analysis (HRA)?

* A method for evaluating human errors and providing human error probabilities for

}Q HERA Lab.

Human Engineeing & Risk Analysis

application in Probabilistic safety assessment (PSA)

» The main purpose of HRA in the context of the PSA is to identify, analyze and quantify all

human failure events (HFEs) represented in the logic structure of the PSA, before and during

the accident, which contributes to plant risk as defined in the PSA.
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1. Introduction #2 HERALab

1.1 Motivation

» Challenges of HRA
» The field of HRA has been considered as one of the areas with high uncertainty in the PSA,

because it has several challenges;

1) data scarcity for predicting human behavior

2) limited representation of the cognitive aspects of human performance,

3) Significant differences in HRA results from different HRA analysts with the same

method

« Up to date, there has not been an universally accepted or unified HRA method for the
estimation of HEPs.
— Only a few HRA methods, such as Technique for human error-rate prediction (THERP),
Accident sequence evaluation program (ASEP), Human cognitive reliability (HCR),
Cause based decision tree (CBDT), and Standardized plant analysis risk HRA (SPAR-H)
have been applied in different industries, plants, and units.
» Korea - THERP, ASEP and K-HRA
» U.S. > THERP ASEP, CBDT, HCR, and SPAR-H



1. Introduction HERALab

1.1 Motivation
» Comparison studies for HRA methods

 Evaluation of various HRA methods regarding the respective strengths, limitations, and

quantification characteristics
— NUREG-1842, “Evaluation of human reliability analysis methods against good practices”, U.S. NRC, 2006.

— NEA/CSNI/R(2015)1, “Establishing the appropriate attributes in current human reliability assessment
techniques for nuclear safety”, OECD/NEA, 2015.

 Studies with comparison of human error probabilities on the selected HRA methods

Mohammadfam, I., M. Hogenboom, I. and A.S.
. . Heo, E.M., et al.
Movafagh, and S. Bashirian Kristensen

Objective Selection of the most suitable method for application to different fields
Approach Comparison of HEPs

Application field Nursing practice Sluice complex Small Modular Reactor
HRA methods CREAM and SPAR-H THERP, CREAM and SPAR-H THERP and NARA

- Even though most HRA methods have been developed for use in the nuclear field, only a
few comparison studies of human error probabilities were conducted on the events in NPPs.
- Existing researches may not explicitly provide why the human error probabilities estimated

from different HRA methods are different and what makes them different.
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1.2 Objective

» Purpose of this presentation

* A comparison of human reliability analysis methods for post-initiators
— Comparing the HEPs of HRA methods based on events in NPPs (Post-initiators)
— Understanding how the quantification approaches are different depending on HRA methods

X Post-initiators : Actions in response to disturbance by operators after an initiating event

p Contents

A comparison of

Selection of 4 HRA Performance of HRA PISTRRT "
methods :> on 7 HFEs HEPSr:e)’t;%légHRA Findings

» ASEP « 7 HFEs stand for main » Diagnosis HEPs

« CBDT/HCR+THERP post-initiators in » Execution HEPs

+ SPAR-H OPR1000 type of NPPs. « Final HEPs

« K-HRA * No recovery factor

and dependency

between HFEs
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2. HRA methods /2 HERA Lab. gz5y.
s

2.1 Calculation of HEPs in general HRA methods

|

Diagnosis 2, HEP,iugnosis = Basic HEPgiqgnosis X Adjustment by PSFs
Success +
Execution Failure HEPexecution = Basic HEPexecution X AdjuStment by PSFs
l [
Final Human Error Probability
Success

X Performance Shaping Factor (PSF): any factor that influences human performance

such as experience, workload, task complexity, etc.



2. HRA methods HERALab

2.2 HRA methods
» Introduction to selected HRA methods

_ ASEP CBDT/HCR+THERP SPAR-H K-HRA

. EPRI (EPRI TR-100259)
Institute U.S. NRC U.S. NRC KAERI
and U.S. NRC
(Document) (NUREG/CR-4772) (NUREG/CR-6883) (KAERI/TR-2961/2005)
(NUREG-1278)

o ) o » Easy to use
L. + Simplified version of « Commination of CBDT, + Based on THERP and
Characteristics « Employs a beta
THERP HCR and THERP o ASEP method
distribution

* Widely applied method -« Widely used for <« The most recently <« The most likely HRA

Reason for o . '
| at the beginning of domestic NPPs (applied developed HRA method method for subsequent
selection : . .
domestic NPPs for Barakah NPPs) by U.S. NRC utility use in Korea
No| PSA mA|Y PSAdZ | 2371 [ 1A ER T
b . .
2 » ASEP: Accident sequence evaluation program
1 12]34 9 +X49A PSA KOPEC 1992 HCR/THERP
9312 « CBDT/HCR+THERP: Cause based decision tree method / Human

2 3434 H7AYA PSA | KAERI 1993 ASEP/THERP
3| 93234 | 7AYA PSA | KAERI 1997 ASEP/THERP cognitive reliability + Technique for human error rate prediction
a 2734 HM7AYA PSA | KAERI 1997 ASEP/THERP
5 KNGR HAYH PSA | KOPEC [ 1999 THERP « SPAR-H: Standard Plant Analysis Risk HRA
6 35,6 BAYLHE PSA KAERI 2001 ASEP/THERP
7| 9¥56 | 2AYA Psa | KAERI [ 2001 THERP + K-HRA: Korean standard HRA

(CREES))
8 2%5,6 BAYLHE PSA KEPRI 2002 ASEP/THERP

10
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2.2 HRA methods

» Quantification approach (Diagnosis HEPs)

- ASEP CBDT/HCR+THERP (CBDT/HCR) SPAR-H K-HRA

+ Using CBDT and HCR + Basic diagnosis HEP : 1.0E-2
+ Estimating HEPs by + HCR (by HCR time curve) and » 8 SPAR-H PSFs + Estimating basic
Diagnosis THERP time curve CBDT (by 8 error mechanisms with  « Estimation of HEPs HEPs by THERP
HEPs (i.e., time reliability decision trees on the basis of PSFs) ., _ BHEP,ﬁPSqum.pﬁen curve, then adjusting
correlation curve) * Determination of final HEP as the o BHE;-r[?PSF multiplier, it by 5 K-HRA PSFs
higher value BHEP - [5(PSF multiplier; — 1) + 1

T TTTTT

SPAR-H SPAR-H

1 T T TTTT IJ\ T T T TTTTT I T
= \\ PSFs SPAR-H PSF Levels Multipliers
1 \\ ungn BOUND, Available Inadequate Time P(failure) = 1.0
) JOINT HEP .
\\/ . ) Time Time available = time 10
\ Ind. Avail | CR Ind. | Warn/Alt. | Training required
01 '~ in CR Accurate | in Proc. on Ind. Ped o
Ay Nominal time 1
0014 [ (a) Neg. Time available > 5 x 1
: MEDIAN time required
C JOINT HEP -- (b) MNeg.

Time available > 50 x 0.01

(c) Neg. time required
Yes : (d) .0015 Stress/ Extreme 5

.0001

\
LOWER BOUND, —~ \\

Pr [F] DIAGNOSIS WITHIN TIME T

00001 JOINT HEP \ —_— (e) .05 Stressors High 2
\"--_.,____-5- ‘NO —: (F} .5

.000001 S~———_ (@) . Nominal 1
Ll Lol L1 ol - ici Complexity Highly complex 5
0000001 . o o 1000 < DeCISI(?n tr’eel on error Moderately complex ;
o TIME T IN MINUTES AFTER A COMPELLING mechanism ‘a’ (CBDT)> Nominal !

SIGNAL OF AN ABNORMAL SITUATION | f SPAR-H PSFs PSE
<Time reliability correlation curve (THERP)> FEampigig I 3§

levels, and multiplers>
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2.2 HRA methods

» Quantification approach (Execution HEPs)

- ASEP CBDT/HCR+THERP (THERP) SPAR-H K-HRA

Using THERP
* Decomposing operator’s « Decomposing operator's task + Basic execution HEP : )
) i * Decomposing
task  Selecting basic HEPs of sub- 1.0E-3
o operator’s task
. + Estimating HEPs of sub- tasks based on THERP data » 8 SPAR-H PSFs -
Execution o o * Estimating HEPs of
tasks based on stress level « Multiplying PSFs (stress level, + Estimation of HEPs
HEPs 8 sub-tasks based on
and task type PSFs task type and operator HEP =BHEP.HPSFWWM
) . . stress level and task
« Summation of all the experience) BHEP - T[8 PSF multiplier;
HEP = piip. [T8(PSF multiplier; — 1) + 1 type

estimated HEPs of sub-tasks Summation of all the

estimated HEPs of sub-tasks

HEPsub-task 1 (or Basic HEP sub-task 1< PSF m@d}'ﬁc’]‘mb—!mk 1)

| No. | Tasktype | Stresslevel | _HEPs

HEPsub-task 2 (o1 Basic HEPsub-task 2% PSF modifiersub-rask 2) 1 Step—by—step Model"ately hlgh 0.02
© 2 Dynamic Moderately high 0.05
O O
@) O .
3 Step-by-Step Extremely high 0.05
~ Execution HEP = Z HEPsup—task i 4 Dynamic Extremely high 0.25

<Decomposition approach> <An example of HEPs for sub-tasks (ASEP)>
12
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3. Selected human failure e

» 7 HFEs

+ Reflecting conditions with time and PSF condition

R

HERA Lab.

Human Engineeing & Risk Analysis

Time condition: Extensive time, nominal time, urgent time and extremely urgent time
(assumed from THERP and K-HRA)

PSF condition: Favorable and unfavorable

« Standing for main post-initiators in OPR1000 type of NPPs

Time Availabl PSFs
HFE condition PSF Descrioti Location - . t.val af © . o B d Decisi
. (Available condition escription (Actor) cenarios IT: kor Stress -Ferle.nce/ a:‘. . rolce Iure beazlon
time for task) s| raining | complexity evel urden
Operator fails to isolate ADVs of Moderatel
1 . Favorable | o o o) a1e TO ORI AERE O vcr SGTR ceeratey Nominal
Extensive time faulted SG. high
>60 Operator fails t rf F&B Moderatel
2 (>60) Unfavorable pera -or a|-s -o pertorm MCR Transient © t-ara ey Low High Nominal High
operation within 2.5 hr (Late). high
0] tor fails to start AAC DG- Moderatel
3 i Favorable | o oo lae T Star MCR LOOP 60 ceeratey Nominal
Nominal time 01E and connect to 4.16KV bus. high
(>30 and Operator fail to manually open
4 <=60) Unfavorable JADVs in local (with local hand LOCAL | Transient 60 Low High Low High
pump).
0] tor fails t te SIAS
5 . Favorable | Do oror Talls to generate MCR | MBLOCA 20 Nominal Nominal
Urgent time manually in the Medium LOCA.
(>10 and Operator fails to initiate RCS
6 <=30) Unfavorable |agressive cooldown and MCR SBLOCA 23 Low High Low High
depressurization for LPSI within
Ext |
5 X retr'r:t.ey Unf bl Operator fails to perform F&B MCR ATWS L Hih Nominal Hiah
urgent time nfavorable ow i omina i
gi 0 operation within 10 min (ATWS). - :
<=

14
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4. Comparison of HRA

4.1 Comparison of diagnosis HEPs
» Results of HRAs on 7 HFEs

Fav. Unfav. Fav. Unfav. Fav. Unfav. Unfaw.

Extensive Extensive Nominal Nominal Urgent Urgent ~Extremely
time time time time me time nt
(HFE1) (HFE2) (HFE3) (HFEM4 (HFE S) AHFE 6) ime

1.00E-01 e (HFE 7)

1.00E-02
—d— ASEP
=o—CBDT/HCR
SPAR-H

1.00E-03 /t" CHRA

1.00E+00

[Human error probabilities]

1.00E-04

1.00E-05
[Available time for task]

Available time — Available time
increase decrease

16
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LOOE+00
Extensive Extensive Nominal Nominal  Urgent nt Extvemely
m'ur v

4.1 Comparison of diagnosis HEPs mERREEE

L L /‘7_
> FI nd I ng # 1 HOE02 //.\N,///// —*—AﬁEP.
« CBDT/HCR has a tendency to make relatively higher </

SPAR-H

1.00E-03 K-HRA

'/

(Human error probabilities]

LOOE-04

diagnosis HEPs.

1.O0E-05
[Available time for task]

Available time — Available time
i decrease

HEPs by CBDT (dominant to PSFs)

ASEP CBDNCRJrTHERP
HFE No.

Available time HEP CBDT HC Determined HEP

HEP by increase
C B DT/H C R HFE 1 2.40E-04 3.30E-03 2.00E-07 §§ 3.30E-03 | CBDT

HFE 2 4 50E-04 1.90E-02 1.30E-06 }| 1.90E-02 | CBDT
Not dominant Dominant to
H . HFE 3 1.10E-03 3.30E-03 2.40E-03 | 3.30E-03 | CBDT
to time time
|
HFE 4 1.70E-03 5.90E-02 1.10E-01 §}f 1.10E-01 HCR

H E P by C B DT H E P by H c R HFE 5 3.20E-02 3.00E-03 4.60E-01 §f 460E-01 | HCR

HFE 6 2.70E-02 5.90E-02 4.60E-01 §f 460E-01 | HCR

Dominant to PSFs Dominant to time

HFE 7 4.00E-01 1.90E-02 3.50E-01 § 3.50E-01 | HCR

Available time

d HEPs by HCR (dominant to time)
ecrease

17
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4. Comparison of HRA

LOOE+00

4.1 Comparison of diagnosis HEPs Ty f
» Finding #2

A
LOGE-02 N 4
—i—ASEP
// e CBDT/HCR

SPAR-H

(Human error probabilities]

* When available time for diagnosis is over 40min, [ ]
.
diagnosis HEPs by HCR curve decrease more steeply
than TH ERP curve. 1O0E-08 [Available time for task]

Available time — Available time
increase

decrease

« ASEP + HCR in (T/Tlfz)
— THERP curve — HCR curve p, =Prob (T >T)=1 - ——
» Available time for diagnosis > Available time for diagnosis (T)
L N LA LA B R AR » Median response time (T1/2)

N\,

- N I . . .
UPPER BOUND,
w A N\ e v » Standard deviation according to diagnosis type 1, 2 & 3
= X
E 01 . suggested by HCR Lognormal PUR  HI Tups CP3
£ ~
= .001 Msm;;“--..____ N
% "~ JOINT HEP T=~ 3
e 0001 .
] \ 3 I
= LOWER BOUND, ™ % g
o 00001 JOINT HEP \ 0.1 L -
™ - e |
[ S~ E Y
& .000001 S——— §
H |
0000001 Lol Lol IR o1l
1 10 100 1000 [ ]
o
To TIME T IN MINUTES AFTER A COMPELLING -z
SIGNAL OF AN ABNORMAL SITUATION
1E-3, L
8.1 1 19

Normalized Time
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4. Comparison of HRA

LOOE+00

4.1 Comparison of diagnosis HEPs Ty f
» Finding #2

A
LOGE-02 N 4
—i—ASEP
// e CBDT/HCR

SPAR-H

(Human error probabilities]

« When available time for diagnosis is over 40min, [ ]
A
diagnosis HEPs by HCR curve decrease more steeply
tha n TH E RP curve. 1O0E-08 [Available time for task]
Available time — Available time
increase decrease
l 40min 1 40min

1.00E+00 1.00E+00
g 1.00E-01 40 60 80 100 200 300 400 500 1000 2000 3000 g 100E-00 2040 60 80 100 200 300 400 500 1000 2000 3000
O 1.00£02 Q 1.00e-02
E. 1.00E-03 \ E, 1.00E-03
— 1.00E-04 ' L1OOE-04 —
o —
= i.ggi-g: Z  1.00E-05
B . x -
£ 100507 ——THERP curve 5 1OD0E-06 ——THERP curve
E 1.00E-08 ———HCR curve (Type 1) If 1.00E-07 ——HCR curve (Type 1)
5 & 1.00E-08
5 1.00E-09 HCR curve (Type 2) = HCR curve (Type 2)
§ 1.00E-10 HCR curve (Type 3) g 00809
£ 1.00E-11 yp E 100e-10 HCR curve (Type 3)
£ 1.00e-12 £ 1.00E-11

1.00E-13 H 1.00E-12 .

100514 * Meqlan.resp.onse LO0E-13 * Median response

1.00E-15 time: 5min 1.00E-14 time: 20min

1.00E-16 1.00E-15

[Available time for diagnosis] [Available time for diagnosis]
Available time for Available time for Available time for Available time for
diagnosis decrease diagnosis increase diagnosis decrease diagnosis increase

19
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4. Comparison of HRA

LODE+00
Extensive Extensive Nominal Nominal Urgent U Irylll Exteemely

4.1 Comparison of diagnosis HEPs S N
» Finding #3 X/

—d— ASEP
—+—CBDT/HCR

« Diagnosis HEPs of K-HRA, SPAR-H and CBDT are

sensitive to the PSF condition, while ASEP and

HCR are not sensitive to it.

« Not-sensitive HRA methods to PSF condition
— ASEP and HCR

LOOE-03

(Human error probabilities]

LOOE-04

LOOE-05

Available time
increase

LOGE-02
,_/A/

[Available time for task]

» Sensitive HRA methods to PSF condition
— CBDT, SPAR-H and K-HRA

SPAR-H
K-HRA

— Available time
decrease

Time condition | PSF condition | HFE No. ASEP HCR Time condition | PSF condition | HFE No. CBDT SPAR-H | K-HRA
Extensive time Favorable [ HFE 1 2.40E-04 2.00E-07 o Favorable | HFE1 | 330E-03 | 5.00E-05 | 2.16E-05 HEPl
] Extensive time
(+60) L (>60)
Unfavorable | HFE 2 4.50E-04 1.30E-06 Q Unfavorable | HFE 2 1.90E-02 | 4.00E-03 | 450E-03 | HEP
o
(7]
Nominal time Favorable | HFE 3 1.108-03 2.408-03 @ o Favorable | HFE3 | 3.30E-03 | 5.00E-05 | 9.90E-05 | HEP
d 50) T Nominal time
(=30 and <= m (>30 and <=60)
Unfavorable | HFE 4 1.708-03 1.10e-01 py Unfavorable | HFE 4 5.90E-02 | 3.40E-01 | 8.50E-02 HEPt
, Favorable | HFES 3.20E-02 4.60E-01 = . ) )
Urgent time g Urgent time Favorable | HFES 3.00E-03 | 1.30E-02 | 2.88E-03 HEPl
>10 and <=30 o 10 and <=30
( )| unfavorable | HFE 2.70E-02 4.60E-01 o (Z10and <=30) 1 favorable | HFE 6 5.90E-02 | 830E-01 | 1.00E+00 HEPf
Extremely urgent Extremely urgent
time Unfavorable | HFE 7 4.00E-01 3.50E-01 time Unfavorable | HFE 7 1.90E-02 | 5.10E-01 | 1.00E+00 HEPT
(<=10) (<=10)

20
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4. Comparison of HRA

4.2 Comparison of execution HEPs

» Results of HRAs on 7 HFEs
e ASEP > K-HRA > THERP > SPAR-H

Fav. Unfav. Fav. Unfav. Fav. Unfav. Unfav.

1.00.E+00
Extensive Extensive Nominal Nominal TUrgent U
time time time time time

({FE1) (HFE2) (HFE3) 4) (HFES)

ent ~Extremely
me  urgent time

FE6) (HFE7)

L.00.E-01
<
2 1.00.E-02
2 —i—ASEP
& —~o—THERP
e
g SPARH
= 100E-.03 KHRA
B
=
=

1.00.E-04

L.00.E-05

[Available time for task]

Available time — Available time
increase decrease
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4. Comparison of HRA : #<2 HERA Lab.

1.00.E+00

Extensive Extensive Nominal Nominal Urgent  Urgent —Extremely
Jome urgent tme

4.2 Comparison of execution HEPs  EEEREEE
@

» Finding #4 o
.. ) @ " evann
« ASEP, THERP and K-HRA have similar pattern of oz
= The number of
execution HEPs. However, these assume different basic ubtaske
HEPs, PSF levels and values on sub-tasks. rvaiaie e for k]
el e o I

« Common point
— Based on THERP method

— Same approach to estimating execution HEPs

HEPsub-task 1 (or Basic HEPsub-task 1% PSF mOd}'ﬁ{,’]'sub-!mk 1)

HEPsub-task 2 (or Basic HEP sub-task 2% PSE m@d{ﬁ(}]'sub-lmk 2)

(Decomposition approach: Task = sub-tasks) o g
O O

~ Execution HEP = Z HEPs,p_task i
Condition with same PSF levels Different number of sub-tasks

ASEP THERP K-HRA
The number
HFE No. | Task type | Stress level Adjusted PSF Adjusted Adjusted
SHSRARES | IFE HEP oHEP lipli HEP BHEP HEP
ASEP L THERP K{HRA
Moderately
HFE 1 Step high 1 2.00.E-02 § 2.00.E-02 § 1.70E-03 2 3.40.E-03 1.00.E-02 1.00.E-02
9
Moderately,
HFE 3 Step high 2.00.E-02 § 4.00.E-02 | 1.70E-03 2 6.80.E-03 1.00.E-02 | 2.00.E-02
19

22
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4.2 Comparison of execution HEPs R R E
. ° g / @
> FI nd I ng #4 % 1.00.E-02 @ ~¢ @ 1 @ —a— ASEP
.. @ v
» ASEP, THERP and K-HRA have similar pattern of @ @ roma
i The number of
execution HEPs. However, these assume different basic et
HEPs, PSF levels and values on sub-tasks. CAvatabi tme o ask
A e — Y 57
« Different point
— Each method assumes different basic HEPs, PSF levels and their values on sub-tasks.
fime PoF HFE N Task St | | The number ASEP i K-HRA
Q. as e ress leve R -
condition condition P of sub-tasks BHEP PSF Final
multipliers | execution HEPs
Moderately
Extensive Favorable HFE 1 Step hiah 1 2.00.E-02 | 1.70E-03 2 3.40.E-03 1.00.E-02
19
time
(>60) Moderately
Unfavorable| HFE 2 Dynamic high 2 1.00.E-01 | 1.70E-03 5 1.70.E-02 6.00.E-02
19
Nominal Moderatel
OMiNal | ravorable | HFE3 | Step ey 2 4.00.E-02 | 1.70E-03 2 6.80.F-03 | 2.00.FE-02
time high
(>30 and Extremely
_ Unfavorable| HFE 4 Dynamic . 1 2.50.E-01 | 2.60E-03 - 2.50.E-01 2.50.E-01
<=60) high
Extremely
U . Favorable HFE 5 Step ) 1 5.00.E-02 | 1.70E-03 5 8.50.E-03 5.00.E-02
rgent time high
(}1 0 and 23
T S o R i Extremely B R o o




4. Comparison of HRA /QHERA Lab.
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1.00.E+00

4.2 Comparison of execution HEPs R EEREE
» Finding #5 \/

« SPAR-H has a tendency to estimate relatively lower

1.00.E-02

~#—ASEP
~e—~THERP

@ SPAR-H
1.00.E-03 KHRA

[Human error probabilities]

The number of
sub-tasks

execution HEPs than ASEP, THERP and K-HRA.
SPAR-H assumes lower basic HEPs (i.e.,, 1.0e-3) than (Avataic tme o s
the other HRA methods. A arease  — A0l e

— Available time for execution is not dominant to estimating execution HEPs by ASEP, THERP and K-
HRA, while SPAR-H considers available time for execution as a PSF.
SPAR-H does not classify the task into sub-tasks like ASEP, THERP and K-HRA.

Basic HEPs  Basic HEPs  Basic HEPs Basic HEPs
ASEP THERP PAR-H . K-HRA
( ) ( ) (S ) Available ( )
ASEP THERP DL TPARH CHRA
armrc T Ji PSFS
HFE No. | Task type | Stress level | o,.rp Adjusted BHEP Adjusted BHEP i i Stress/ |Experience | Ergonomics Fitness | Work PSF Adjusted BHEP Adjusted
LEH LIEH Available time stressors | /ftraining Complexity SHSI Procedures for duty | processes | influences LIEH IRIEF

Time available

Moderately is == 50x the High High Mominal Mominal High Nominal | Nominal
HFE 1 Step ) 2.00.E-02 2.00.E-02 | 1.70E-03 | 3.40.E-03 | 1.00.E-03 . 0.010 1.00E-05 | 1.00.E-02 | 1.00.E-02
high time @ (0.5) m m m m m
(0.01)

Time available|

| Moderately i High Low High Mominal | Nominal |Nominal | Nominal
HFE 2 | Dynamic ., 5.00.E-02§ 1.00.E-01 | 1.70E-03 | 1.70.E-02 | 1.00.E-03|>= 5x the timg 1.200 1.20E-03 § 3.00.E-02 § 6.00.E-02
high 3] (3 @ (M Q)] Q)] §)]
.1
Time available| . i . i i . i
Moderately i High High Mominal Mominal High Mominal | Mominal
HFE 3 Step i 2.00.E-02 4.00.E-02 | 1.70E-03 | 6.80.E-03 | 1.00.E-03|>= 5x the tim{ 0.100 1.00E-04 § 1.00.E-02 | 2.00.E-02
high @ 0.5) m m Q) m m

(0.1)
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4.3 Comparison of final HEPs
» Results of HRAs on 7 HFEs

1.00.E+00

1.00.E-01

1.00.E-02

1.00.E-03

[Human error probabilities]

1.00.E-04

1.00.E-05

Available time
increase

» Finding #6

Extensive Extensive Nominal Nominal TUrgent I}rﬁt Extﬁ;mely

time

(AFE1) (HFE2) (HFE3) (BFF4) (HFES5) (HFE6) fime

time

time

[Available time for task]

time

time /time urgent

» Order of differences between the min. and max. final HEPs
— SPAR-H > CBDT/HCR+THERP > K-HRA > ASEP

(HFE 7)

Minimum Maximum

== ASEP . .
CBDT/HCR+THERP Final HEP Final HEP
SPAR-H ASEP 222 9 0e-1
K-HRA

CBDT/HCR
+THERP 6.7e-3 1.0e+1
SPAR-H 6.0e-5 9.6e-1

Available time K-HRA 1.0e-2 1.0e+1
— decrease

+ Final HEPs of SPAR-H show the biggest difference between the final HEPs of minimum and

maximum, while those of ASEP have the least one.
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» Summary

* A comparison of human reliability analysis methods for post-initiators

— Comparing the HEPs of HRA methods based on events in NPPs (Post-initiators)

— Understanding how the quantification approaches are different depending on HRA methods
+ Contents

A comparison of
HEPs on four HRA

Selection of 4 HRA Performance of HRA

methods on 7 HFEs 1 methods “6 Findings”
« ASEP * 7 HFEs stand for main + Diagnosis HEPs
+ CBDT/HCR+THERP post-initiators in OPR1000 * Execution HEPs
« SPAR-H type of NPPs. » Final HEPs
* K-HRA

» Conclusion

« The result of this study could be used as reference data to compare the human error probabilities from four HRA
methods.

+ It could also aid to understand why the human error probabilities estimated from four HRA methods are different
and what makes them different.

« It is expected to contribute to overcoming the uncertainties and limitations of HRA by deriving acceptable values
for the HRA results and select the proper method based on its intended use of application.
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2.1 Human Reliability Analysis (HRA)
» Types of Human failure events (HFEs)

* Pre-initiators
— Contributors to unavailability of systems (latent error)
— Mis-calibration and failure to restore after test and maintenance
— Ex) valve in wrong configuration after test or Test Line

AFWST
maintenance in TMI accident

=0,

* Human-induced initiators T
— Actions leading to initiating event LOCKED

— Not typically found in PSA model, but implied in the initiating event frequency

* Post-initiators
— Actions in response to disturbance by plant staff after an initiating event
— Ex) Performing procedure, opening valves, and operating pumps by operators in
MCR, etc.

29
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2.2 ASEP

» What is ASEP ?

» Accident Sequence Evaluation Program (ASEP)

Developed by U.S. NRC (NUREG/CR-4772)

Simplification of Technique for human error-rate prediction (THERP)

Guidance for quantification of pre- and post- initiating events

Made to enable analysts at reasonable cost, with minimum support and guidance from

experts in HRA

« Technique for Human Error Rate Prediction (THERP)

Developed by U.S. NRC (NUREG-1278)

Applied in WASH1400 which is the first PSA report

Probably used more than any other HRA technique because it offers a lot of data
identifies, models, and quantifies human failure events (HFEs) in a PSA

Does not provide enough guidance for how to handle a wider set of PSFs

Needs for HRA expertise with resource intensive and time consuming
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2.2 ASEP
» Diagnosis HEPs

» Diagnosis HEP is estimated by operator’s available time for diagnosis.

— Operator’s available time for diagnosis = T(sw)-T(m)-T(d)
» T(sw): total system time window associated with disturbance
» T(m): manipulation (execution) time
» T(1/2): median response (diagnosis) time / ANSI/ANS-58.8-1994 (“Time response design criteria for
safety-related operator actions”)
» T(d): delay time
X Time window: time available to complete the action before plant condition become unacceptable

« Time Reliability Correlation (TRC);

Nominal Diagnosis Model (THERP Table 20-3)

0001 = B

0.0001

Pr [F] Diagnosis Within Time T

000001

0.000001

00000001
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2.2 ASEP
» Execution HEPs

Sub task 1 Basic HEPgy), task]l X IRecovery failure gy taskll
Basic HEPgp, a5k of X |Recovery failure g ,ptask
O
) O
) O

.. Execution HEP = Y.(Basic HEPg,y tqsk i X Recovery failure ¢up task i)

Recovery

Step-by-Step  Moderately high 0.02 Step-by-Step  Moderately high
2 Dynamic Moderately high 0.05 2 Dynamic Moderately high 0.5
3 Step-by-Step Extremely high 0.05 3 Step-by-Step Extremely high 0.5
4 Dynamic Extremely high 0.25 4 Dynamic Extremely high 0.5
<An example of basic HEP in ASEP> <Recovery failure probabilities on stress and task type>
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2.3 CBDT/HCR+THERP

» What is CBDT/HCR+THERP ?

* EPRI methods
— HCR (Human Cognitive Reliability) and CBDT (Cause-Based Decision Tree) developed by EPRI (EPRI
TR-100259) with THERP_method

HCR
(EPRI) Higher HEP
lagnosis . .
CBDT for Diagnosis
(EPRI)

HEP for
THERP :
(U.S. NRC) Execution

Final Human Error Probability
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2.3 CBDT/HCR+THERP
» Diagnosis HEPs

* HCR (Human Cognitive Reliability)

— Estimating non-response probability for post-initiating events
— Simulator data from Operator Reliability Experiments (ORE) project by EPRI

»  ORE project aims to collect and analyze data on operating crew responses from full-scale nuclear power

plant control room simulators.

+ If operator’s available time is long, accuracy and estimated probabilities are become lowered.

* An example of time Response Curve (TRC); In(T/IT 2)
19
p.=Prob (T >TN=1-&
Lognormal PWR HI Tyups CP3 c r o
o — ' " * T, : the time of response
3 ° « T : available time window for cognitive response
3 * Ty, : the median response time
= . . . . . .
é’.a Rl . J * o : logarithmic standard deviation of normalized time
1

- -

] r o N N

§ o R 1 LEOILL AT B Lof Bt 42 CueE 2T RO| XSt F4H2

‘ - —

Feoif E 2 g3t HE] (O, WETL He|l= AL 22 Hatof Chot 2 H A2 HhE)

c de ] | i
2 7Y 2 CueE ARSI T MBI £ 0| ESHOF 2T R0 XA EE Y
1E-2 T U= GEj (o, 2=Lt Z3H0| o= ZS =5t S [Mof| Chek 2T 2| BhE)

e.1 1 18 o 29 3 CueE QX|SIALLL S A E T} Critical valueO| =& 5t7| Mo 2FE 3
Normalized Time
5i{of St= HE (=Lt 20| O Ziol =257| HOf F5HOF ot= 2 72| HhS)
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2.3 CBDT/HCR+THERP
» Diagnosis HEPs

« CBDT (Cause-Based Decision Tree)

— Estimates diagnosis HEPs

— Originally developed by EPRI to address 1) when HCR/ORE produces very low probability values
and 2) extrapolation of HCR/ORE TRC could be extremely optimistic

Failure Mode 1: Failures of the Plant Information-Operator Interface Failure Mode 2: Failure in the Procedure-Crew Interface

Given that the existence of a possible cue state has been recognized, four ways
have been identified in which the crew may fail to reach the correct interpretation
. . . (for Type CP HIs, "correct interpretation" means execute an action or proceed to
The required data are physically not available to the control room the next appropriate instruction as contingent on the cue state):

operators.

Four mechanisms are identified for this failure mode:

@ The relevant step in the procedure is skipped.

@ An error is made in interpreting the instructions.
data are available, but are misread or miscommunicated. @

\he data are available, but are not attended to.
The

An error is made in interpreting the diagnostic Togic (this is a
subset of p.f, but is treated separately for convenience).

The crew decides to deliberately violate the procedure.

The ayailable information is misleading.

)

Ind.. Avail | CR Ind. | Warn/Alt. | Training
In (R JAccurate ] in Proc. | on Ind. Ped + Recovery failure probability (Positive recovery effect)
1 (a) Neg. .
L ) e — Self review: 1.0e-1

Yes —C:ﬁii N:zls — Extra crew: 5.0e-1 or 1.0e-1
- (e) .05 _ — 4
No —1 | STA review: 1.0e-1

@ > — Shift change: 5.0e-1 or 1.0e-1
<An example of decision tree>
Diagnosis HEP = Error probability of each error mechanism X Recovery failure probability
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2.3 CBDT/HCR+THERP
» Execution HEPs

» Technique for human error-rate prediction (THERP)

Sub task 1 Basic HEPsub-ask 1 X PSF modifiersub-task 1 X Recovery failuresub-task 1

Basic HEP sub-task 2 % PSF modifiersub-task 2 X Recovery failuresub-task 2

O
O O
O O

~ Execution HEP = Z(IBasic HEPg,p _task ilX PSF modifiersyp_taski X Recovery failureg,p_taski)

Basic HEP

Omission per item of instruction when using a step-by-step

Table 20-7 Item ref. # 1

procedure.
MCR 1.7E-3 o '
Select wrong control on a panel from an array of similar-appearing Table 20-12 ltem ref. # 4
controls which are part of a well-defined mimic layout. :
Estimated probabilities of errors in recalling oral instruction items Table 20-8a Item ref. # 1
LOCAL 2 6E-3 not written down — Oral instructions are detailed. :

Locally operated valves. Table 20-13 Item ref. # 1

<An example of basic HEP from THERP data>
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2.3 CBDT/HCR+THERP
» Execution HEPs

Technique for human error-rate prediction (THERP)

Sub task 1 Basic HEPsub-ask 1 X PSF modifiersub-task 1 X Recovery failuresub-task 1

Sub task 2 Basic HEP sub-task 2 % PSF modifiersub-task 2 X Recovery failuresub-task 2
O @)
@) o
O @)

X

~ Execution HEP = Z(Basic HEPg,p_task i X |IPSF modifiersyp—_task il XdRecovery failures,,_task il)

Multipliers for basic HEPs / [

No. Task type Stress level . ]
Silled Novice + Recovery failure probability > dependencies between sub-tasks

1 Vey low X2 X2 (Positive recovery effect)

2 Stepby-step Optimum X1 X1 » Zero dependence (ZD): Recovery failure = P,

3 Dynamic Optimum X1 X2 « Low dependence (LD): Recovery failure = (1 +19% Pa)/QO

4 Step-by-st Moderately high 1

P PR x2 X » Moderate dependence (MD): Recovery failure = (1+6*P,)/7
5 Dynamic Moderately high X5 X 10 ) )
 High dependence (HD): Recovery failure =(1+P,)/2
6 Step-by-step Extremely high X5 X 10
7 Dynamic Extremely high 0.25 (Not multiplier, but 0.50 (Not multiplier, but ° Comp lete dep endence (CD) RECO’U@Tyf atlure =1.0
actual HEP) actual HEP)

X P, = Basic HEPg,p_task i X PSF modifiers,p_task i

<Modifiers for BHEP on stress, experience, and task type>
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2.4 SPAR-H

» What is SPAR-H ?
Standard Plant Analysis Risk HRA (SPAR-H) is developed by U.S. NRC (NUREG/CR-6883)

In addressing uncertainty, error factors were not used, and the use of a lognormal distribution was not

assumed (SPAR-H employs a beta distribution, which can mimic lognormal distribution.).

» Diagnosis and execution HEPs

Calculation methods of diagnosis and execution HEPs are same.

It assumes basic HEP, and adjusts it by PSFs SPARH ] SPAR H
PSFs SPAR-H PSF Levels Multipliers
+ Basic HEP: 1.0E-2 (Diagnosis BHEP) / 1.0E-3 (Execution BHEP) Available | Tnadequate Time Pyuiture) = 1.0
Time available = time 10
8 SPAR-H PSFs : Available time, Stress and stressors, Experience and S
ominal time 1
training, Complexity, Ergonomics, Procedures, Fitness for duty, Work tane requived !
Time available > 50 x 0.01
p rocesses time required
Stress/ Extreme 5
8 Stressors High 2
HEP = BHEP - | | PSF multiplier; Nominal 1
Complexity Highly complex 5
1 Moderately complex 2
Nominal 1
BHEP - [18 PSF multiplier; <An example of SPAR-H PSFs>

HEP =
BHEP - [13(PSF multiplier; — 1) + 1
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2.5 K-HRA

» What is K-HRA ?

* Korean standard HRA (K-HRA) is developed by KAERI (KAERI/TR-2961/2005)
* Based on THERP and ASEP method

» Focusing on standardizing and specifying the analysis process, quantification rules and criteria

to minimize the deviation of the analysis results caused by different analysts

. . FEasE VIV TAM 7E | us/Ed vE | 25
» Diagnosis HEPs | Teno | 55 [ W | TEE D

+ Diagnosis HEP = Diagnosis BHEP X adjustment of PSFs e —— 010

AH(1/2) =) g-;gg
.

2.500

3Hs) [ | o8

2.500

12.500
8 0 550
THERP curve L 1 iea

Yes (1) =) = [ | ps3o
1.000

5.000

Nominal Diagnosis Model (THERP Table 20-3) PSFs: Primary attention task
. 1 5 ’7 1.650
: 7 g MMI (or HSI), Procedure e | 050
. Ri0 level, Training/experience, N I
~ burden for decision _ — 5
. — 5H2) = 2:000
: e L 1 0000
L8 = 3.300
Mesn s 10.000
L 1 soo00

0.001

0.0001

AH1/2)

No(20) [ =0 10.000
i 20.000

Pr [F] Diagnosis Within Time T

0.00001

0.000001

60.000
<Adjustment multipliers of PSFs>

00000001
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2.5 K-HRA

» Execution HEPs

Sub task 1 Basic HEPgp, a5k 1| X [Recovery failure op rasic1 | #z2ay MMI 2 S/ | ST 4o HeP
I
. o 0.05
opH2
Sub task 2 Basic HEPgp, task 21 X |Recovery failure ¢p task 2 EF >= 120 0.2
0 » 5 . 0.2
© oriE 0.4
@] O
A
@) 0 Y . 0.1
e 0.2
.. Execution HEP = Y.(Basic HEPgy,, tqsk i X Recovery failure sup taski) E2 c0-1105 o 0.5

oA

{2
) il

, P I Ry i THERD @9 2% A L e
Fd4 sEdE FE =& (mean) A HEP &3 (median) S 0.6
Simple Low 0.002 3 of 0.2
- o .
Response Opt imum / ‘ 0.001 3 oy
Moderately High ’ e N R 0.3
Very high /4 0.003 3 ET 30~592 | = = 0.4
Extremely High ’ .
Low 0.01 3 0.001 — 0.01 Ny - 0.5
Opt imum 0.005 3 0.0005  0.005 o o 0.6
Step-by-Step | Moderately High 0.01 3 0.001 0.01 oo
Verv high 0.02 3 1
Extremely High 0.05 5 0.0025 — 0.025 . Sk :
Low - 5 0.001  0.01 = L.
Opt imun 0.01 5 0.0005 ~ 0.005 <Decision tree for determining
Dynamic Moderately High 0.03 5 0.0025 ~ 0.025 recovery failure prob.>
Very high 0.08 5
Extremely High 0.25 3 0.25

<Basic HEPs on task type and stress level> 40
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Mominal Diagnosis Model
Ise Upper Bound if:

h : (b} the event is covered but not (c) the talk-through and interviews show that not
() t EdE:-.-'EI'It 15 not OR (" practiced exceptin initial training of ~ OR " all operators know the pattern of stimuli
covered in fraining. operators for becoming licensed. associated with the event,

Use Lower Bound ialthe eventis a well-recognized classic (e.q.. (b} the talk-through and interviews indicate that all the
TMI-2 incident). and the operatars have AMND operators have a good verbal recognition of the relevant
practiced the event in the simulataor stimulus patterns and know what to do or which written
requalification exercises, procedures to follow,

: aJ) the only practice of the event is in
Use Mominal HEP o I:silg:'u_ﬂatu:ur r%qpualificatiun exercises and OR (b) None of the rules for use of upper or

all operators have had this experience, lowrer bound apply.

Hominal Disgnosis Model (THERP Table 20-3) T|mE EF MEdiaﬂ MEH” UB LB
" i i 1 10 1 1.0 1 1
N = s EEE P 10 10 0.1 0.3 1 0.01
i o . - e 20 10 0.01 0.03 0.1 0.001
[ e 30 10 0.001 0.003 0.01 0.0001
= ! BeEd cit 60 30 0.0001 0.0008 0.003 3.33E-06
o j B Saisi 1500 30 0.00001 0.00008 0.0003 3.33E-07
Y i ” Actual Time | Calculated Val...
Click on the Graph to zoom in 19.00 10 1.2e-02 32802 1.2e-01 1.2e-03
Motes/dssumptions
HEF: 3. 2e-02
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