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Since the beginning of the nuclear power generation, human performance has been a very im-
portant factor in all phases of the plant lifecycle: design, commissioning, operation, mainte-
nance, surveillance, modification, and decommissioning. This aspect has been confirmed by
the operating experience. A workshop was organized by the IAEA and the Joint Research
Centre of the European Commission, on Harmonization of low power and shutdown
probabilistic safety assessment for WWER nuclear power plants. One of the major objectives
of the Workshop was to provide a comparison of the approaches and results of human reliabil-
ity analyses for WWER 440 and WWER 1000, and gain insights for future application of hu-
man reliability analyses in Low Power and Shutdown scenarios. This paper provides the in-
sights and conclusions of the workshops concerning human reliability analyses and human
factors.
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BACKGROUND

The risk corresponding to Low Power and Shut-
down (LPSD) operation of WWER NPP is compara-
ble with the risk for at-power operation or even may
exceed it, as pointed out by many PSA studies. Human
factors play a major role in the LPSD operations,
therefore the main contributors to the risk implied by
the LPSD operations are related to human factors. By
means of probabilistic safety assessment (PSA),
weaknesses related to human performance and human
factors can be identified and appropriate corrective ac-
tions can be taken with the aim of further enhancing
nuclear safety.

The human reliability analysis of PSA for LPSD
states has to consider specific features that may be dif-
ferent from those of the human reliability analyses
(HRA) performed for at-power PSA. These features
may impact both the operators’ work and on the meth-
ods, and include: different time windows available for
operators to mitigate consequences, the level of detail
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and completeness of the procedures used during shut-
down, more requirements for manual manipulations
with plant equipment in response to initiating event
due to unavailability of some emergency interlocks,
and very strong interaction between human-induced
initiators and subsequent operator response.

In 2007, the IAEA launched a Regional techni-
cal co-operation (TC) Project RER9087 Harmoniza-
tion of PSA & PSA Applications. In the framework
of'the above project, the IAEA organized in co-opera-
tion with the Institute for Energy of the Joint Re-
search Center of the European commission (JRC-IE)
a workshop on Harmonization of Low Power and
Shutdown Probabilistic Safety Assessment for
WWER Nuclear Power Plants. One of the key topics
was the analysis of the impact of human factors on
NPP safety. In particular, the workshop, with specific
focus on human reliability, aimed at continuing the
work on harmonization of PSA for WWER-type nu-
clear power plants for LPSD states that was started at
the first workshop held at the same place in March
2007. More details concerning the results of the
workshops, and the dominant human errors identi-
fied in the different PSA related to WWER reactors
are given in the reports of the workshops [1, 2] and in
a previous paper of the authors [3].
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METHODOLOGY USED FOR
THE PSA STUDY

For collecting the data needed for the purposes
of the Workshop, a questionnaire was developed and
sent to the participants. The questionnaire aimed at
collecting detailed information on initiating events
frequencies, human errors, and modeling details for
six selected initiators for WWER-440 and
WWER-1000 plants. The selected initiators represent
the major contributors to the core damage frequency
(CDF) in PSA studies for respective WWER plant
units. These have been identified at the first workshop
[2]. The selected initiators were:

WWER-440: WWER-1000:

(1) Human-induced loss of (1) Loss of offsite power
coolant accident (LOOP)
(LOCA)

(2) Loss of non-essential
service water

(2) Heavy load drops on
primary circuit (into the

reactor)
(3) Reactivity accidents (3) Primary circuit leaks outside
including boron containment
dilution
(4) Loss of natural (4) Small LOCA from primary
circulation to secondary circuit
(5) Heavy load drops (5) Loss of heat removal from
reactor core via primary side
(6) Small LOCA (6) Primary leaks via pressurizer
20-60 mm safety valves after opening

during hydrotest

Eleven completed questionnaires were received
form the participants representing different NPP as
presented in tab. 1.

The original responses can be found in Annex III
of ref [1]. During the Workshop, the collected data
were processed in the PSA comparison activities
which were carried out by two working groups (WG):
— WG 1, which carried out the comparison and harmo-

nization of LPSD PSA for WWER-440 NPP, and

Table 1. Overview of Plants Contributing to the Questionnaire
on LPSD PSA

Country Plant ‘ Basic design
WWER-1000 NPP
Bulgaria | Kozloduy NPP units 5, 6 V-320
Russia Kalinin NPP unit 2 V-338 (small series)
Russia Novovoronezh NPP unit 5 | V-187 (small series)
Ukraine Rivne NPP unit 4 V-320
Ukraine | Khmelnytsky NPP unit 2 V-320
WWER-440 NPP
. V-209M
Bulgaria | Kozloduy NPP units 3,4 | Upgraded model of
V-230
Czech. Dukovany NPP unit 1 V-213
republic
Hungary Paks NPP units 1-4 V-213
Slovakia Bohunice V-1 unit 2 V-230
Slovakia Bohunice V-2 unit 3 V-213
Slovakia Mochovce NPP unit | V-213

“The plant units are shut down of December 31, 2006

— WG 2, which carried out the comparison and har-
monization of LPSD PSA for WWER-1000 NPP.
For both groups of WWER NPP the following
information was collected for six initiators recognized
to be the major source of differences in the risk pro-
files:
— contribution to the total CDF for the initiators
(1, 2],
— twenty TOP minimal cut sets (MCSs)"”", and
—  human errors (HE) modeled.
Several main areas of analysis were covered in
the discussions carried out in the working groups [1];
in particular, the achievement of insights on results
and specific features of Human Reliability Analysis
for PSA for LPSD states. While doing the comparison
exercise, the design differences were analyzed and
taken into account, as well as the fact that the original
designs were not identical.

OVERVIEW OF THE METHODS
FOR THE HRA QUANTIFICATION

During the workshop, the emphasis was put on
the comparison of the methodologies used for human
reliability analysis in the LPSD PSAs for WWER-440
NPPs, in particular for what concerns the quantifica-
tion of the probability of occurrence of human failure
events. An overview of the methodologies is pre-
sented in tab. 2 (Additional information concerning
the table can be found in reference 1).

Table 2. Methodologies used for analysis and quantification
of human error probability (HEP) for the individual
categories of human actions

Type of human failure event

Plant
an Pre-accident Initiator Post-accident
. THERP o HCR [6],
Armenian 2 [4, 5] () ASEP[ ]

Bohunice V-1 | THERP
Bohunice V-2 | THERP

THERP, ASEP| TRC, THERP
THERP, ASEP| TRC, THERP

THERP,
CREAM [7], |Decision trees
HEART [8], |+ ASEP

Decision trees

Dukovany THERP

THERP,
Mochovce ASEP [9] THERP, ASEP| SLIM [10]
Paks ASEP Decision trees | Decision trees

Kozloduy THERP

Information
NPP Units 3.4 HCR

not available

" Since the information has been taken from full power PSA,
no human induced initiators were identified and no specific HRA
method was deemed necessary therefore for this part of HRA

o . . S
A minimal cut set is a combination of an initiating event and com-

ponent failures and/or human errors that could lead to undesirable
consequences (e. g. core damage). It means that: (1) the given
combination of events would cause core damage, and (2) if any
event is selected and eliminated from the minimum cut set, the re-
maining subset of events does not cause core damage anymore.
Each MCS has a frequency assessed by PSA technique.



G. Manna, ef al.: Human Reliability Analysis in Low Power and Shut-down ...
Nuclear Technology & Radiation Protection: Year 2012, Vol. 27, No. 2, pp. 189-197 191

With reference to tab. 2, the following consider-
ations emerge. A set of different HRA quantification
methods was used by the individual teams. In total
seven methods had been used, if it is considered TRC
and HCR to be the same. The THERP method is the
most popular in the considered analyses; ASEP fol-
lows as second. Because ASEP can be seen as a short-
ened and up-dated version of THERP, THERP/ASEP
were identified as the most used HRA methods for an-
alyzing human errors occurring in the pre-accident
phase. TRC (HCR) is the most popular method for
post-accident human errors analysis.

SPECIFIC INSIGHTS REGARDING
HRA IN LPSD PSA

This section is divided into two parts. In the first
one, some general comments about LPSD HRA are
made. In the second, some conclusions are presented,
based on the analysis of the questionnaires provided
by the teams involved into the harmonization effort for
the PSA for WWER plants.

General considerations on LPSD HRA

The first comment stemming from the workshop
is that the role of plant crew during low power and
shutdown operation and, consequently, the impor-
tance of HRA for the LPSD of an integrated plant PSA
model is even higher than in case of full power opera-
tion. This is summarized in tab. 3, which shows the im-
portance of different types of human errors.

The importance of human actions for LPSD PSA
of WWER reactors can also be considered with re-
spect to the plant crew role in the most frequently ana-
lyzed LPSD accident scenarios. The high involvement
of plant staff in these scenarios is pointed out by tab. 4.

The problem of LPSD HRA is that the enhanced
role of human factors in LPSD accident conditions
cannot be supported with adequately developed spe-
cific HRA methodologies. The potential of HRA
methodologies to adequately support the analysis of
specific types of human errors is summarized in tab. 5.

Some other specific aspects of HRA analysis can
be also inferred by comparing full power and LPSD
PSA. These comparisons are summarized in tab. 6.

The general conditions of crew work during
plant LPSD status have to be addressed adequately in

Table 3. Importance of different types of human errors

HE category Full power PSA | Low power PSA

Pre-accident Low Low
Contributing to

initiating events Very low High
Post-accident High High
Recoveries Medium High

Table 4. Human related scenarios contributing to the
initiating event occurrence during LPSD operation of
WWER reactors

Plant crew role in | Plant crew role in

Scenario the initiation part of|the response part of
the scenario the scenario

Interruption of Almost completely

RHR circuit caused by human Important

coolant flow actions

Drainage of RHR Almos(tj %on?lpletely I

circuit coolant caused by human mportant
actions

Loss of natural

circulation due to Partially Critical

steam bubble

Loss of natural

circulation due to | Completely caused Important

primary circuit
drainage
Inadvertent closing
of main isolation
valves

by human actions

Important, although
playing relatively
simple role

Completely caused
by human actions

Man-induced Completely caused

Very important

LOCA by human actions
Depending on
Reactivity cases, may be Important
transients crucial, may be P
unimportant
Primary circuit
cold Completely caused Important

s by human actions
over-pressurization

Table 5. Potential of current methodologies for analysis
of human action categories

Human failure type | Full power PSA | Low power PSA
Medium Medium

Pre-accident

Contributing to
initiating events (IE)

Almost irrelevant Medium

Post-accident Relatively high Relatively low

Low to medium Unclear
Full power PSA | Low power PSA
Medium to high | Low to medium

Recoveries

Human failure type
Altogether

Table 6. Some comparisons between full power HRA and
shutdown HRA attributes

Attribute Full power PSA Low power PSA
Less strong
Strong dependencies dependencies
among human (long time,
Dependence .S - ?
. actions in one successive actions,
analysis -
accident sequence change of crew,
typical additional members
of accident team)
Emors Potentially important| ~ Very important
commission
Expert Medium Medium to high
judgment use
Revision phase Difficult Very difficult
Relative ] .
uncertainty Medium High

LPSD HRA. In tab. 7, an overview of basic categories
of plant states during LPSD period of operation is
given. Different Human Error Probabilities (HEPs)
are derived for even the same human actions, when
carried out under the different circumstances and dif-
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Table 7. Five areas of human actions in LPSD PSA

Area

Conditions for crew
work

From-to

Area 1 — Plant
within the early
stage of going to
shut down status

Similar or at least
similar to nominal
power, dynamic
changes in parameter,
values

From nominal
power operation to
initiation of residual
heat removal (RHR)
cooling

Area 2 — Plant at
the end stage of
going to shut
down status

Significantly
different from
nominal power,
dynamic changes,
short period

From initiation of
RHR cooling to start
of reactor cover
removal

Area 3 — Plant
within the first

Shut down specifics,
medium dynamic,

From the start of
reactor cover
removal to the start

part of shut

down relatively long period

of fuel exchange

Very long time

Area 4 — Plant in| windows for crew
late shut down corrective actions,
low residual heat

From fuel exchange
to the start of unit
power-up

Basically similar to
AREA 2, but specific
features must be
addressed

From the start of
unit power-up to
niminal power

Area 5 — Plant
during start-up

ferent plant states. The analysis of the most common
HRA methods may differ for full-power and LPSD
analysis significantly. Some methods that are quite
suitable for full-power analysis may not address LPSD
conditions sufficiently, whilst others may provide sat-
isfactory or good results. In addition, in tab. 8, several
comments concerning the applicability of different
HRA methods for LPSD study are summarized and re-
ferred to five typologies of human actions.

DISCUSSION

Some specific insights regarding HRA in LPSD
PSA have been gained on the basis of comparison of
the results related to human reliability analysis pro-
vided by the individual plants in the questionnaires
(see Annex III of ref. [1]). The comparison of the basic
features of HRA performed within the individual
WWER PSA is given in tabs. 9 and 10, one table for
WWER-440 reactors and the other for WWER-1000
reactors. The WWER-440 table covers information
about HRA for six NPPs; the WWER-1000 table is de-
voted to HRA information taken from five NPP. A few
plants did not provide detailed information, because it
was either not available or the LPSD study was not fi-
nalized yet.

In the tables, six selected emergency scenarios
are defined, which were evaluated as most important
from the point of view of the LPSD PSA results con-
cerning WWER reactors. Some of the scenarios are
the same for both types of reactors, some are different.
Some scenarios had been found not to have significant
impact on the PSA results for specific plants, which as
a consequence have not been covered with the corre-
sponding PSA. In this specific case, the note “not pro-
vided” or “screened out” is inserted in the tables.

Table 8. Comparison of quantification methods applicability

for full power and LPSD HRA
Method Conclusions
In LPSD PSA, the suitability of the method
Absolute

is even higher, considering that the

p&gbﬁ?él:tt y application of “classic” methods may imply

Judg some problems

;rell?; %Hft Limited applicability, particularly in shut

correlatign down scenarios. Often producing unrealistic

(HCR) and too low long time windows HEP
Suitable for selected categories of actions,

THERP. ASEP similarly to full power PSA (actions

explicitly given in procedures, with low
level of cognition, or local actions)

Good applicability in general, but not a very|
good transferability from full power PSA.
Special decision trees may need to be
developed for LPSD PSA applications

Similarly to full power PSA, the method
may help in analyzing specific actions
difficult to be processed with other
methods. The method does should not be
used as standalone HRA method

Limited applicability because a significant part
of initiating event response activities may be
performed out of the control room.

Simulator data, | Consequently, many important crew tasks
bayesian update | related to low power operation and shut down
are not covered by the training at full scope
simular. The problem of simulator fidelity is
even higher in case of the LPSD status

Very limited applicability due to the highly
plant specific character of measures
preventing and responding to LPSD PSA
accident scenarios

Good applicability potential, provided that
the time related issues are treated

Decision trees

HEART

Generic data

SLIM adequately. The method is one of the
available good choices for LPSD PSA
Very helpful when the cognition part of
human actions must be taken into account
CREAM (e. g. for the circumstances when the

procedural support is missing and
improvisation needed). Good choice for full
power as well as LPSD PSA

Every plant specific HRA information consists
of five items:

— “HEPrange”—for every scenario, it is the range of
HEP quantifying the human actions which are
modeled as part of the technological and organiza-
tional processes forming the scenario. This couple
of parameters can give some insights about the
conservatism of the HRA study under consider-
ation. However the used HEP cannot be taken as
an absolute indicator, because the level of conser-
vatism is reflected both in HEP values and in the
approach used in the development of the scenario
model,

—  “HEPrange typical” —the basis for this parameter is
given in the previous row, but some fairly excep-
tional HEP values, from the set of all HEP values
for the given scenario, are not taken into consider-
ation. Sometimes, the “HEP range” parameter is
not a good reflection of the scope of most of the val-
ues, because there is a couple of non-typical HEP
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Table 9. Results of analysis of HRA related information provided in the questionnares developed for WWER-440 NPP

' Scenario 2'— loss ]
WWER-440 Si(;l?uaggé iaéngn (?li?l?gsr:éﬁ?;l) Scenario 3 — 13;:2??12;;11 Scenario 5 — Scenario 6 —
reactors (MIL) service water reactivity accidents circulation heavy load drops | small LOCA
(LOSW)
Plant 1
LPSD not finished yet
Plant 2
HEP range | 5-10°-1.4102 | 5-10°-2.5-107 5.107°-1.4-107 5.10°-5.10°
HtEylz,irg;ge 510°-5.10° | 510725107 5107°-1.4-107 5107°-4-10*
HE é‘i‘)sglme 133106 51.107 Not provided 1.43-10° Not provided 5.1-10°°
HECr%lell:tlve 0.29 0.85 0.66 0.046
LER Not available Not available Not available Not available
Plant 3
HEP range | 4-10°-2:10" 4.107°-6-1072 810210 4.10°%-5.10° | 2.5:10°-3-10"
H}f;)irg;‘:lge 1102710 1102610 5107810 4-10°-510° | 1.75:102-1-10""
" é?)sglme 1.7-10°° Screened out 8.5:10°° 8.5:107 6.8-107° 5.17-10°°
HE relative 1 1 1 0.89 0.99
LER 0.59 0.84 0.90 0.86 1
Plant 4
Information not provided
Plant 5
HEP range | 2.5-10°-5-10" 8.36-10°-1.83-107° | 5.27-10%4.3510" | 3-10%-6.59-10"' | 4-1073-2.107"
H?yl;rj;ge 2.5-10°5-5.6 107 8.36:10°-1.20-10* | 2.010°-4.3510" | 3-102-2.64-10" | 4.10°-2.64-10""
e faijSglme 6.48:107 Screened out 1.7-10°¢ 1.70-10”7 1.9510°® 1.34-10°°
HE relative 0.96 I 1 0.07 0.955
LER 0.3 0.98 0.62 0.91 0.29
Plant 6
HEP range | 1.2:10°%-1.2.10*| 1.2.10*-5-10" 1.107°-1 1.2:10%3.610° 1.18-107*
H?}gfggge 12:10%1210%| 12:10%510° | 1.10°,1.4410" | 1.2:10%2.610" 11810
i ?:lfasglme 5.86-10° 1.7-10° 2.97-107 1.05-107° Not analyzed 6.11:107"
LER 0.63 0.71 0.96 0.96 0.88
Plant 7
HEP range | 2.1-10°-5-10> 1-107-1 1-107-1.107 1:10°-5.2:107
H?;{?;‘lge 5.9.10%-5.10" 11075107 1-107°-1-10° 1.105-5.2.10°
HE g}}))sglute Not at disposal Screened out 1.38:10°° 1.1-107 Not analyzed Negligible
HEé%le;:tlve Not at disposal 1 0.079 Close to 0
LER 0.42 Not at disposal 0.89 0.013
Plant 8
HEP range | 4.12:10°%-2.1072 | 2.5:10°-1.8 107 | 2.5-10%6.34-10° | 1.39-10*2.6:10° | To be specified 4.92-10°
H?yl;ir?;ge 4121042107 | 1.1610°-1.810% | 2.510%6.3410° | 139-10%-2.610° | To be specified |  4.92.10°*
HE Ea:lf)sglute 2.71-10°° 1.77-10°° 1.16:107 2.2110°-1.19-10°® | To be specified 2410”7
HEC‘”%?W@ 1 0.48 1 0.99 To be specified 0.13
LER 0.996 1 0.94 1,1 To be specified 0.69




G. Manna, et al.: Human Reliability Analysis in Low Power and Shut-down ...

194 Nuclear Technology & Radiation Protection: Year 2012, Vol. 27, No. 2, pp. 189-197
Table 10. Results of analysis of HRA related information provided in the questionnaires developed for WWER-1000 NPP
Scenario 3 — Scenario 4 — Scenario 5 — r;zlell:flzrel? s6atjet
WWER-1000| Scenario 1 —loss |Scenario 2 — heavy| primary circuit small LOCA loss of heat p ety
p p ; - valve (PSV) primary
reactors of offsite power load drops leaks outside primary to removal via leaks during
containment secondary primary side hydro-test
Plant 9
HEP range | 8-10°-1.6-107" 1.10°-1.3-10° | 2.7-10%1.6107% |2.13-10%-2.3-1072
HEP range 3 1 4 3 4 ) 3 2
typical 8-107°-1.6-10 8-10%-1.3-10 2.7-10*1.6-10 8-10°-2.3-10
HE étl))sglute 1.06:10°° Not analyzed 1.26-10°° 1.03-10°° 2.74.10°° Not considered
HE(I;%]BI:THVC 022 1 1 0.36
LER 0.39 0.81 0.8 0.29
Plant 10
Information not provided
Plant 11
HEP range No HE No HE 1-10° 1-10%-2-107 1-10*1-107* No HE
HEP range 3 4 3 4 4
ypical No HE No HE 1-10 5.10%-2-10 1-107-1-10 No HE
HE absolute 0 0 489107 6.9-10°° 3.7.107 0
HE relative 0 0 0.82 0.98 031 0
LER 1 1 1 1 0.6 1
Plant 12
HEP range | 6.2:10%-8.8-10 No HE 2410224107 | 1-10*4.86 107 No HE 1.410°-3.7-10°
Hlt“:;;irg;ge 1.2:102-6.6:102 No HE 2410224102 | 1.9-10°-4.86 102 No HE 1.410°3-3.7.107
HE éll’)sglme 3.06-10°° 0 24310° 7.8:10°° 0 1.9-10°8
HE (r:c]e)lelgtlve 0.24 0 0.66 1 0 0.02
LER 0.33 1 0.91 0.99 1 0.97
Plant 13
HEP range |2.3-107°-2.9-107| 6.8-10°-1.5-107 | 4-10°-1.5-10" | 2.4-10°-1.5-10" | 4.8-10°-1.2-10% | 6.8:10°-2.9-107
H]f;;irj;ge 23.10°-2.9-102 | 6.8-10°-1.5102 | 410°-4910% | 2410°-68102 | 4810°-6.810° | 6.8-10°-1.5.10°2
HE absolute | 63108 9.410° 137.10° 3-10°6 1.7.10°6 1.07-10°
HE relative 0.14 0.96 1 1 1 1
LER 0.21 0.94 0.96 0.21 1 1
Plant 14
HEP range | 1.5-102-1.5-1072| 2.3-10°-1.5:102 | 2.4-10°-1.510" | 4.10°-1.510" | 6.7-10%-1.5:1072 | 2.35-10°-2.86: 1072
H’f}zﬁrf;ge 1.5102-1.5102 ] 2.3-10 15102 | 2.4-10°4.910% | 410°-1.510" | 1.2:10%1.5102 | 2.35-10°-2.86:10
HE gl]’)s;’l“te 126107 526107 1.09-10°3 1.11-10° 2.06:107 7.66:10°°
LER 0.4 0.55 0.78 0.79 0.15 0.98

values falling significantly out of the “normal
range”. The aim of the “HEP range typical” is to
eliminate these “remote observations” and to get

more precise pattern of the HEPs used,

— “HE absolute core damage frequency (CDF)” — To-
tal contribution of frequencies of all those mini-
mum cut sets (MCS), belonging to the given sce-
nario of the PSA model that contains the basic event
representing the human failure in question. This in-
formation is suitable for comparison of absolute

impact of human-factor issues specific for the
given scenario on the evaluated risk,

“HE relative CDF” — relative contribution of fre-
quencies of all those minimum cut sets (belonging
to the given scenario PSA model) that contain fail-
ure of some human actions, i. e. total contribution
of the human error (HE) absolute CDF divided by
the total sum of the first twenty MCS CDF contri-
butions. In this way it is possible to see which part
of risk connected with selected scenario has some
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relation with human factor problems: small values
of this parameter indicate that the response to the
given initiating event is performed mostly automat-
ically, without involvement of plant crew (what
should not be the case for WWER NPP), and

—  “Level or representativeness (LER)” — total contri-
bution to CDF coming from the first twenty MCS
related to the given scenario divided by the total
CDF value derived for the scenario (coming from
“all” scenario MCS). LER shows, how much repre-
sentative are the previous results presented in the
table, obtained on the base of the twenty most im-
portant minimum cut sets only, if the value is close
to 1, where the first twenty MCS represent almost
all the scenario risk.

A large quantity of information is presented in
the tables. For the individual attributes, the range val-
ues are the following:

HEP range values

— extremely low — of magnitude 10
—  very low — of magnitude 10~

—  low — of magnitude 107

—  medium — of magnitude 10~

—  fairly high — of magnitude 10

—  very high — of magnitude 10"

Note 1: Low HEP values are desirable, high val-
ues undesirable. However, low HEP values may also
be due to the presence of some bias in the analysis.

HE absolute CDF

—  very low — of magnitude 10~ and lower

—  low — of magnitude 107

—  medium — of magnitude 10°°

—  high — of magnitude 10 and higher
Note 1 holds for this case, as well.

HE relative CDF

— very low — lower than or equal to 0.1
— low — from the interval (0.1, 0.4>)
— medium — from the interval (0.4, 0.7>)
—  high — from the interval (0.7, 1>)
Note 2: High values of this parameter are ex-
pected, low values are seen as abnormal.
LER

The same rules are used as for “HE relative
CDF” attribute.

Note 3: High values of this parameter indicate
higher credibility of analysis results and vice versa.

Using tabs. 9 and 10, two kinds of useful com-
parisons can be basically made:

— the comparison of the parameters between differ-
ent plants for the same scenario, and

— the comparison of the parameters between differ-
ent scenarios for the same plant.

The following conclusions can be made on the
basis of the table for the LPSD HRA (across scenarios)
for the individual WWER-440 plants:

— the HEP values used in Plant 2 PSA are the most
optimistic ones among all the values provided by

the plants; in general, the risk contribution for hu-
man factors related issues is relatively low and a
relatively significant part of MCS (for most of the
scenarios) does not contain human failures,

— the HEP range typical for Plant 3 NPP HRA is
rather conservative, except for heavy load drops,
whilst the relative part of risk contribution con-
nected with scenario segments controlled with hu-
man actions is rather high,

— some HEP values used in Plant 5 HRA are highly
conservative, but still adequate, because the level
of risk contribution related to human factors is
quite low in those cases; the relative contribution
to the risk level expected to be high (big influence
of human factor) with an exception regarding
heavy load drops,

— the HEP values in Plant 6 PSA study are relatively
low in most scenarios taken into consideration;
however, the absolute human related risk contri-
bution is fairly high in several scenarios analyzed,
a very low (both absolute and relative) contribu-
tion of human actions is typical for small LOCA
scenarios,

— for Plant 7, the conclusions regarding HEPs
ranges and human factor absolute contribution to
the risk connected with the scenarios under con-
cern are quite close to the conclusions made for
Plant 6, with one significant difference in the
value of relative contribution of human related
segments to the scenario “Loss of natural circula-
tion”, and

— in the LPSD PSA of Plant 8 some HEP ranges are
expected in typical up-to-date PSA; some ranges
are relatively low, leading to lower total contribu-
tion of the corresponding scenarios to LPSD oper-
ation risk; the values of relative human related
contributors are rather close to unity, which points
out the high relevance of human factors in the sce-
narios, with an exception in the case of small
LOCA.

For the HRA developed for plants with
WWER-1000 reactors, the following general conclu-
sions are made:

— rather conservative HEP values are used in gen-
eral for Plant 9 HRA, leading to relative balanced,
significant total contributions of human parts of
all selected scenarios to plant risk; however, the
relative human related contributions are small for
the scenarios “loss of off-site power” and “loss of
heat removal”,

— in the case of Plant 11, the HEP values used are
rather optimistic (typical values which can be used
for longer time windows), but the absolute human
related contributions to plant risk have been found
to be very low; because the relative weight of
these contributors was specified as high, the rea-
son can not be incompleteness of human factor
part in the modeling; moreover, it is worth to men-
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tion that the information was provided only for
half of the scenarios,

— rather high HEP are used in general in Plant 12
HRA, but still keeping low the values of most of
the contributions of human related MCS,

— inPlant 13 HRA, the values of HEP are very high
and the values of absolute and relative contribu-
tion of human related parts of the individual sce-
narios to plant risk are — probably as a direct con-
sequence —rather high as well. The only exception
is the scenario “loss of off-site power” with high
HEP values, but a quite low total as well as relative
contribution to plant LPSD risk, and

— finally, for Plant 14 HRA, a very similar spectrum of
parameter values can be found as for Plant 13 HRA,
and, consequently, very similar conclusions can be
made about the level of conservativeness as well as
of human reliability importance for PSA results.

CONCLUSIONS

The following conclusions stem from compari-
sons from the point of view of the individual scenarios
across plants.

e In general, it is difficult to identify some specific
features of the individual scenarios regarding
HEP values used in corresponding HRA. The
whole spectrum of HEP ranges can be usually
identified across plants, some exception from this
conclusion are noted for the WWER-1000 scenar-
ios “Loss of heat removal via primary side” and
“PSV primary leaks during hydro-test”, where
lower HEP values significantly prevail.

e Man-induced LOCA in operation of WWER-440
reactors is the only scenario showing a relatively
good agreement among the total values of abso-
lute human related CDF contributions derived in
the individual studies; some level of agreement
can be found also in case of WWER-1000 sce-
nario “Loss of heat removal via primary side”.

e The WWER-440 scenario “Reactivity accidents” is
typical with very high level of human factor involve-
ment into the most important MCS, which is very
close to unity or even equal to unity in most cases.

e The WWER-440 “Small LOCA” scenario shows
in several cases relatively low human factor con-
tribution to the risk of twenty of the most impor-
tant minimum cut sets.

e Low relative contribution to CDF is typical for the
human role in the WWER-1000 scenario “Loss of
off-site power”; the level of agreement among the
values presented in the table for the individual
PSAs is surprisingly high.

e In the WWER-1000 scenarios “Primary circuit
leaks outside containment” and “Small LOCA
from primary to secondary circuit”, a very high
portion of MCS includes primary events contain-

ing human actions, i. e. human involvement is a
substantial contributor to the risk profile.

In general, it can be observed that the HEP val-
ues ranges explored in the WWER LPSD studies pre-
sented in the harmonization effort, are driven by the
differences among HRA approaches much more than
by the differences among the individual scenarios.
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Bycruno MAHA, Japocias XOJIU, Upuna KYZMHUHA

AHAJ/IUM3A MMOY3JAHOCTHN OCOB/bA Y OKBUPY NNPOBABMINCTUYKE
OIEHE CUTI'YPHOCTU HYK/JIEAPHUX ITOCTPOJEBA Y PEXUMY
MAJIUX CHATA U CTAJABA BAH IIOTOHA
— Pe3ynraru jenne mebhynaponse mHunujatuse —

Og camor noyeTka epe Kopullthewa HyKjleapHe eHepruje, JbyAcku (pakTop je pa3maTpaH Kao
jefaH o] KJbyYHMX aclekaTa y cBuM (pazaMa >KMBOTHOT LUKITyca HyKJI€apHOT HOCTPOjemha: Y IPOjEKTOBaY,
IyHITamy y IOrOH, TOKOM IIOTOHA, Offp>KaBamwa, HaJ[30pa, IOTOHCKUX U3MeHa U ieKkomucuje. OBakas cTaB
CTaJIHO ce NOTBpbyje ucKycTBUMA U3 npakce. MebyHnapoaHa areHnuja 3a aTOMCKY €HEPrHjy U Y Apy>KeHU
UCTpaskKWBauyku IieHTap EBpoIcke KOMUCHje OpPraHM30Bajyl Cy PagHOHHIy Ha TEeMy XapMOHHM3aluje
npoOaOMINCTUYKKX aHAINM3a CUTYPHOCTH Y PEXKMMY MAllUX CHAara U CTajama BaH IOTOHA 33 HyKJIeapHe
enektpane WWER tuna. JegaH o riaBHUX Iu/beBa pajuoHulie OMO je fa ce U3BpUIM Iopebeme
Pa3IMIUTHX MPHUCTYNA U pe3yjiTaTa aHAIU3a MOY3[JaHOCTH 0coOJba KO HYKJICAPHUX eJIeKTpaHa THIa
WWER 440 1 WWER 1000 u pga ce crekHe yBuj y Oyayhe nmpuMeHe aHaimm3a MOY3[aHOCTH 0CcO0iba y
pa3sMaTpamy ClieHapHja y pe>KUMy MajliX CHara U CTajawa BaH noroHa. OBaj paj cyMupa akKTUBHOCTH U
3aKJbyuKe MOMEHYTE PAIMOHULE KOjU CE OJHOCE HA aHANIK3€e NTOY3AaHOCTH 0cO0ba U JbYACKOT (haKTopa.

Kwyune peuu: ipobabusucitiuuka aHaiuda cuzZypHocCiiu, pexcum Maiux cCHaza U Citlajarba 8am o2onda,
anaauza toysoarociiu ocoowa, WWER, wyocku ¢axitiop




