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Abstract:

Many currently-operating, industrial plants were built without an emphasis upon human engineering.
Incorporating human factors into the re-design of existing control panels requires a capital investment.
However, the application of human engineering design principles to existing panel designs reduces
human error., A methodology for conducting a cost-savings analysis of incorporating human factor
design principles into existing panel designs is presented. The cost-savings methodology integrates
several existing methods, models, and techniques to enhance acceptance and application by industry.
These methods, models, and techniques include panel enhancement techniques, economic cost models,
task analysis, fault tree analysis, and a method for cost-benefit analysis. In addition, the methodology
contains a new application of a linear additive utility model and a new procedure for determining the
efficiency of funding allocation.

The cost-savings methodology proposes human engineering enhancements to existing panel designs.
Enhancement costs and potential human error reduction are estimated. Potential human error reduction
is quantified in terms of monetary risk reduction. Monetary risk reduction benefits and enhancement
costs provide the basis for a cost-savings analysis, which consists of a cost-benefit and a funding
allocation analysis.
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ABSTRACT.

Many currently-operating, industrial plants were built without an
emphasis upon human engineering. Incorporating human factors into the
re-design of existing control panels requires a capital investment.
However, the application of human engineéring design principles to
existing panel designs reduces human error.

A methodology for conducting a cost-savings analysis of incor-
porating human factor design principles into existing panel designs is
presented. The cost-savings methodology integrates several existing
methods, models, and techniques to enhance acceptance and application
by industry. These methods, models, and techniques include panel
enhancement techniques, economic cost models, task analysis, fault
tree analysis, and a method for cost-benefit analysis.  In addition,
the methodology contains a new application of a linear additive
utility model and a new procedure for- determining the efficiency of
funding allocation.

The cost-savings methodology proposes human engineering enhance-

ments to existing panel designs. Enhancement costs and potential
human error reduction are estimated. Potential human error reduction
is quantified in terms of monetary risk reduction. Monetary risk

reduction benefits and enhancement costs provide the basis for a cost-
savings analysis, which consists of a cost-benefit and a funding
allocation analysis. ’

N




INTRODUCTION

- Background

Proper application of human engineering princ‘iples to des~ign

reduces human error and improves system reliabil'ity [6,14,18,22,27].

-The “importance of human factors in design ‘was dramatically emphasized

by .the_ accident at Three Mile Island. Consequently, the applicatioh §

.of human factors principles in the .design of control panels- has
‘received increased attention in recent years [16]. However, most

" plants were built before this emphasis. To teduce human error and

improve éy‘s_tem reliability of currentiy operai:ing plahts, human

..engineering.design’prirhlc'iples‘ must be applied to the re-design of

existing control panels.  The re-design of existing control panels has

o ‘been termed i:etrofititing and backfitting [16,22].

Although-retrofitting. human factors into existing designs
improves system reliability, it can be extremely expensive if hardware
re-désig_n is involved. - Relocating inst_:ruménts on a control panel'_is
véry e}-ip.ensive .,due to rewiring, ‘ drawing changes, engineering reviews,
and .saf'ety reviewg. ' Hchever, human factor design principlles can be

applied to existing deSigns through surface enhancements. Surface

enhancements are cosmetic additions, such as paint, tape, and labels

applied according to‘in.f()'rmatiori processing principles which reduce’

human error. The cost of retrofitting human factors wvia surface




2
enhancements is substantially less than retrofitting via hardware
re-design [22].

The cost of retrofitting human factors via surface enhancements
represents a capital investment [16,22,31,32]. To justify a surface
enhancement investment fr<_)m an economic standpoint, monetary benefit_s‘
of the human factor design inputs must outweigh the costs, and the
investment must represent efficient allocation of available funds
[10,33]. However, no systematic procedure exists at present to
accomplish the complex integrative process nec;essary to quantify this
type of human factor input to control panel design. The pfelsent study
was initiated in an attempt to develop an economic analysis of panel
enhancéments that involves a cost-benefit analysis and a budget
allocation analysis. The resuli:ing methodology is entitled a Cost-
Savings Analysis of Panel Enhancements (CSAPE) . A CSAPE permits
quantification of t'he benefits of surface enhancements in monetary
terms, something hum'an factors spécia_li;ts are constantly 'undelr
pressure from management to‘ do. |

Performing a cost-savings analysis of proposed panel enhancements
will provide economic justification of the enhancement investment.
Another advéntage of conducting a CSAPE is the opportunity to evaluate
the monetary benefits of panel enhancements before the enhancements
are im.plemented. Both monetary Senefits and reliability improvement
benefits can be estimated.

A p_anel enhancement investment can be viewgd as a safety iﬁvest-
ment. Methodologies that determine. the cost-effectiveness of safety

investments have been developed [2,3]. However, the previously
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developed methodologies evaluate cost wversus a parameter, such as
reliability, of a safety investment rather than cost versus monetary‘
benefits [2,3,10,33]. These methodologies do not evaluate safety
investments in terms of efficient budget allocation .and do not deal
with human factor design inputs [2,3]. A Cost-Savings Analysis of
Panel Enhancements (CSAPE) -evaluates safety investments in terms of
cost versus monetary benefits, efficient budget allocation, and
addres'ses human factor 'design inputs.

This study was conducted to develop a methodology for conducting
a CSAPE. A CSAPE can be used to justify an investmehnt in control
panel enhancements and evaluate both the monetary and reliability
improvement benefits of the investment. A CSAPE ]’.nvolves~ proposing
surface enhancements for an existing panel design, quantifying the
benefits of the enhancements in monetary terms, and performing a

cost-saving analysis of the enhancements.

Objectives

The objective.of this study was to integrate several established
procedures into one methodology that would permit a Cost-Savings.
Analysis of Panel Er_lhancements (CSAPE) . The CSAPE integrates
eetablished techniques of panel enhancements with economic. cost
-models, task analysis, fault tree apalysis, cost-benefit analysis, and
a monetary risk definition [1,10,11,22,23,.30,33]. Established
procedures were used where possible to enhance acceptance and

application by industry. However, the CSAPE also incorporates e new
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application of a. linear additive utility model and a new approacn to
determine efficient'funding allocation.
The Coet-Savings Analysis for Panel Enhancements (CSAPE) has been
developed.specifically for use in.the‘chemical processing inaustry.
Hewever,'with slight modifications, it could be used elsewhere as

well,

Overview of the Methodology

The CSAPE involves proposing surface enhancements to an exieting
panei design, estimatingvnhe costs of implementing fhe.enhancements,
quantifying the benefits ef-the enhancements in monetary terms, and
perfo;ming a cosf-ea&ings analysis of the enhancement. investment.

The CSAPE begins with the identification of'the controllpanel to
be enhanced'(see Figure 1), Surface enhancements anelproposedefor the
existing design by using the surface enhancement process [22]. The
costs for implement;ng the enhancements are identified and estimated
using cost accounting and economic enalysis principles [10,23,33].

The benefits of the proposed enhancements are quantified in
monetary terms by calculating the risk reduction potential of the
enhancements. The risk reduction potential is estimetee by postulat-
ing en accident associated v'vit'h the operation of the panelf and
calculating the difference between the risk associated with the
existing design and..the enhanced design. Risk, as "defined in ehe
nucleer industry, is.expressed in terms of expected coet of an
accident. It is calculated bf multiplying the'econonic eonsequences~

of the accident by the probability of 'the accident [i]. Consequently,




Existing
Design
Surface
Enhancements
Estimate
Costs
Postulate
Accident
Fault Tree Estimate Reduce
Analysis —Existing— Consequences — Enhanced— HEPs
Design Design
Calculate Re -Evaluate
Risk Fault Tree
Calculate
Risk
Calculate
Benefits

Cost-Savings
Analysis

Figure I. The methodology Tfor a Cost-Savings Analysis of Panel
Enhancements (CSAPE).



6 .
calculating the risk reduction potentiai requires estimating the
financial consequences of the accident and estimating the probability
of the accideﬁt with respect to both the existing and enhanced panel.
The resulting risk -;_'éduction potential constitutes the monetary
benefits of the proposed e;mlalncements.

| Estimating the probability of an a;:cident with respeclt': é:o the
operation of the existing design involves conducting a° fault tree
analysis of the éccident [11,17,28,30]. Fault tree analysis involves
task aﬁalysis, fault tree construction, and fault tre’e evaluation. A
task ar-lalysis of ’the operations involved in the accident prévides the
data base for the constifuction of the Ffault tree [27,30]. The
quantitative evaluation of the fault tree provides the probability of.
the accident occurrence [11,17,28,30].

Estimating the probab.ility of the accident with respect to the.
operation of ‘the enhanced layout involves estimating the human error
reduction.B potential of the enhancementé and re-evaluating.the fault
tree. Surface enhancements reduce the‘ human error probabilities
(HEPs) associated'v;rith the accident [18,22,27]. A linear addiltiveA
utility model is used to ‘estimate the reducing factor for the human
_ error probabilities;. (HEPs) [8,9,13,15,26]. The fault tree of the
accident is re-evalu‘ated using the reduced human error pr.obabilities
(HEPs) [7,11,30‘].

Risk reduction potential versus cost .of the enhancements provide
the basis for a CSAPE. The cost-savings analysis of the enhancement
investment consists of a cost-benefit analysi-s and a funding

allocation analysis. The benefit-cost ratio is used in the




cost-benefit analysis [10,33]. The'ﬁhnding allocation analysis
consists of determining the expected maximum yearly savings of the
enhancement investment and using these‘savings to determine the
efficiency of the funding allocation.

The CSAPE and an example illustrating its use ‘are presented in

subsequent sections.




PROPOSING ENHANCEMENTS

The methodology for a Cost-Savings Analysis of Panel Enhancements
(CSAPE) begins with the identification of the panel to be enhanced and
the surface enhancement process. A panel that needs to be enhanced
can be identified.once a distinction 1s made between a prdpefly
designed layout and a poorly designed layout. A panel-layout survey
is conducted to identify deviations in a layout from properly designed
layouts. The surface enhancement process is then usgd to enhance

poorly designed layouts [22].

Panel Lavouté

There are several differences betwéen'proper paﬁel designs and
poor panel designs. A properly désigned layéut reduces display
selecti;n errors and unintentional control activation. Proper panel
design aids an opérator in locating, identifying, and seléqting
instruments quickly énd accurately [22,27].

A properly designed layout will conform to the NUREG-0700
Guidelines .[29].‘ The NUREG-0700 Guidelines recommend grouping
displays and c?ntrols on a panel according fo the prihciples-of "task
sequence" and "system function". The principle éf task sequeﬁce
gréups instruments in order to minimize operator movement dﬁfing task

performance. Grbuping displays and controls by system function refers

to- functional groups of instruments relating to system structure.
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Further,'groups of.displays and controls should be assigned to panel
locations according to their importance and freqﬁency of use. Impor-
‘tant and frequently u;ed groups should be placed in £he center visual
area of the panel. Since it may be impossible to aﬁply all of these
design principles, design trade-offs will have to be made in allocat-
ing panel positions to instruments and groups of instruments [21,35].
Population steregtypes should be follq&ed in arranging'controls and
:displays within the groups aé 1ong as they do not conflict with the
principleqof ta;k’sequence. If a standard érrangement of components

has been established, it should be maintained on other panels or -

sections of a panel. However, panel sections should not be mirror -
imaged. Control or display groups should be separated from ome
another using spacing or demarcation lines. If large groups of

instruments are necessary, labeled coordinate ‘axes should be used to
facilitate the identification of an instrument within:a grid. Control
separation. distanées should be sufficient to allow forj access and
simultaneous activation of adjacent controls while preventing inadver-
teﬁt activation. Color'coding may be used to enhance the recognition
and identification of displays, controls, or groups of instruments
129]. The above mentioned recommendations from the NUREG-0700
guidelines répresent examples of areas that deal with a properly
désigned iayout and a;e-samples éflwhat is meant by surface enhance-
ment [22,29].

A panel layout survey should be conducted to identify deviations

in the design from these guidelines. Table 1 illustrates a generic

checklist that may be used in conducting such a survey [29].
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Table 1. A checklist used in a panel layout survey.

Complies Does Not Comply
N/A With Guidelines With Guidelines Comments

Panel
Feature

If a panei design deviates in major.ways from these guidelines
especially in terms of instrument location, it méy be impos;ible‘to
backfit recommendations by relocating instruments on the panel. Fire
. protection requirements may prohibit the separation of cables in order
to relocate .instruments, New cable or conduit installation is
extFemely expensive because of the requirements for engineefing and
seismic anaiyses, fire loéding, safety reviews, énd dra&ing change;
[22]. However, improvements in the layout can be made through the use

of. surface enhancement techniques [22,31,32].

The Surface Enhancement Process

The surface enhancement process of proposing changes in panel
layouts involves identifying the organizational structure of the
panel, enhancing the organization structure, and verifying the

enhancements [22].

Identifyving the Organizational Structure

The organizational structure of an existing layout must be
identified because the ' structure will govern the nature of design

improvements possible. Existing panel designs may be based upon a
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number of organization structures or combinations thereof. The
location of displays and controls on a panel may correspond to the
functional relationships of plant subsystems and equipment. .Fér
example, a panel layout may be a mimic of the plant process, or the
panei may be organized according to the relationships of plant support
functiéns to major plant systems.

Components on a panel may be arranged according to the common
activation and oper;tion of equipment. Or, panel designs may be‘based
on the fﬁnctional relationshifs among the controls aﬁd displayé. For
example, instruments may be located on a panel.to facilitate their
simultaneous or seéuential operation. Panel designé éould also be
based on the éeographical relationships of the equipment.

The purpose of surface énhancement is to reduce inconsistencies
and.conflicts of the organizational struéture in order to enhance the
operability within the design. Careful attention should also be given

to the manner in which operators mentally organize the panel in order

to successfully enhance the design [22].

Enhancing the Organizational Structure

Enhancing the organizational structure invol&es making decisions_
concerning the surface enhancement techniéues to be employed,
component group formation, and elements of the component- groups.
Recommendations regafding these decisions should be obtained from the

operating persommel [22].
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Verifying the Enhancements

The proposed enhancements must be verified! Inappropriate
changes in panel design may in fact' degrade the man-machine inter-
face. For example, the enhdncements may violate existing design
conventions, lead to negative transfer of learning, and may be
inconsistent with the existing design. Therefore,‘ ‘modifications of an
existing design must be th;)roughly evaluated through the ‘use of models
and mock-ups. Three-dimensional models provide the most effective way
of evaluating alternative désigﬁs in terms of colors, textures, color
schemes, equipment arrangement,’ ana operability. However, drawings
may be adequate f01; the prelimin_ary analyses.

Control panel mock-ups also ailow for the safe testing of
operator-equipment in.terfaces. In._addition,, they can be used as
training tools after a desi'gn has been tested and approved. Models
and mock-ups should be reviewed by operatc'>rs, superv'iso'rs; engineers,
and human facfor specialists in order to disclose problem areas and

provide direction for design trade-offs [22].

Surface Enhancement Techniques

Surface enhancement involves the application of location aids.
Location aids include demarcation, color shading, color coding, and
mimic lines. These location aids are employed to enhance the

perceptual organization of a panel’s content. Surface enhancement

techniques are based upon perceptual organization principles to

provide an operator with visual location aids. The principles of

perceptual organization include association, closure, dominance, and-
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uniqueness. Implementation enhancement techniques must also include a

concern for color selection and hierarchical labeling [22].

Association

Association of displays and controls ¢an be conveyed through the
uée of shape, color, ;nd lines. For example, components Wifh similar
knob shapés or instrument cases can be perceived as forming a group.
Color can convey association between physically separated components.
In order to avoid a patchwork effect when gsing this 'techniqué,
neutral color tones should be selected. Neutral color tones, such és
greys and pastels, are more effective in conveying association.
Strong colors can produce a conflicting organization principles of
dominance. Strong colors also contribute to visual fatigue, clutter,
and reduce contrast which leads to poor label readability [21,22,35].

A group of components can be‘associated by enclosing them with a
line. Lines that enclose components groups are demarcation lines
(see Figure 2). Demarcation linés with rounded or beveled-c9rners
tend to form stronger groups than‘ones with square corners. Demarga-
tion lines should never cross and the lines should contrast well with
the panel background color.

Instruments can also be visually linked by connecting them with a
single line where the line indicates'a task sequence or the process
flow. single lines that indicape task sequence or process flow are
mimic lines. Mimic 1lines should never cross and arrows should

indicate the direction of flow. ~ A prerequisite of mimic line use is
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Demarcation lines indicate association.

Mimic lines iIndicate association.

v — " - " _-d/ -

Rounded corners and brackets indicate closure.

Figure 2. Illustration of the perceptual organization principles of

association and closure.
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the appropriate physical arrangement of instruments to allow flow

paths to be reflected (see Figﬁre 2) [22].

Closire )

The princiﬁle of closure is based upon the normal human percep-
tual tendency to visually extrapolate closuré from existing graphic
cues. For example, groups of inétruments can be formed through the

use of brackets or corners (see Figure 2). This bracket technique is

‘only successful if the brackets are placed at the top of a group [22].

Dominance

Functional importance of components can be con&eyed through‘the
- use of line width, contrast, or color. For example, wider demarcation
lines convey.a'major group while narrower demarcation lines indicate-
_subgroups (see Figure 3). Color can also convey'dominance or impor-
:tance when it 1s brighter or visually stronger than surrounding
colors. Héwever, care should be taken in applying color to denote
dominance because sfrong or bright colors visuall& clutter the layout

and reduce label contrast [22].

Uniqueness

The uniqueness or perceptual.distinctivgness.of an inétrument can
be conveyed through shape or color. A component with a different
shaped knob or color than the surrounding components will appear
unique (see Figure 3). A technique for making demarcation lines
unique is using filled-in, rohndgd, or cut-off corners. Colb;'can

also be used to create mimic line uniqueness. However, this technique
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can be overused and the uniqueness lost. Uniqueness of mimic lines

can also be lost by uéing too many mimic lines. Color shading may be

used to make a group of instruments more distinctive. However, using

too many colors can result in a "Christmas tree" effect [22].

Color Selection

Color selection should be based on the'type of hardware on the
panel, panel board background color, and the colors of indicator
lamps, CRT displays, and annunciators. Generally, large component
groups require mneutral tints while coﬁtrasting colo;s are used
for smaller groups {[22]. Light gull grey and dark gﬁll. grey are

recommended for large and small component groups respectively [21,35].

Hierarchical Labeling

Hierarchical labeling.must be complementary'to deﬁarcation and
color shading. The purpose of hierarchical iabeling is to éimplify
and highlight the presentation of informatién in a manner that relates
and integrates functionally similar component groups. Using a
hierarchiél labeling scheme, functionally related components are
identified by general group 1labels. This reduces the ‘verbiage on
individual labels and cénsequently, reduces reading.time [22].

Two important factors 'in the design of a hierarchical labeliﬁg
scheme are levels of the hierarchy and letter si%e degradatioﬁ. The
four levels of a_hierarchical labeling scheme are major, sﬁbordinate,
componenﬁ, and position identifier levels. A major.level refers to a
major system or work station while a subordinate level refers .to

subsystems or functional groups of instruments. The component and
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Wide demarcation lines indicate dominance.

Shape indicates uniqueness.

Figure 3. lllustration of the perceptual organization principles of
dominance and uniqueness.



18

position identifier levels refer to instrument labels and control
selection labels, respectively. Appropriate letter size of the
hierarchy must be detérmined from the appropriate letter size of.the
component label since the letter size increases 25% for each level of
the scheme. Appropriate letter size for instrument labels depend upon
the viewing distance and illumination levels. Larger character siée
is required for greater viewing distances and lower levels of ambient
light. The guidelines of NUREG-0700 should be followed when selecting
the letter size [22,29]. |

Other considerations i;n the design of a hiergrchical labeling
scheme include information of the major, subordinate, and component
elements conveyed, and the nomenclature selection. The labels should
not present redundant informatior; and should only be u;sed if unrelated
components do not intrude into the area. Major labels should be
located in the center, top edge of a panel, while the subordinate
labels should be centered above the demafcation 1inés or shaded 'areas.
Component labels should be located above the instruments to complete
the top-down phenomenon created by the hierarchy. The NUREG-0700
guidelines regarding the placement, mounting, spatial orientation,

visibility, information content, word selection, consistency,

readability, and style should be applied to the labels [22,29].
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ESTIMATING ENHANCEMENT COSTS

A cést=savings analyéis of cbntrol panel enhancements requires
the estimation of the enhancement cogts; The total cost of implement-
ing surféce enhancements consists of geﬁeral comﬁonénts. The cost.
componeﬁts are initial.costs, lost production costs; and incremental .
costs of aperation aﬁd ﬁaintenénce:[2,10,23,33]. fhe cost components
cannot simply be aggregated to arrive at a total cost estimate due to
the difference in‘the timing of the ;ash flows. Money has a time
value because of interest‘and inflafionary effedts'[10,33]. Hencé;
only the wvalue of the éaéh flows.at the time of surface enhanéemeﬁt
incorporation will be considered in the analysis. The time value used
.in tﬁe ;nalysis will be deno£ed preéen£ worth. Once the cash flows or
cost components have been converted. to a preéént worth wvalue, fhey can
be aggregated to arrive at a totai”cést estimate. Consequently, each
cost component will be analyzed in terms of a present worth value. A
tqtallcost estimate can be determined by summing the results

[10,23,33].

Initial Costs

The initial costs of surface enhancements will consist of direct
material, diréct labor, and any overhead costs relating to -the
enhancements, mock-ups and models [23,33]. The overhead costs

consist of administrative costs. Direct materials consist of paint,
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tape,.and labels for the enhancements as w§11 as the materials for'thé‘
mock-ups dr models [22]; The direct labof cost is coﬁposed of.the
labor cost necessary to implement surface enhancements and to
copstfﬁcf the tésting devices [22,23,33]. Since the timing of most of .

the cash flows is concurrent with implementation of surface enhance—
ments, the cash fldwé are denoted aé preseﬁt worth values. Thus, thé
present worth value of the initial cost componehé is the sum-of direct-
.ﬁatérial, direct labor and ény overhead costs related ﬁo the enhance-

ments and testing devices [22,33].
Lost Production Costs

Anothef cost' that may be incurred when implementing surface
enhancements is.lost production costs or costs due to piént downtime
while incorporating the surface enhancements. Since it ﬁill be
assumed that surface enhancements can be implemented iniless than one
year and end-of-year cash flows will be used in the analysis, the
downtime costs can be aggregated and represented as a present worth,
siﬁgle sum value [10,33]. The estimate of lost production costs can -
be added directly to the‘initial cost component.

Alfhough the lost‘production cost component is considéyed in the
analysiﬁ, it could be évoided. Surface'enhancement incorporation
could be scheduled simultaneously with routine maintenance. Thus,
surface enhancements could be incorporated thle the flant was shut
down fof regularly schedule& maintenance. Eliﬁin#ting ;hé lost
prodﬁction costs would reduce the totai cost of a surface enhancement

investment, therefore, making the investment more attractive.
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Incremental Operating and Maintenance Costs

. The final cost compoﬁent considered in the total cost of the
surface enhancement investment is the increméntéi,costs in maintenance
and operation t2].' Additional_qosts might be incurred in the main-
tenance and operation of the plant due to surface eﬁhancementsu‘The
inéremental operation and maintenance costs mayAconsisq of the cosfs
to revige written opgrating prpcedures due " to the;éhanges and tﬁe
costs to’refurbish théISQrfaces of the pane1‘[22]. Such costs. would
be incurred throughout the remaihiﬁg lifetime of the plant.' For the
purpo;e of fhis study, the average lifetime of an industrial plant
will be assumeé to be 40 years f&]. Thus, the incremental cash flows
will be incurred over 40 minus n years, where n is the number of yearsi
the plant has beeq in operation. The increméntal maintenance and
operation costs will be modeied as discrete, end-of;yéar, cash flows
(see Figure 4).

Since the timing of the incremental operating and maintenance
" cash fléws is not concurrent with the incorporation of the surface
énhancements,-they must be converted to a prééent worth, single sum
-valﬁe. The present worth value{ using then-current dollars, will' be

used in order to compensate for inflation and interest [4,33].
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Cash flow profile of incremental operating and maintenance
costs.

present worth value using then-current dollars can be

as follows [4,33]:

k
Pi=SCn( + ir + j + 0Ir_j)-n m
n=0

present worth value of the incremental costs
incremental cash flow in year n

interest or discount rate

inflation or escalation rate

year from year of enhancement completion
remaining years of plant lifetime

all of the cost components have been estimated, a total

cost estimate for the surface enhancement investment can be determined

by summing

the results [23].
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POSTULATING AN ACCIDENT

The monetary benefits as well as the costs of the surface
enhancement investment must be estimated before a cost-savings.
analysis can be performed. An .accident must be postulated to
determine monetary benefits of enhancements.

- An- accident associated with the‘operation of the layout must be

postulated to determine the risk reduction potential of the surface

enhancements. Careful selection of the accident or initial event is
required. For example, if the initial event is too broad, then the
analysis will become wunmanageable [30]. On the other hand, if the

initial event is too specific, then the full risk reduction potential
of the surface enhancements will not be realized. Once the selection
of the initial event has been made, the economic consequences can be

estimated.
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ESTIMATING ECONOMIC CONSEQUENCES

Economic consequences of an event afe used in conjunction with
the probability of the event to determine the risk‘reduction potential
or monetary benefits of surface enhancements. The economic consequén-
ces of an initial event will be estimated based upon the economic
" analysis methods and estimates for light water reactors. The economic
analysis methods aﬁd estimates are used in the regulatory decision-
- making process [4]. Therefore, an acceptable procedure for estimating
financial consequences of -an initial event has been incorporated in
fhe methodo1ogy.

To estimate the financial impaét of an initial event, the event
is categorized into one of three event categories. ~The event catego-
ries are Event Category I, Event Category II, and Event Category III
[4]. Event Cgtegdry I consists of Type I Events or'sﬁall consequence
accidents [2,4]. Small consequence events occur routinel& throughout
" the iife of an industrial plant although they are not scheduied or
planned events. Such events could be the result of plant trips,
operator errors, unscﬁeduled maintenance requirements, plant system
failures or éxtérnal evengs. Small consequencé'events consist of a
‘period of zero plant productipﬁi However, no significant plant
contaminafion, plant damage, or-on-site health impact costs are
incurred [4]. Thus, the economic consequences of'Type I Events only

consist of some on-site costs.
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Event Category 1I consiéts of Type II Events or medium conse-
quéﬁce eventé [2,4]. Medium consequence events result in substantial
equipment damage and other on-site costs. Plant decontamination is
required after an event in this cafegory. Plant repair or decommis-
sioning follows.the decontamination.’ If the plant is repaired, a
period of zero planf production may last for mény years; However,
these events do mnot result in a significant release of harmful
material into the environment. Therefore, there is no significant
off-site health impact or property damage costs associated with
Type II Events [4].

Event Category III consists of Type III Events or se&ere
accidents [2,4]. A Type III Event would result in severe plant damage
and a significant release of a harmful matérial into tﬂe environment.
Coﬁséquently, a Type III Event may result in off-site costs sucﬁ.as
off-sitg health impacts and pfoﬁerty damage as well as'én-site costs
such as on-site health" effeét costs, capital loss, perceived risk
costs, litigétion costs, and répair or decommissioning ¢osts.

Fortunately, Type.III Events are very rare [4].

Off-Site Costs

Off-site costs are costs occurring at off-site locations,
including the costs for measures taken to reduce population exposure
after a contaminating event, property damage costs, and off-site

health effect costs. Off-site costs also include indirect or

secondary costs that occur outside a contaminated area [4]. An
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example would be the loss éf tourism trade due to a severe induétrial
accident.

The countermeasure costs, fo-site property damagé costs, off-
site heaith effect costs, and secondary costs represent general
classifications of off;site costs. Sﬁecific off-site costs include
population evacuation costs, femporary relocation costs, property
decontamination, 'agficultural product disposal costs, population
health effeét and health care costs, off-site litigation costs, and
permanent relocation costs [4].

Off-site costs are only incurred in Type III Events or very

severe accidents. The probability of a Type III Event occurring is
very small. In fact, the United States has never experienced a Type
III Event [4]. Consequently, it has been determined that on-site

costs generally dominate the economic consequences of potential
accidents [25]. Therefore, in this study, only on-site costs or

Type I and.Type II Events will be considered ih the analysis.

On-Site Costs

On-site costs are costs directly affecting the plant, industry,
or that occur at on-site locations. There are several on-site cost
components which are worker health effect costs, plant decontamina-
tion costs, repair costs, loss of.production costs, capital investment
loss, litigation costs, and perceived risk costs [4]. The cost
components-cannot gimply be aggrégated to arrive at a total on-site
cost estimate because of the difference in-the timing of the cash

flows [4,10,33]. Adjustments must be made to account for this
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difference iﬁ the timing.of tﬁese’cash flows,ui.e., compensating for
‘the effects of interest and inflatéon. .Compeﬁséting for the effects
of interest and inflation will yield equivalent values which can be
summed to'arrive at a total-on-éite cost estiméte [10,33].. In this
studyt the present worﬁh value using then-current dollars Will denote
“the equivalent value of these césh flows at the time of accident -

occurfence [4].

Wérker Healéh Effect Co;ts

The assignménf of a dollar Value'to he;lth effects is the moét
controversial:and difficult aspect of estimating-tﬁe financial
consequences of an acciaent.- Acéﬁally, the value of lifé ca@not be
determined in a technical manne?v ihe value of life is.a political or
social issue [25]. -

Rather than assigning é mongtafy value to the value of ‘life, the’
"life shortening méthod“lwill ge used. The 1ife shortening method
measures the number of.lost years. Consequently, a.lower vélge is

~assigned to delayed deaths or‘qlder persons,” and a higher value is
uged for younger persomns or immediate deaths [4,25]. Soﬁe eétimafés
for radiation induced heéléh effects are given beloﬁ, which are.based
on a review of societal expenditﬁres for life [4]:
$1,000,000 per early'fét;iity
$100,000 per early injury
$100,000 per latent cancer fatality
Tbe above estimates are based upon 1984 values. Consequénély,

these values must be adjusted for inflation and intic_arest-. To
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determine the present worth value for each of these estimates, use the

following relation [10,33]:

E¥ = E(L + io)®  where ig = iy + j + ip*] (2)
and where E¥ = adjusted estimate
E = estimate in 1984 dollars

ic = compound infldation and interest rate

i, = interest rate

inflation rate

n = the difference between the current year
and 1984 -

(3
It

Although worker health effect costs are incurred in a Type II
Event, it is unlikely that worker health effect costs are a result of
a Type 1 Event, since Type I Events. are small consequence accidents

(4].

Plant Dgcontaminétion Costs .

In the case of a Type I Event, no significant plant contamination
results. However, in the case of a Typé II Event, plant decontamina-
tion ishrequired before plant repair or décommissioning [4]. There-
fore, when postulating a Type II Event, decontaﬁination costs must be
considered in the analysis.

The decéntamination costs  would include clean-up and waste -
disposal costs. Figure 5. is the cash flow profile for tﬁe estimated
Three Mile Island-2 (TMI-2) decontamination and clean-up program in

1980 dollars [4].
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Figure 5. Cash flow profile of the Three Mile Island decontamination
program.

The present worth of the decontamination costs using then-

current dollars is computed as follows [4,10,33]:

m
Dc - Z Cn{ + 0r + j + ir*j) (©)
n=0
where Dc = present worth of decontamination costs

at the time of the event

Cn - undiscounted, uninflated program cost
in year n after the event

n = year from the year of the event

m = completion year of the program

ir = interest rate

J - inflation rate

Using an interest rate of 4% only, the present worth of the TMI-2
Recovery Program is approximately $750 million in 1980 dollars [4].

The duration of the decontamination program determines to some
extent the cost of the decontamination operation. A longer program

plan would result in higher costs due to the time value of money.
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" Based on studies of post-accident clean-up and decontamination

programs, estimates of program duration are as follows [4]:

lower bound = 4 years

best estimate = 8 years
(based on TMI-2 Recovery Program)

upper bound = 12 years

(worst Type II Events)

Plant Repair Costs

Plant repair costs are often negligible in the case of a Type I
Event because it is difficult to distinguish between routine main-
tenaﬁcé costé and plant répair costs after a plant trip. In additioﬁ,
the replacement parts needed after a Type I Event may be relatively
inexpensive. Also, the repairs required after this type of event are
probably performed by the normél dperaging crew. Consequently, repair
costs may not need to be considered in a Type I Event [4].

In the case of a Type II Event,'the plant will either have to be
repaired or decommissioned éfter the decontamination progr;m is
completed. " If the plant is repaired, the repair costs will ihclude
‘the labor and materials required to restore the plant to operational
status. Such costs are incurred after the completion of the decon-
tamination program [4]. Figufe 6 illustrates the caéh flow profile of

a hypotheﬁical repair program.
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Figure 6. Cash flow profile of a hypothetical repair program.

The present worth of the repair costs, using then-current

dollars, can be calculated as follows [10,33]:

m
RC " 2Cn( + ir +j + ir*j)'n A+ Ir +J +ir-j)"k @
- _
where Rc present worth of repair cost at the
time of the event
cn undiscounted, uninflated repair cost
year n
| completion year of decontamination
program
m completion year of repair program
n year from the completion year (1)
of the decontamination program
k number of years that the decontamination
lasts
Ir interest rate
j inflation rate

The duration of the repair program will generally not be as long
as the duration of the decontamination program. Estimates for the

duration of repair programs are given below [4]:
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lower bound = 1 year
best estimate = 2 years

.upper bound =. 3 years

Loss of Production Costs

Both Type I and Type II Events could result in loss of production
costs. In the case of Type IL Events, these costs are incurred until
the decontamination and plant repair operations are completed [4]. An
estimate of the downtime duration for a Type ITI event are obtained
from the sum of the decontamination and repair duration. In the case
of a Type I Event, the downtime.duration is simply the time required
to bring the flapt back to oberational stafus [4].

After the downtime duration and annual loss of production costs
are estimafed, the present worth of these costs are estimated as

follows [10,33]:

m
Po =3 Ca(l + iy + j + ipej) ™™ : (5)
n=0
where P, = present worth using then-current dollars
_ of the loss of production costs
Cp = uninflated, undiscounted loss of
production costs in year n
n = vyear from the year of the event
m = completion year of repairs
i, = interest or discount rate
j = 1inflation rate

' Figure 7 portrays a cash flow profile of the loss of production

costs for a hypothetical Type II Event.
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Figure 7. Cash flow profile for loss of production costs.

Figure 7 also illustrates the relation between a decontamination

program, repair program, and loss of production costs.

Litigation Costs

After a severe Type |1l Event, the issues of liability and
compensation are frequently settled through Ilitigation. Litigation
costs include the legal settlements and legal fees [4] . No estimate
regarding the duration or magnitude of these costs are available.
However, the present worth value using then-current dollars can be
estimated by using the same technique used for estimating the present

worth value of the loss of production costs [10,33].

Capital Investment Loss

Decommissioning the plant may be necessary after a severe Type 11
Event. Decommissioning will shorten the life of the plant. Conse-
quently, the capital investment of the plant will not be Tfully
recovered. Therefore, some part of the capital cost of the plant is

lost [4].
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The capitallloss can be calculated by computing the depréciation
.schedgle of the-plant, determining the book value of the plant at the
time of the shutdown, and then calculating the unrecovered balance.
The unrecovered bglanqe represents the capitalrloss. However,.
depreciation schedules are accelerated énd plant lives are shﬁrtened
in order to take more dep;eciatipn. allowances in the. earl§ years.
Consequently, thé,book value‘of the plant may be zero when the event
occurs and, therefore, a capital loss will not be represented. Hence,
this is not an accurate method for determining capital loss ‘[4].

Thére is a more accurate-method of . calculating the capitél loss. .
The reﬁlacement.cost of éhe plant is estim;ted and anﬁualized over the
_total expected life of the plant. In this study, the‘toFal-expected
life of an industrial plant is assumed to be 40 years. 'The capitai
loss is this annual cost over the ;emaining plant lifetime [4].

The annual replacement cost can be calculated as follows

[4,10,33}:
il + - ' (6)
A =P —_— ,
1+ )0 -1
where A, = annual replacement cost ' n = 40 yfs
P = plant replacement cost i = interest rate
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The capital loss is calculated as given below [4,10,33]:

(1 + i)B -1 - ' (7)

C1 = Ay
i1+
where Ay = annual replacement cost C1 = capital loss
*  n = no. of yrs remaining i = interest rate

on plant life

Perceived Risk Costs

The most severe costs of a Type II Event are those of perceived
risk. Perceived risk costs result when the plaﬁt operation is viewed
as being out of control. Thus, perceived risk costs are the resulf of
loss of confidence by both the public and regulatory aéenéies [4,5].

If plant oferatiop is viewed as beiné out of control after'an
accident, the company can experience higher costs for 'borro&ing
capital. This altered perception of risk can also lead to a higher
demanded return on capital. In addition,-the_loss of confidence can
affect th; policy decisions made by the regulatory agencies and may
therefore lead to a rapid shutdown or bhasing out of the facility.
The company will then experience ca;h flow limitations due to the loss
of income. This will. result in insufficient coverage on existing
financial comm%tments [4]. Consequently, thé company's stability will
be jeoﬁardized.

If the facility is not shutdown or phased out due to the altered
perception of risk after an accident, the future of the facility will

still be wuncertain. The decisions made by the regulatory agencies
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will affect the restart or rehabilitation alternatives. In addition,
these decisions will affect the technical characteristics of the
feasible options regarding the facility's future. The regulatory
decisions will also regulate the plan proposed fér the facility’s
future with respect to timing, safety and‘environmgntal charactgrisﬁ
tics [5].

It is uncertain whether a qémpany will ever be able to regain the
confidence of the regulatory ;gencies,br the public after’an accident.
In fact, thé altered perception of risk can spread as it did after the
accident at Three Mile Island; The attifudes of people unaffected by
Three Mile Island changed due to the media’s contiﬁuai coverage of the
accident. The pegple unaffected by Three Mile Island began to ?esent
the féct that Three Mile Island was ever built [5].

The loss of confidence can halt the growth in the‘industry.‘ For
example, after the accident at Three Mile Island, there were many
plant caﬁcéllations and no new plant orders [5]. The perceived risk
costs can life;ally devastaté the industry and the company. Due to
the‘potential magnitude of the perceived risk costs, these costs can
engulf all other costs associated with an acciéent [4,34].

The perceivgd risk costs can result 'in .plant shu£down. or an
uncertaiﬁ future for the company depending upon the severity of the
accident and the pe'rception. of.- risk-assoc‘iated with the plant.
Consequéntly, there is a great deal of vagiation in the magnitude and
duration of—these costs. 'Therefore, the perceived risk cést will be

viewed as a variable, present worth value.
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FAULT TREE ANALYSIS

The methodology for a CSAPE utilizes fault tree anaiysis to
determine the ‘probability of a postulated accident. Fault tree

analysis consists of a task analysis, fault tree construction, and

fault tree evaluation. A task analysis of an accident provides the
data necessary to construct a fault tree. Constructing a fault tree
provides a cause and effect structure of an accident. Quantitative

fault tree ‘evaluation provides an. estimate of accident probability
[11,27,30]. The role of human reliability is emphasized to determine
the effect the enhancements will have upon improving systém

reliability.

Task Analvsis

The methodology for a Cost-Savings Analysis of Panel Enhancements
(CSAPE) utilizes task analysis to identify potential human errors that

would contribute to the occurrence of an acéident [6,27]. An accident

in a fault tree is referred to as an initial event or failure. Comnse-

quently, all the human operations or tasks inVolved in the failure are

anaiyzed in order to estimate the potential for human error..

Potential human errors are basic events in a fault tree of an-initial
\ .

event [20,21,27].” 7

A task analysis consists of identifying and analyzing the tasks

"involved in the failure. Potential human errors are identified by
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evaluating each task in terms of the accuracy, quality, and time
requirements of the task [24]. Evaluating other task characteriétics
will also aid in the identification of potential human errors [18,24].
A very fine_lével of detail is needed in the analysis because
tasks must be broken into their behavioral elements to identify the
potential human errors. This may require breaking tasks into sub-

tasks. Thus, task analysis is an iterative procedure [18,27].

Fault Tree Structure

The logical tree-type structure or fault tree is constructed by
identifying the initial event or accident and then working backwards
in time [27]¥ The events dire;tly contributing to the initial event
are connected to it through the-use of logical links., Then; the
events contributing to higher order events are identified and con-
nected to the tree. This process continues until the lowest level
events are part of the tree [11l].

Components of a fault tree are "primary events", "intermediate
events", and "logic gates". Primary events consist of "basic events",
"undeveloped events", "conditioning evenfs“, and "external events".
Basic events are human tasks.. Undeveloped events represent hardware
failures. A coﬁditioning event is a primary event used to~record
conditions or restrictions that may apply to a logic gate.. An
external event 'is an event that is expected to occﬁr, such as a phase

change in a dynamic system [30]. An intermediate event is the result

of one or more antecedent causes acting through logic gates [30].
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There are two basic types of iogic gates used in a fault tree:
AND-gates and OR-gates.‘ The OR-gate is uséd when an event occurs only
if one or more of the input or lower level events occur. The OR-gate,
denoted by a shield with a curved basé, represents the union of events
connected to the gate (see Figure 8). The‘OR-gate is eéuivalent to
the Boolean operation "+", Conéequéntly, the output event of an OR-
gate can be represented as the sum of the input events [30].

The AND-gate is used when the output event occurs only if all of
the input or lower level events occur [11,30]. The AND-gate,
represented by a shield with a flat base, represents the intersection
of events commected to the gate. The AND-gate is equivalent to the
Boolean opera?ion "e" and the output event is thg product of the
input eventé [301.

The initial event probability is estimated by assigning error
‘probabilities to the faults in the tree and performing a quantitative

analysis [30].

.Assigning Human Error Probabilities

To estimate the probability of the initial event occurring with
respect to fhe operation of the existing layout, error probabilities
are assigned to events in the tree and the fault tree is evaluated
[30]. Human reliability data tables are used to assign error
probabilities to the tasks or basic events in the fault tree [17].

Human reliability is a measure of the probability of successful
task performance. Human error rate is the complement of human

reliability; human error rate is one minus human reliability.
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Figure 8. A fault tree. T denotes the initial event. , Eg, and E3
represent intermediate events. , Bg, and B3 represent
basic events.
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The Technique for Humaﬁ Error Rate Prediction fTHERP).is a method for
predicting human error rates.[20,27], The outputs of the THERP‘mod;l.
inplude'estimated 'humgh error proBabilities (HEPs) for selected tasks
(see Appendix A) -[14,27]. The HEPs selected will refiecf the
probability of hurr}én error with. resp'ect to the operation of the

existing layout.

The HEPs

The HEP Vaiues in the THERf_Tablés are demand dependent. ‘Demand
refers to the demand per year of é,prdcess-sequence associated with an
initial event. The.yearly demaﬁd-for task.perfofmance or a procéss

sequence is not reflected in the HEP wvalues [27].

Performance Shaping Factors

The Technique for Human Errér Rate Prediction (THERP) i; based
upon Fhe'theoretical concépt:that hﬁméﬁ error is modified by
performance shaping f#ctors (PSst [20,27]. Cpe of the performance
shaping factors is ﬁuman factors engineering [6,27].. Control ' panel
enhancements will impréve.tﬁe humaﬁ enginéering performénce shaping
factor [22,27]. I1f this ﬁerformance shafing factor is improved,‘iowép

HEP values are used in the analysis [27].

-

Dependence
bependenciqs béfween taskshmust be incorporated,into the anélys:

is, qtherwise.the failure probability of the initial event will be
underestimated. Two tasks dre dependent if the probability of failure

of one task is influenced by the success or failure of the other task.
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These tasks do not necessarily need to be performed by the same.pefson
to be dependenﬁ [27].

Task dependency may range from Zzero to complete dependence. If
- two tasks have zero dependence, they are independent. Likewise, if
tw;'tésks have complete dependenée, failure on one task will insure
failure on the other task. There are several levels of dependence
between zero and complete dependence. These dependence levels in
ascending order. are zero dependence, low dependeﬁce, moderate depend-
ehce, .high dependence, aﬁd. éomplete dependence. Guidelines for
assigning dependence levels between tasks are given in Appendix A.
Data taﬁles that present equations and values to be applied to HEPs to
allow for the effects of depenéence can aléo'be found in Appendix A

[27].

Uncertainty. Bounds

The uncert;inty of the éstimated. HEP wvalue 1is .denoted by
uncertainty daounds (UCBs). Uncertainty bounds do not represent
statistical confidence limits because uncertainty bounds are 'basgd
upon judgement and not statistics [27].

The propoéed distribu;idn for the HEPs 1is a 1og normal
distribution i.e., the log of the HEPQ represent a normal distribution
[7,11,27]. The lower uncertainty bound'représents the 5th percentile,
the upper bound represents the 9s5th perceptile,’and the nominal HEP
represents the ﬁedian, with respect to a log normal distribution. The
uncertainty boﬁnds (UCBs) are repreéented by an error factbr'(EF)

since they.are symmetrical about the nominal HEP. The lower bound is
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determined by dividing the nominal HEP by the error factor. Likewise,

‘the upper bound is determined by multiplying the nominal HEP by the

error factor. Due to the amount of wvariation in the HEP estimates,
the EF is large for a small HEP value while the EF for a large HEP
value is small. Table 16 in Appendix A éan be used in détermining‘the

error factor associated with an initial event [27].

Fault Tree Evaluation

The fault treé is evaluated ‘once the error probabilities have
been assigned to the evengs in the tree. This is accomplished by
translating the fault tree struéture to a set of equivalent Boolean
algebfaic expfessions, and determining and evaluating the "minimal cut
sets" of the tree [30]. |

A fault tree is a graphic representation of the Boolean relation-
ships among the’ events [30]. To determine the set qf equivalent‘_
Boolean algebraic equation; of a fault ffee, the higher order events
are equated to their lower level events using the Boolean.operatioﬁ of
"t oor "e" for the OR-gate.and AND-gate, respegtively {11,30].

The minimal cut sets of a fault tree are the smallest irreducible
set of basic events required to insure the occurrence of the initial
event [11,30]1 The minimal cut sets are determined by first expanding
one of the Boolean equations‘of the tree. This equation is expanded
by substituting the rémaining equations into it. Consequenfly, the
fault tree is then. described as- one equation instead of a set of

equations {30].
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‘Once the fault tree has been converted to an equivalent Boolean

equation, this equation is reduced by applying the laws of Boolean
algebra. The reduced Boolean equation represents the minimal cut

sets. The initial event probability is determined by evaluating the

'minimal cut sets [30].
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CALCULATING RISK: THE EXISTING LAYOUT

The methodology for a Cost-savings Analysis of Panel Enhanceﬁents
(CSAPE) requires calcul;ting the risk associated with the operation of
an existing layout.

The HEP values are assigned to the basic events in the fault tfee
to reflect the probability of hgman error with respect to the
operation of the existing layout. The risk aSSociateq with a Type II

event is calculated as follows [1,4]:
Re = P(I)[ E' + Dc'+ Re + Pc + Ly + C1 + Py] (8

where .Rg = risk associated with the operatlon of
the existing layout
P(I) = probability of the initial event

E’' = present worth of worker health effect costs
D. = present worth of decontamination costs

P. = present worth of loss of production costs
R. = present worth of repair costs

L. = present worth of litigation costs

C1 = capital loss
P, = perceived risk costs
Since a Type I Event will only result in lost production costs, a
Type 1 risk calculation will differ from that of a Type II risk
calculation. = The monetary risk associated with a Type I Event is

calculated as follows [1,4]:

R = P(I)[ Pg | 9)

where Rg = risk associated with the existing de51gn
P(I) initial event probability _
present worth of the loss of production costs

g
0
I
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CALCULATING RISK: THE EMCED LAYOUT

Surface. enhancements will reduce human error probabilities (HEPs)
associated with'the operation of én enhanced layout [22,27]. Surface
enhancements Wili imprdve thélhuman engineefing pérformance shaping
factb; and consequently, lower HEP values are used iﬁ'the gn;lysis
[27]. |

The recommended fgducing factor for improved human engineering
desigﬁ rangé; f?om a value of 2Ito 10 [27]. A quantitgfive approach
‘is hegded to estimate the magnifuée of the reducing factor. Thé
approach usgd‘in this ;nalysis consists of a lineat additive utility

model [8,9,13,15,26].

Determiniﬁg the Reducing Factor

The magnitude of the ;educing.factor should be based‘upbn the
“utility of the combination of surface enhancement techniques éhat willl
enhance the feliability of the layout operation. .Consequently, the
reducing faétof is a direct measure of the perceived utiliﬁy. Utility
is used to ideﬁtify the measﬁre of the relative coﬂtribution to laygut
improyement.. The method presented for jﬁdging the magnitude of the
reducing factor is' derivgd from the Simple Multi-Attribute Rating
Technique (SMART). The method derived from SMART haS'beeﬁ»uséd

exténsively and is an effective, reproducible technique [9].-
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The linear additive model is a .method of obtaining and
aggregating subjective judgments [8,9,13,15,26]; To determine the
reducing'factor,.the utility of each attribute or'surface enhancement
techhiquév is evaluated tq identify the relative contribution 'to
potentiél error reduction. Consequéntly, surface enhancements are
incorporated into the assessment procedure in a s&stematic manner [8].

Thé redﬁcing facfor is determined by first ranking the Sgrféce
enhancements in order of improvement or in terms of the éontribution
towards adherence of the layout to the NUREG 0700 Guidelines [29]. A
welght is_assigned to eaéh surface enhancement'ranging fr;m 1 to iOO,‘
where a weight of 100.denotes totalladherence to the guidelines and 1
denote;‘a negligible‘contribution to the adherence of theAguidelines.
After 'wéights have been. assigned ﬁo. each surface enhancemépt, the
weights are normalizéd [8;9,13,15;26}.

The basic events in the minimal cut sets, that aré affected-by
the enhanceménts, are eYall.;a,ted in t;_erms.of each of the surface
enhaﬁcemenfs. A rate is‘assigned to the.basic events in terms of the
effect géch sﬁrfgce enhancement will ha&e updn reducing the likelihood
of'the event. The rate ;an be interpreted as the perceived pércent in
error reduction. The assigned rates will rangé from 1.0 to 0, where 1
denotes that- the surface enhancement will completely reduce.the-
likélihood of-the e&ent and d signifies the likelihood.of the event
will not bé reduced at all by thé surface enhancement. 1If a surface
enﬁancement is unrelated to an event, the symbol N/A can be.used_fd

denote this relationship.
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The reducing factor is obtained by combining the improvement
weights and the likelihood reduction rates. The reducing factor is

calculated as follows [8,9,13,15,26]:

m n : SIS
R=32 2 WieXij - . - (10)
i=1 j=1 - : . ‘ '
where R- = reducing factor .
wi = Iimprovement weight for the ith surface enhancement
Xjj = the likelihood reduction rate for the itp
surface enhancement and j¢ basic event
n- = number of -affected basic events

m = number of surface enhancements

Table 2 illustrates a format that may be used in determining the.

reducing factor for the human error probabilities [26].

Table 2. A format used to calculate the reducing factor.

Improvement ' Surface Basic ' e Basic
Weight . Enhancement - Eventy - . Event,,
W1 Description X171 e X1n
of m
Surface
Enhancements
Wp - Xm o " - Xmn

The reduced HEPs are calculated by dividing the affected HEP -in
the minimal cut sets by this reducing factor [27]. The reducing factor

‘can be calculated ffom the above format as follows:

R = WpeXyp + ... + WpeXpy + ... + WpeXpp + ... + WpeXpp
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In order to calculate the risk associated with the énhancéd
design, the fault tree must be re-evaluatea using the reduced human
‘error ‘ﬁrobabiiitie;. Afteg the probability of the initial event
"associated with an enhanced layout is determined,;the risk associated
with thg enhanced layout is determined in the same ménner as the risk

associated with an existing layout.




50

BENEFITS: RISK REDUCTION

Benefits of surface enhancements are in terms of risk reduction.

The risk reduction potential of enhancements in a layout is determined

* by calculating the difference between the risk associated with an

existing layout and the risk associated with the enhanced layout.

More precisely, benefits are calculated as follows:

Ry = Rg - Rj

(11)

where Ry = risk reduction potential of the surface enhancements

i

Re
Rj

risk associated with the existing layout
risk associated with the enhanced layout

Monetary risk may be viewed as the expected cost of the accident

per demand [1]. The expected costs are costs per demand because the

probabiliﬁy.of the initial event is dependent upon the frequency
task performance (see The HEPs) [27]. The risk reduction potential

the surface enhancements, therefore, is the probabilistic reduction

" the cost of the accident per demand. Consequently,

the surface enhancements are in monetary terms.

the benefits

of

of

in

of
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COST-SAVINGS ANALYSIS

A surface enhancement safety investment must be justified

economically before a decision regarding its' implementation can be

made [2,3,10,33]. The safety investment should insure efficient
allocation of the safety budget. In addition, benefits of the
investment should outweigh its costs [10,33]. Consequently, an

enhancement investment is analyzed in terms of efficient budget

allocation and costs versus benefits.

Safety Budget Allocation

An annual safety budget can be Yiewed as being allocated effi-
ciently if the yearly returns.on an investment are greater than the
investment expenditures. A surface enhancement investment represents
efficient allocation of a safety budget if the probabilistic maximum
yearly savings exceed the investment expenditures. The probabilistic
maximum yearly savings of an enhancement investment is the difference
between the -probabilistic upper béun& of yearly costs of an event and
the probabilistic lower .bound of the jearly costs of the event. The
upper bound of yearly costs is with respect to the operation of the
existing layout while the lower bound of yearly costs is with respect
to the operation of the enhanced layout. ' Tﬁe probabilistic yearly
costs are determined by multiplying the expected costs per demand, or

risk, by the demand per year. This can be described as follows:
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Mg = UCBged+E; - LCBje+dsE, (12)
where Mg = maximum yearly savings of the enhancement’
investment
UCBe = upper uncertainty bound of an initial event
with respect to the existing layout
d = demand per year of the process sequence associated
with the initial event '
E;. = the economic consequences of the event
LCB; = lower uncertainty bound of the initial event
with respect the enhanced layout
Thus, the probabilistic maximum yearly savings is the difference
between the upper bound per year associated with the operation of -
existing layout and the lower bpﬁnd per year associated with the
operation of the enhanced layout. The yearly demand of the process
sequence associated with the event must be estimated. in order to
compute the probabilistic cost per year.
The surface enhancement investment represents efficient alloca-

_tion of the safety budget as long as the following condition is

satisfied:
Mg = I (13)

where Mg = maximum yearly savings
I. = the total investment expenditures

The above condition requires that the probabilistic yearly
savings of an énhancement investment ﬁust be greater than or equal to
the total investment expenditures (see Estimating Enhancement Costs).
The condition insures éffi;ient allocation of a safety budget becagse

the probabilistic yearly savings will continue to accrue throughout
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the remaining lifetime of the:facility and these savings exceed the

investment expenditures.

Cost-Benefit Analysis-

The surface enhancement investmenf can be justified economically
.if the monetary benefits the‘ company receives from the inveétment
exceed its costs. The application of this ecriterion of acceptability
is known as-a costJbenefit'analysis from an organizafion's viéwpoiﬁt
[10,33].

The benefits of a.sﬁrface enhancement. invéstment are the poten-
tial monetafy risk reduction of an acéidépt per Aemand. The costs of
. the invéstmént consist of costs.aésdciateq with the impiemeqtation of
the enhéncements. The costs and benefits are stated inlequivalént
terms since the present worth values of both the costs and benefits
may  occur simultaneouély (see Estimating:Eﬁﬁanpehent Cosfg and
Estimating Economic Cénéequencés). Stating the costs and benefits of
the enhancement investment in gqqivalent monetar§ terms i;'a
prereqﬁisite of performing'é cost-benefit analjsis [10,33].

The cost-benefit acceptance criterion implies that the ratio of
:benefits to costs .must exceed one to economically justify the
investmeﬁg‘[10,33]. -For the gnhancemént invéstﬁent, this acéeptancg

criterion is stated as follows:

> 1 ‘ (14)

where Ig = Is + P71 + M., and Ry = Rg - Rj
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and I, = present worth of the total investment costs
I. = present worth of the initial investment costs
" P; = present worth of the loss of production costs
of the investment
M, = present worth of the incremental operating
and maintenance costs of the investment
Ry = present worth of the incremental risk
reduction potential of the enhancements
Re = present worth of the risk associated with
the existing layout
Rj = present worth of the risk associated with
‘the enhanced layout

_To apply the acceptance criterion, only the absolute magnitudes
of the costs and benefits are considered in the aﬁalysis. Cost
implies a negative monetary value or a negative cash flow [10,33].
Consequently, the absolute wvalue of the cost measure is used in the
analysis,

The cost-benefit analysis consists of comparing the enhancement
investment against a "do nothing" option. If the benefit-cost ratio
exceeds one, the investment is preferred to the "do nothing" option
[10,33].

Several mutually-exclusive alternative enhancement investments
can be evaluated and compared using the cost-benefit method. The
alternatives are compared in a pairwise manner using a common planning
horizon and the benefit-cost ratio acceptance criterion to determine
the economically preferred alternative. To perform this analysis, the
alternative investments must be ordered from lowest to highest costs.
During this pairwise comparison, only the incremental costs and
incremental benefits, or the differences between the alternatives'

costs and benefits, are considered in the analysis. The highest cost

investment is preferred to the lower cost investment as long as the °




55
benef:".t-cost ratio is greater than one. The preferred-alternative ié
then c'ompareci to the next higher ordered alternative and this i)rocess
continues A'unt'il all of the alternatives .have been exhausted. .The
survivi'ng élternative of this exhaustive pairwise comparison is the
prefg'erred a1t>ernative [10,33].

After the preferred alternative has been determined, it should be
-implémented. 'I.‘he- 'implementation of a surface enhancement alternative
will require schgduling labor and equipment time. Lost production
costs can be avoided by scheduling the implementation .during regulat_;?l.y
scheduled I;llaintenance.. Since the lost production costs of an enhance-

ment investment outweigh the material costs, this would make the

investment much more attractive economically [22].
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EXAMPLE: ENHANCEMENT RISK REDUCTION IMPACT

ON INADVERTENT TRANSFERS

This examﬁle ' examines the riskrreduction poteptiél of panel
enhancements on inadvertent transfers at a chemical processing plant.
An  inadvertent transfer consists of the transfer of toxic‘materials.
from g vessel to an unintended grea‘sﬁch as a sump, floor, or vessei'
[17]. The risk reduction potential‘of panel enhancements on inadvér-

tent transfetrs is illustrated through a Cost-Savings Analysis of Panel

- Enhancements (CSAPE).

Surface enhancéménts afe proposgd fof a control panel within an
extraction facility of a chemical processing plant. Eétimates for the
costs sf these enhancements are provided invorde; to conduct a cost- -
sévings analysis of the investment.

The . benefit-cost ratio accepténce critérion is used .in the cost-
benefit analysis of the panellenhancements. In addition, thé enhance-
ment investment is analyzed in terms of efficient safety budget

allocation. -
Surface Enhancements

The Panel
The control panel under investigation is organized functionally
by cells. However, groups of instruments are not visually

distinguishable except by color coded 1labels. Also, functionally
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related con;rbls and displays within the cell groups are not eésily
identified (see Figure 9). Some ' functionally related controls -and
displays are separated by large distances. In addition, some controls
are operated in a manner contrary to the expectations of the opera-
tors. For example, some control levers are pushed to open valves and
pulled to close valves while similar controls are operated in the

opposite manner [12].

Implications

The undelineated functional groups of instruments will ‘increase

operator response and search times as well as increase the potential:

_for unintentional selection and activation errors. The controls that

are operated in a manner contrary to operators expectations will

increase the potential for incorrect control manipulation [22, 27]:

Enhancement Objectives

Functional groups of ingtruments will be clearly identified and
separated. A hierarchical labeling scheme will be employed to
complement the identification of the functional groups on the panel.
The uniqueness of the controls that are operated in a manner contrary

to operators’ expectations will be enhanced [22].

Enhancement Description

One-inch demarcation lines are used to differentiate functional
cell groups. The color of the demarcation lines contrasts with the
panel backboard color. Where sufficient spacing between components is

unavailable for these lines, top brackets of a similar width are used
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Figure 9. The existing panel layout in the extraction facility.
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to désignate these functional groups. Narrower one-half inch
demarcation lines of a similar éolor are used in delineating subgroups
of instruments within the cell groups. Top brackeés of a similar
width and color are employed to designate subgroup; where sufficient
space is unavailable for these demarcation liﬁes (see Figure 10) [22].
A top down hierarchical labgling scheﬁe is used to facilitate the
identification and location of specific compdnents on -the panel. AThe
major cell groups, subgroups, and components are all 1abeied. The
labels are located above the respective groups and éompdnents to
complete the top-down phenomenon. The iabels.adhe;e to the NUREG-0700
Guidelines [22,29]. |

Association between physically separated instruments is.cbnveyed
through the use of color shading. - The component and the fanel
‘bagkboard surrounding the associated ‘group ér subgroups is shaded
using a neutral color such as light green [22].

Shape coding is used to convey the uniqueness of the controls
that are operated in a manner contrary to the opera;ors' expectagions.
Square knobs designate the unique controls while the existing ropﬁd
knobs designate the conventionally operated controls [22].

The above enhancements must be yefified throﬁgh the use of a -

panel mock-up or model before implementation [22].
Enhancement Costs

Initial Costs

»

The direct material and labor costs for the enhancements and the

mock-up are estimated to be $40,000. The administrative or overhead




Figure 10. The enhanced panel layout in the extraction facility.
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costs are estimated at $10,000 in this example. Thus, the present.

wortﬁ of the initial costs is estimated at $50,000,

Lost Production Costs

The“.imp}ementatiorx of the Surface,enhancemenfs is scheduled
simultanebusly’ with routine maintenance or a planned shutdown.
Consequently, costs associated with planf downtime are not considered

in the investment expenditures of this example.

Incremental Operating and Maintenance Costs

Incremental costs of oberating and maintenance associated with
the enhancements are estimated at $10,000 annually. This estimate
inéludes tﬁé costs of revising written operating procedures due fo the’
changes and thé costs torrefurbish tﬁe enhancements’ [2,22]. Since the
extraction facility has been in operation for 35 years, its remaining
lifetime is 5 years, consequently, these costs wili; be incurred
annually for the next 5 yeafs. The present worth of the incremental
operating.énd maintenance costs at the time of enhancement impiementa1
tion is compu?ed usihg Equafion 1. The present worth value of the

cbsts using an interest rate of 4% and a 3% inflation rate is $40,800.

'Total Cost Estimate

The fotal cost estimate for the panel enhancements is the sum of
the ﬁresent worth wvalues of the initial costs, 1o§t production costs,
and increméntal maintenance and operating costs. In this'example; the
total cost gstimate for the surface enhancements is $90,800. This is

only a hypothetical estimate.
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Economic Consegtiences

In this example, ‘an inadvertent tfansfér. is qlassified as a
Type II Event. Consequently, only on-site costs are conside?ed in the
analysis. It is assumed that such an event would result in the death
of one person and the injury of two others. Although the inadvertent
transfer results in significant facility contamination, the facility
is repaired rather than deéommissioned after the event [34].. Conse-
quently, capital invéstmént loss is not a cost component in this

example.

Worker Health Effect Costs

| The worker health effect costs are determined using estimates for
radiation induced health effects as given in previous'section, Esti-
mating Economic Consequenceg [4]. The present worth value of these
costs are calculated using Equation 2 [4;10;33]. The present worth
value of the fatality costs using .a 4% interest rate and a
3% inflation rate is approximately $1,316,700. The present worth
value of the'health effect costs for the two injuréd workers using the
same interest and inflatioﬁ rate is approximately $263,300. The total

health effect costs are $1,580,000.

Plant Decontamination Costs

After the event, the plant is decontaminated before it is
repaired. The duration of the decontamination program is based upon
the lower bound estimate of the clean-up program duration estimates as

given in the previous section, Estimating Economic Consequences.
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Consequently, the decontamination program duration is estimated at
4 years [4]. The annual cost of the decontamination program is
estimated at $25,000 annually [34]. The present worth value, $84,450,
is calculated uging Equation 3, an interest rate of 4%, and a

3% inflation rate [4].

Plant Repair Costs

The plant repair program is estimated to last one year and cost
$4.2 million. The program duration estimate is based upon the lower
bound estima£e for repair programs as given in the previous section,
Estiﬁating Economic Consequences. The present worth valueAiQ
calculated using Equation 4 [4,10,33]. This estimate is approximately

'$3 million [34].

Loss of Production Costs

The duration of the plant downtime due to the inadvertent
transfer is the sum of the decoﬁtamination program duration and the
repair duration. Consequently, it is assumed that the loss of
production costs will last for 5 years. The annual loss of production
costs are estimated at $100,000 per year [34]. The present worth of
these costs at the time of the accident occurrence is calculated using
Equation 5, a 4% interest rate, and a 3% inflation rate [4,10,33].

The resulting present worth value is $408,700.

Litigation Costs

In this example, it is assumed that the inadvertent transfer will.

result in litigation costs. The estimates of these costs are based
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upon the worker health effect costs since the issues of liability and
compensation may‘arise due to the worker health effects. The
litigation cost esfimates, thereforg, reflect the total worker health

effect costs of $1,580,000.

Perceived Risk Costs

Although repair of the extraction fgcility is planned after the
event, the future of the plant may still bé uncertain due to the
political ramifications of the event. Thé plant may be slowly phased
out because the plant process is perceived as being out of control
[4.5]. Therefore, the company may lose its mission. In Fhis example, -

this perceived risk cost is estimated at $25 billion [34].

Total Cost Estimate

The total cost estimate of the economic consequences for an
inadvertent‘tfansfer is the sum of the present worth values of the
worker health effect cost, decorntamination cogts, repair costs,
litigation costs, and perceived risk costs [4,10,33]. .The total cost
estimate is approximately $25.006 billion. The economic consequences
of the event can be multiplied by its probabiiity to determine the

associated risk,.

Risk Calculations

The Existing Layout

The demand probability'of the inadvertent transfer is estimated
by performing a task analysis of the transfer operation, constructing

a fault tree for the évent, and evaluating the fault tree. The task




65
anélysis pfovidég‘the data necessary to construct the fault tree [27]. -
The fault tree, which ig‘composed of the most credible faults th;t
insure the occurrence of the event, is eyaluéted'by determining the
minimal cut sets of the tree [17,30].

A task analysis of the transfer'oberations'in tﬁe .extraction
facility is‘pérformed in order to detefmine the most credible faults
that woulq insure. the occurrence of tﬁe event. A }ist of the tasks
pexrformed du?iné a typical transfer operétign.is given in Abpendik B
[177. |

A fault tree for the inadvertent transfer is donstruc;ed from the
faults associated with the event. See Eigure'11.[17].' The role.of
human reliability in the reliability of the system is'emphasized by
the undeveloped hardware failures. Human error probabilities (HEPs)
are assigned to the human tasks 'to ‘reflect the probability of 'the
event aséociéted with the operation of the‘existing panel layout. The
hum;n error probabilify estimates are basea on fhe nominal HE? values -

givenﬂ in the THERP Tables (see A@peﬁdix A) [27]. The failurg
estimates and assumptions used in the féﬁlt“tree'anglysis are given in
Table 3 [17].

" The probability of _thé | inadvertent traﬁsfer is. estimated Iby
évaluating the minimal cut’ sets of the gree with respect to the error
'pr;babilities'[l7,30]. A deécription and list of the minimal cut
sets are givéﬁ in Aﬁfendix B. The resulting demand probability ofAfhe
event with respect to the existing layout is .00101 [17]. .Using-
Equation 6, the resulting risk estimaté'is.abp;oximately $25,256,700

per demand.




Figure 11. Inadvertent transfer fault tree



Table 3. Failure estimates and "assumptions for
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an 1inadvertent

transfer.
Event| Event Déécription Table Or. Result Assumptions
Name Source
HA2 Valves mislabeled Arbitrary .00003 System Error
HA3 Unknown routes exist| Arbitrary .00005 System Error
HA4 Abnormal occurrence | Arbitrary .00005 - System Error
HB5 Previous line-ups Arbitrary .00005 System Error
incorrect
HC1 Supervisor fails 16 .1 Initial
to detect error Operator
HC4 Operator/supervisor 16 .1 Initial
fails to detect error Operator
HC5 Errors in drawings Arbitrary .00005 System Error
HD1 Wrohg sending 8 .001 Operator
vessel chosen Error
HD2 Wrong vessel input 9 .004 Operator
into computer Error
HD4 Wrong vessel input 9. .004 ‘Operator
into computer ‘Error
HD6 | Procedures wrong 6 .0001 Human Error
HD7 Procedures wrong 6 .0001 Human Error
HE3 Displays misread 11 .006 Human Error
HE4 Wrong displays 10 . .003 Operator
are read Error
HF1 | Checklist used 7 .0005 Operator
incorrectly 8 Error
HF2 Operator omits 7 .0005 Operator
) .a step 8 Error
HF3 Valves operated 13 .001 Operator
incorrectly Error
HF4 Wrong valve 12 .08 Operator
manipulated Error
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The Enhanced Layout

Enhancing the layout will result in lower human error profabili-
ties [22,27]. To calculate the probability of the inadvertent
transfer with respect to the enhanc;d iayout, a reducing factor for
the HEPs is determined, the affected human error probabilities of the .
minimal cut sets are reduced, and the fault tree is re-evaluated.

A linear additive utility model is used in quaﬁtif’ying the
subjective judgments régarding the reducing factor for the human error
probabilities. Normaliéed iﬁprovement weights are assigned to‘each
surface enhancement. Likelihood reduction rates are assigned to the
basic events in the minimal cut sets that are affected by the enhance-
" ments as shown in Table 4. Using Equation 10, the resulting redﬁcing
factor is approximately 2. The HEPs of the basic events HD1l, HE4,
HF3, and HF4 are divided bf the reducing factor. The resulting values

and probability of the initial event as compared to those of the.

Table 4. Format used in calculating the reducing factor."

Improvement Surface Enhancement HD1 HE4 HF3 HF4
Weight Description’
.24 Large Demarcation .8 .8 N/A .8
Lines -
.22 - Small Demarcation .7 .7 N/A .7
- Lines ' '
.20 Color Shading- .6 .6 N/A .6
.19 1 Shape Coding N/A N/A .9 N/A
15 - Hierarchical .8 .8 N/A .8
Labeling
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existing layout ére given in Table 5. The demand probability of an
inadverteht transfer associated with the qperation-of ;he enhanced |
layout is .000946. Using Equation 8, the risk of an inadvertent
transfer with respect to 'the enhanéed layout is .approximately
'$23,656,300 per demandk This result is obtaiﬁed frém multiplying the.

economic consequences of the event by its demand probability [1].

Budget Allocatipn

The surface enhancement investment is analyzed to determine if it
represents efficient allocation of the safety budget. To represent
efficient use of the safety funds, ﬁhe probabilistic maximum annual
savings from this investment must exceed thg costs of the investment
as stated-in Equation 13.‘ The probabilistic maximum annual savings of
the enhancement investment is the difference between the probabilistic
upper bound of yearly' costs of an ir;advertent transfef and the:
probabilistic lower bound of yearly costs of an inadvertent transfer.
The upper bound is with respeét to the operation of “the exiétiﬁg
layout while the lower bound is with respect to the gnhaﬁced layout.

The probabilistic'yearly césts are'determined by rgférring
Equation 12. The yearly demand of transfer operations for the
extraction fécility is estimated at 104 transfer operationshper year
[34]. Using this demand, Equation 12, and Table 15 in Appendix A to
determine the upper and lower uncertainty bounds, the upper bound of
yeafly costs is approxiﬁately $7.6 million per year and the lower
bound of yearly césté is $2.4 million per year. The probabilistic

maximum yearly savings, $5.2 million per year, exceed the investment
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Table 5. Probabilities of an inadvertent transfer.

Event Name . Exisfiﬁg Layout I Enhanced Layout
HA2 .00003 . - .00003
~HA3 .00005 . .04
- .00005 ‘; | 00005
HBS .00005 . .oobbs
HCL LT N 1
HC4 | | a1 .1
Hes .00005 |- .00005
HDL | oo - ~.0005
HD2 | .004- 004 .
HD4 ' 004 . .004
HD6 .0001 0001
HD7 .0001 | .0001
HE3 006 .003
HE4 .003 .003
wl 0005 . ”  0005
HF2 | 00ts | 7 -ooo01s
wF3 | .oo1’ | 0005
HF4 .08 | .04
~ Probability " o
of .00101 .000946
Inadvertent :
Transfer
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costs of $90,800. Therefore, the enhancement investment represents
efficient use of the safety funds since the condition of Equation 13

is satisfied.

Cost-Benefit Analysis

A cost-benefit analysis of the safety investment involves deter-
mining the benefit-cost ratio of the investment. If the benefit-cost
ratio is greater than one, the benefits exceed the costs and this
implies that the surface enhancements should be implemented [10,33].

The benefits of the surface enhancements are stated in terms of
risk redu;tion per demand. .The risk reduction potential of the panel
enhancements is determined by subtraéting the risk associated with
reépecf to the enhanced layout from the risk wifh respect to the
existing layout as stated in Equation 11. The resulting benefits of
the panel enhancgment are. $1,600,400, and the benefit-cost ratio,
1,600,400 : 90,800 is 17.6. Since this rafio is greater than one, the.

enhancement investment is the preferred alternative.
Recommendations

This egamplé illustrates the monetary rewards of surface enhance-
ments to a control panel within an extraction facility. Before
realisfic enhancements can be proposed, fhe paqel must be thoroughly
evaluated. These proposed improvements must be verified through .the
use of models or mock-ﬁps [22]. These procedures will insure that the

monetary rewards of surface enhancements are fully realized.
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Summary

The example of risk reduction potential of surface enhancements

on inadvertent transfers illustrates the monetary benefits that can be

realized from panel enhancements.

Enhancement costs are estimated to conduct a'cost-savings
analysis of the proposed enhancementgt The enhancement costs for the’
control panel within the extraction facility include the following:

Initial Gosts  $50,000
Incremental Operating 40,800
and Maintenance Costs

The total cost of the proposed enhancements is $90,800. The
total cost estimate of the economic consequences of an inadvertent
éransfer is $25.006 billion. This result is obtained from the

following cost components of an inadvertent transfer:

Worker Health Effect Costs : $1,580,000
Plant Decontamination Costs 84,450
Plant Repalr Costs 3,000,000
Loss of Production Costs 408,700
Litigation Costs 1,580,000

Perceived Risk Costs : 25,000,000, 000

The risk associated with the .existing panel layout and the

~ enhanced layout are as follows:

Existing Layout $25,256,700 per demand
Enhanced Layout _ 23,656,300 per demand
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The risk reduction potential of the panel enhancements is
$1,600,400 per demand; The resulting benefit-cost ?atio is 17.6. This
ratio indicates thét the enhancements represent an economically
preferred investment alternative.

The upper and lower bound of yearly costs of an inadvertent
traﬁsfer are given below:

: ﬁpper_bound 6f yearly costs - $7.6 million

Lower bound of yearly costs : 2.4 million

Since the maximum yegrly savings of $5.2 million exceed the investment
-qosts, the enhaﬁcement investmenf fepresents efficient use of the
safety budget funds. This resﬁlt,_ coupled with the benefit-cost
ratio result, support the recbmmendation’for implementing. the pangl

enhancements.
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CONCLUSIONS

The;"Cost-Sa_vings Analysis of- Panel Enhanc'en;ent-s (CSAPE) is an
integratioﬁ of. esta.bli'sljed. methods- -'t;hat perm-ii:s,an ecc.)ﬁomi'.c';analy.sis
of panel 'enhanlceme'ntsk. Panei enhancemehtg reduce human er;t.;or and
improve sysfem reliability. ) The CSAPE s ﬁsed to qﬁéntify- these
benefits in moneéary terms and .' economically ,jusﬁify- an enhancemenf
investment.' Performing a CSAPE_ in.vo',lve;s prdposing'pan_el enhancementsi',
estimatin_g 'enhance‘mentv costs, quant]f.tjyirig-' enhancement benefits in
. monetary terms, and conducting a cost.:-savings‘ analysis. .

'Ifh'e_ distinction between properly désigned‘:panels“_and 'po,orly:'
designed panels is used to .identify panels that mg‘ét be eﬂhanced.
Features of properly designed panels .are p’res_ent;ed as‘ well " é.s the:
'gurface'.'enhancement process and téch;liques used to i:mpl;ove:-exist‘ing.
panel des‘igns'. ’i‘he-_ CSAPE prdvides establis:héd methods for thle‘_cost'
analysis of the en,han;:éinent investment.

.The CSAPE methodology qﬁantifies enhancément bénefité in
monetary t;arms. l Mﬁngtary benefits of’erﬁxéﬁcemen;s are expressed in
terms of risk reduction. Risk reduction potential is determined by
postu.lati‘ﬁg an acdidént lscenal_:]'.o asso_'ci'ated With the opération of a
layouf aﬁd performing a.sensiti.vi‘ty analysis of thé"existing design
wllersus an enhanced design. The se;:lsitivity énalysi's utilizes a new
.applicatio'n of a 1iﬁear addil‘:]f.ve ufility model to quantify the

benefits in monetary terms.
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The costs and monetary benefits of proposed enhancements provide
the basis for a cost-savings analysis. A cost-saﬁings analysis
consists of a cost-benefit analysié and a budget allocation analysis.
A new approach to determine efficient funding allocation is presented
and illustrated.

The CSAPE is demonstrated through -an example. The example
provides an illustration of possible enhapcements to a panel within an
extraction facility of a chem‘ical processing plant. The proposed
enhancement investment is'économically justified. The'validity of the
CSAPE methodology is endorsed through the results of this example,
although no validation is'required since GSAPE is based on established
methods, models and techniques;

The Cost-Savings Analysis of Panel Enhancements (CSAPE) is
flexible in the seﬂse_that any type of initial event can be postulated
in the analysis. The CSAPE is also flexible in terms of‘application.
CSAPE can be used in industries other than the chemical processing
industry with oﬁly slight modificatiéns. The modifications required
for application to other industries involve only the restatement of
economic consequences of an initial event.

CSAPE 1illustrates that panel enhancements can be economically
justified in terms of cost versus benefits aﬁd efficient budget
alloéation. CSAPE could also be used to justify the ﬂeconomics of
incorporating human factor design principles in new designs. The
cost-savings anaiysis for new designs would differ f?om CSAPE. For
example, rather than proposing surface enhancements to existing

designs, human factor design recommendations would be proposed for new
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designs. Task_analysis ‘would replace the surfaqe enhancement process
since human fagt‘or design recomm.endat‘ions are derived from task
analysis. However, quantifying the benefits of the human factor
design recommgndatioﬁs in moneltary terms would be similar to
quantifying the benefits of panel enhancements in .mo'netar'y terms.
The costfsavings analysis of human' factor recommendations woul’d be
performed in the same manner as the cost-savings analysis of thg
surface enhancements. | |

' The CSAPE could be improved and further deve‘loi)ed. A major and

continuing need for improvement lies with the human error probability

estimates. The human error estimates used in the CSAPE are based on
the THERP data tables. These human error estimates are based on
judgement rather than statistics [27]. Any improvement in the human

error estimates would improve the risk estimates used in a CSAPE. 'i‘he
CSAPE could be deveiopgd further to include Type III Events.
Currently, only Type I and Type II. Events are considered 1n a CSAPE.
Although CSAPE c_ouid be imprc;ved and developed further, it
provides an initial methodology for quantifying the monetary benefits
of human factors safei:y investments. The CSAPE also provides
procedurc;,s for a cost-benefit and safety budget allocation analysis of
human factors ;afety investments. Methodologies have been developed
for a cost-effectiveness analjsis ~of hardware safety imhrestments
[2,3]. However, CSAPE clomplements and extends the previously
developed methodologies rather than I;arallels t;hem. .Us_ed- together,
the economics of both hardware and human factors safety investments

can be evaluated.
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GLOSSARY




Backfit
Backfitting

Basic Event
Conditiohing Event

Cost-Benefi;

Cost-Savings

allocation analysis.

Demand
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GLOSSARY

Changes to an existing design.
The re-design of existing designs.

A primary event in a fault tree that
consists of human tasks.

Conditions or restrictions that apply
to a fault tree logic gate.

An economic analysis of an investment
that involves evaluating the benefit-

_cost ratio of the investment.

An economic analysis that incorporates a

" cost-benefit . analysis and efficient budget

The demand per year of the process- sequence

assoc1ated with the initial event.

Efficient Budget
Allocation

External Event

Failure

Inadvertent
Transfer

Initial Event

Intermediate Event

Life Shortening
Method

Logic Gates

The allocation of funds in which the maximum
yearly savings of an investment exceed the
investment costs.

A fault tree event that is expected to
occur.

An accident or unusual occurrence.

A transfer of materlals from a vessel to an
unintended area.

See.failure.

One or more antecedent causes of an event
acting through a logic gate.

A method of estimating the wvalue of human
life that measures the number of lost years.

Logical connectors of AND and OR used
between fault tree events.




Minimal Cut Sets

Perceived
Risk Cost

Primary Events

Probabilistic Lower
Bound of Yearly Costs

Probabilistic
Maximum Yearly
Savings

Probabilistic Upper
Bound of Yearly Costs

Reducing Factor

Retrofit
Retrofitting
Risk

Surface
Enhancements

" System Function

Principle

Task Sequence
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" GLOSSARY-Continued

The smallest irreducible set of basic

- events required to 1nsure the occurrence of
an. initial event.

Costs of an accident due to the loss of
the public’s and regulatory agenc1es'
confldence

Events in a fault tree that are not
developed further.

The lower bound of expected yeérly costs of .
an initial event.

The upper bound of probabilistic yearly
costs of an accident minus the lower bound
of probabilistic yearly costs of an
accident.

The upper bound of expected yearly costs of
an initial event.

A number used to reduce human error
probab111t1es

See backfit.
See backfitting.
The expected cost of an accident.

Cosmetic changes to an existing design
which consist of paint, tape and labels,

A human engineering design principle of
grouping functionally related instruments
together on a control panel.

A human engineering design principle
that involves locating instruments on
a panel to minimize operator movement,
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APPENDIX A -

HUMAN ERROR DATA
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Table 6. Estimated HEP per item (for perceptﬁal unit) in preparation

of written material.

HEP ~EF

Item Potential Errors

(1) Omitting a step or important instruction .003 5
from a formal or ad hoc procedure* or a
tag from a set of tags

(2) Omitting a step or important instruction Negligible
from written notes taken in response to
oral instructions®

(3) Writing an item incorrectly in a formal .003 5
or ad hoc procedure or on a tag

(4). Writing an item incorrectly in written " Negligible

notes made in response to oral
instructionst '

* Formal writtén procedures are those intended for long-time use; ad

hoc written procedures are one-of-a-kind,

procedures for some special purpose.

+ A maximum of five items is assumed.

informally prepared

If more than five items are to

. be written down, use .00l (EF = 5) for each item in the list.
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Table 7. Estimated HEPs related to failure of administrative control.

Item _ Task ' HEP EF
(L) Carry out a plant policy or scheduled tasks .01 - 5
such as periodic tests or maintenance
performed weekly, monthly, or at longer
intervals
(2) Initiate scheduled shiftly checking or .001 3
,inspection function
Use written operations procedures under
3 " Normal operating conditions - .01 : 3
(5) Use a valve change or restoration list .01 ' 3
(6) Use written test or calibration procedures .05 . 5
(7) Use written maintenance procedures - .3 5
(8) Use a checklist properly* = . 5 5
* Read a single item, perform the fask, check off the item on the
list. For any item in which a display reading or other entry must

be written, -assume correct use of the checklist for that item.
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Table 8. Estimated probabilities of errors of omission per item of

instruction when use of written procedures is specified.*

Item** Omission of Item HEP EF

When procedures with checkoff provisions
are correctly used:t

(1) Short list, <10 items : - .001 3
(2) Long list, >10 items ’ . .003 3
When procedures without checkoff provisions
are used, or when checkoff provisions are
incorrectly usgd:++
(3) Short list, <10 items . ' .003 3
(4) Long list, >10 items _ .01 3
(5) When written procedures are available and
should be used but are not usedtt .05% 5
* The estimates for each item (or perceptual unit) presume zeéro

*%

#

dependence among the items (or units) and must be modified by using
the dependence model when a nonzero level of dependence is assumed.

The term "item" for this column is the usual designator for tabled
entries and does not refer to an item of instruction in a
procedure. : s -

Correct use of checkoff provisions is assumed for items in which
written entries such as numerical values are required of the user.

Table 9 1lists the estimated probabilities of incorrect use of
checkoff provisions and of nonuse of available written procedures.

If the task is judged to be "second nature," use the lower uncer-
tainty bound for .05, i.e., use .01 (EF = 5).
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Table 9. Estimated ﬁrobabilities of errors in recalling oral

instruction items not written down.*

Item’ EP EF E

HEPs as a function of number of items to be remembered#**

Number of oral Pr[F] to recall Pr[Fi to recall Pr[F] to recall

instruction item "N," " all items, © all items,
items or order of recall order of recall order of recall

perceptual not important not important not important
units ) : )

la~]
tx
e ]
=1
(3]
52|
i

Oral instructions are detailed:

(1) 1+ . .001 3 - .001 3 .001 3
(2) 2 .003 3 .004 3 .006 3
(3) 3 .01 3 .02 5 .03 5
(4) 4 .03 5 .04 5 .1 5
(5) 5 .1 5 L2 5 .4 5
Oral in;fructions are general:

(6) 1+ .001 3 .001 3 .001 3
(7) 2 .006 3 .007 3 .01 3
(8) 3. .02 5 .03 5 .06 5
%) 4 .06 5 .09 5 .2 5
(10) . 5 .2 5 .3 5 .7 5
* It is assumed that if more than five oral instruction items or

*%

perceptual units are to be remembered, the recipient will write’
them down; If oral instructions are written down, use Table 9
for errors in preparation of wr1tten procedures and Table 8 for
errors in their use.

The first column of HEPs (a) is for individual oral instruction
items, 'e.g., the second entry, .003 (item 2a), is the Pr[F] to
recall the second of two items, given that one item was recalled,
and order is not important. The HEPs in the other columns for two
or more oral instruction items are joint HEPs, e.g., the .004 in
the second column of HEPs is the Pr[F] to recall both of two items
to be remembered, when order is not important. The .006 in the
third column of HEPs is the Pr[F] to recall both of two items to be
remembered in the order of performance specified. For all columns,
the EFs are taken from Table 15

The term "item" for this column is the usual designator for tabled
entries and does not refer to an oral instruction item.

The Pr[F] in rows 1 and 6 are the same as the Pr[F] to initiate. the
task.




90

Table 10. Estimated probabilities of errors in selecting unannun-
ciated displays (or annunciating displays no longer
annunciating) for quantitative or qualitative readings.

Item Selection of Wrong Display HEP* EF

(1) When it is dissimilar to adjacent . ' Negligible
displays**

~(2) From similar-appearing displays on DCS .0005 10

which conforms to the human factor
guidelines regarding computer systems
as given in NUREG 0700

(3) From similar-appearing displays that .001 3
are part of well-delineated functional
groups on a panel ’

(&) From an array of similar-appearing .003 ‘ 3
displays identified by labels only :

* The listed HEPs are independent of recovery factors. In some
cases, the content of the quantitative or qualitative indication
from an incorrect display may provide immediate feedback of the
selection error, and the total error can be assessed as negligible.

%% This assumes the operator knows the characteristics of the display
for which he is searching.
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Table 11. Estimated HEPs for errors of commission in check-reading

displays.*

Item Display or Task HEP EF
(D Digital indicators (these must be read .001 3
there is no true check-reading function ]

for digital displays)
Analog meters:
(4) Without limit marks .003 3
Analog-type chart recorders:
(6) Without limit marks .006 3
(7) Confirming a status change Negligible
on a status lamp’ .003%* 3
(8) Misinterpreting the indication on the Negligible
indicator lamps
* "Check-reading" meéans reference to a display merely to see if the

*%

indication is within allowable .limits; no quantitative reading is
taken. ' The check-reading may be done from memory or a written
checklist may be used. The HEPs apply to displays that are checked
individually for some specific purpose, such as a scheduled

requirement, or in response to some developing situation involving
that display.

If operator must hold a switch in a spring-loaded position until a
status lamp lights, use HEP = .003 (EF = 3).
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Table 12. Estimated probabilities of errors of commission in operat-

ing manual controls.#*

Item Potential Errors HEP EF

(1) 1Inadvertent activation of a control

(1A) Select wrong control when it is dissimilar Negl.
to adjacent controls
Select wrong control on a panel from an
array of similar-appearing controls:

(2) Identified by labels only .003 3
(3 Arranged in well-delineated functional groups .001 3
(4)- On DCS which conforms to the human factor .0005 10
guidelines as given in NUREG 0700
Turn rotary control in wrong direction (for
two-position switches, see item 8)
(6) When design violates a strong populational .05 5
stereotype and operating conditions are normal
Turn a two-position switch in the wrong
direction or leave it in the wrong setting
(7) When there is no violation of population stereotypes .0001 10
(8) When design violates a strong population .01 5
stereotype and operating conditions are normal
(9) Set a rotary control to an incorrect settihg .001 10
(for two-position switches, see item 8)

(10) Failure to complete change of state of a component .003 3
if switch must be held until change is completed '
Select wrong circuit breaker in a group of circuit
breakers

(11) Densely grouped.and identified by labels only .005 3

(13) Improperly mate a connector (this includes failures .003 3
to seat connectors completely and failure to test
locking features of connectors for engagement)

* The HEPs are for errors of commission only and do not include errors

of decision as to which controls to activate.
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Table 13. Estimated HEPs for'selgction errors. for locally operated -
' "~ valves. ;

Item " Potential Errors - HEP - EF-

M;king an error of selection in changing
or restoring a locally operated valve
when the valve to be manipulated is

(2) Clearly and unambiguously labeled, part .003 . - 3
of a group of two or more valves that - ]
are similar in one of the following: _
size and shape, state, or presence of tags

(4) Unclearly or ambiguously labeled, part : .008 -3
of a group of two or more valves that
are similar in one of the following:
size and shape, state, or presence of tags
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Table 14. Estimate HEPs in detecting stuck locally operated valves.

.. Item . Potential Errors : _ " HEP EF

Given that a local operated valve sticks
as it is being changed or restored,* the
.operator fails to notice the sticking
valve, when it has

A“(3)  A rising stem but mo position indicator#¥* :005"- -3

" % Equipment reliabilify specialists have estimated that the probabil-
ity of a valve's sticking in this manner is approximately .001 per
manlpulatlon with an error factor of 10.

*% A position. indicator incorporates a scale that indicates the

" position of the valve relative to a fully opened or fully closed
position. A rising stem qualifies as a p051t10n indicator 1f
there is a scale assoc1ated with it.




Table 15. General guidelines for e
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estimated HEPs.* -

stimating uncertainty bounds for.

Estimated HEP > .01

Item Task and HEP Guidelines*#* EFt
Task consists of performance of step-by-step
procedure conducted under routine circumstances
(e.g., a test, maintenance, or calibration task);
stress level is optimal:
L Estimated HEP < .001 10
(2) Estimated HEP .00l to .01 3
(3)

* The estimates in this table apply to experienced personnel.

%% For UCBs for HEPs based on the'dependence model, see Table 17.

* The highest upper bound is 1.0.
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Table 16. Estimated probabilities that a checker .will fail to detect
errors made by others.* '

Item Checking Operation HEP . EF

(1) Checking routine tasks, checker using written .1 5
materials (includes over-the-shoulder
inspections, verifying position of locally
operated valves, switches, circuit breakers,
connectors, etc., and checking written lists,
tags, or procedures for accuracy)

(2) " Same as above, but without written materials .2 5

(3) = Special short-term, one-of-a-kind checking .05 5
with alerting factors

(4) Checking that involves active participation, .01 5.
" such as special measurements. -

Given that the position of a locally operated
valve is checked (item 1 above), noticing
that it is not completely opened or closed:

(6) A rising stem with or without a position .5 5
indicator¥*
(8) Checking by reader/checker of the task .5 5

performer in a two-man team, or checking by
a' second checker, routine task (no credit
for more than 2 checkers)

(9) Checking the status of equipment if that status .001 5
affects one’s safety when performing his tasks

(10) An operator checks change or restoration tasks Above 5
: performed by a maintainer T ~ HEPs

5

* This table applies to cases during normal operating conditions in
which a person is directed to check the work performed by others
. either as the work being performed or after its completion.

%% A position indicator incorporates a scale that indicates the
position of the valve relative to a fully opened or fully closed
position. A rising stem qualifies as a position indicator 1if
there is a scale associated with it.




Table 17. The Annunciator Response Model: Estimated HEPs* for multiple annunciators alarming closely
in time.¥% :

Pr[F] for each annunciator (ANN) (or completely depéndent

Number set of ANNs) successively addressed by the operator
A§§s_ 1 2 3 4 5 6 7 8 9 10  Pr[F;)F
Item (a) ® e @ (e (B ® ® @ @) - (&
(1) 1 0001 - - - - - e e e e - R IR R .0001
2) 2 0001  .001 - - - - T - e oo e oo oo e e e e e .0006
3) 3 L0001 001 002 - m - w - om e s e e e e - - Lo01
(4) 4 0001 .001L  .002  .004 - - - - - « - e e e e e e e e e e .002
(5) 5 .0001°  .001 .002 004 0,008 - - - - - - - - oo oo oo - .003
(6) 6 .0001 001 .002 .004 .008 016 - - - - - - Ce - - - - - - 005
7) 7 0001  .001  .002  .004  .008  .0L6 . .032 - - - - - - - - -. 009
(8) 8 .0001 001 .002 .004  .008 016 .032 064 - - - - - - .02
(9) 9 .0001 ~ .001 .002 .004 .008 ° .016 .032 .064 .13 - - - .03
(10). 10 .0001 .001 .002 . .004 .008 .016 .032 064 .13 .25 - .05
(11)  11-15 . . .10
(12)  16-20 _ ' \
(13) 21-40 - Pr[Fj] for each additional ANN beyond 10 = .25

(14) >40 ' _ ‘ - a .25

L6




Table 17. (Coﬁtinued).

*

*%

4

The HEPs are for thé failure to initiate some kind of intended corrective action as required. The
action carried out may be correct or incorrect and is analyzed using other tables. The HEPs
include the effects of stress and should not be increased in consideration of stress effects.

EF of 10 is assigned to each Pr[Fj] or Pr[F;].

"Closely in time" refers to cases in which two or more annunciators alarm within several seconds
or within a time period such that the operator perceives them as a group of signals to which he
must selectively respond.

Pr[F;] is the -expected Pr[F] to initiate action in response to a randomly selected annunciator ‘(or
completely dependent set of annunciators) in a group of annunciators competing for the operator’s
attention. It is the arithmetic mean of the Pr[Fjls in a row, with an upper limit of .25. The
Pr[Fj] column assumes that all of the annunciators (or completely dependent sets of annunciators)
are equal in terms of the probability of being noticed.

86
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Table 18. Estimated HEPs for annunciated legend lights.*

Item Task HEP EF

(L) Respond** to one or more annunciated See Table
legend lights

(2) Resume attention to a legend light within .001 3
1 minute after an interruption (sound and
blinking cancelled before interruption)

3) Respond to a legend light if more than .95 5
1 minute elapses after an interruption :
(sound and blinking cancelled before
interruption)

4) Respond to a steady on legend light durlng .90 5
initial audit .

(5) Respond to a steady-on legend light durlng . .95 5

other hourly scans

* No written materials are used.

*%

"Respond" means to initiate some action in response to the indica-
tor whether or not the action is correct. It does not include the
initial acts of cancelling the sound and the blinking; these are
assumed to always occur. :
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Table ;9. Estimated probabilities of failures to detect one (of one)

unannunciated dev1ant dlsplay* at each scan, when scanned

hourly. %%
Initial - ' +
Audit ‘ Hourly Scans
Display Type 1 2 3 4 5 6 7 8
Item ‘ (@ (b)) (e) (@ (e) (£) (g) (h)

Analog meters:

(2) without limit marks .15 .47 .67 .80 .87 .92 .95 .97
Analog-type chart
recorders:

(4) without limit marks .30 ..58 .75 .85 .91 .94 .97 .98

(5) Anmunciator light mo .9 ..95 .95 .95 .95 .95 .95 .95
longer annunciating ' )

(6) Legend light* other .98 .§8 .98 .98 .98 .98 .98 .98

" than annunciator : )

light

(7) 1Indicator lamp™t .99 .99 .99 .99 .99 .99 .99 .99

*

bz

"One display" refers to a single display or a group of completely
dependent displays, i.e., a perceptual unit.

For error factors, refer to Table 15.
Written materials not used.

These displays are rarely scanned more than once per shift, if at

~all. Hourly HEPs for each are listed for completeness only.
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Table 20. Estimated probabilities of failing to detect at least one%*
of one to five unannunciated deviant displays as a function
of the BHEP for detection of a single dev1ant dlsplay
durlng periodic scannlng

Number of Deviant Indications

1 2 3 4 5
BHEP Pr[F] to detect. at least one deviant diéplay+
Iten (a) () v“(c) l (d) (e)
(1) .99 .985 .98 .975 .97
(2) .95 .93" .90 .88 .86
(3) .90 .85 . .81 77 .73
) .80 - .72 .65 .58 , .52
(5) .70 59 51 43 37
(6) .60 .48 .39 : .31 .25
(7 .50 37 28 21 .16
(8) 40 .28 - .20 . .14 .10
(9) .30 19 - " .13 .08 .05
1oy . .20 12 07 .04 .03
(11) 10 . - .05 .03 .02 o1
(12) .05 .03 .01 007" .oo4
(13) .01 .005 .003 .001 001

* To estimate the HEP for failure to detect other concurrent unannun-
ciated deviant displays when one has been detected, use the HEP for
the initial audit for those displays that are not functionally
related to the display detected (from Table 10) and use the annunci-
ator response model for those displays that are functionally related
to the display detected (from Table 17). The HEPs apply when no
written materials are used.

* For EFs, refer to Table 15.
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Table 21. Estimated probabilities that the basic walk-around inspec-

tion* will fail to detect a particular deviant indication
of equipment outside of the control room within 30 days.**

Number of days Cumulative Pr{[F]

*%

o+

- between within 30 days
walk-arounds , - given one

Item per inspector™ inspection per shifttt
(1) 1 (daily walk-around . .52
’ for each inspector)
(2) 2 - ; .25
(3) 3 .05
4) 4 . .003
(5) 5 . ' .0002
(6) 6 . .0001
(7 7 (weekly walk-around .0001 :

for each inspector)

* Assumption is that no written proceduré is used; if a ‘written-

procedure is used for a walk-around, use the tables related to
errors of omission and commission for performance of rule-based
tasks.

Three shifts per day are assumed.

It is assumed that all inspectors have the.same number of days
between walk-arounds. ' '

For EFs, use EF = 10 as an approximation.
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DEPENDENCE ASSESSMENT GUIDELINES

FOR DATA TABLES 22, 23, AND 24

Evaluate the influence of the failure or success on the immediately
preceding task on the task of interest.

Use the higher of two levels of dependence when there is doubt about
which one of them is more important.

Evaluate ‘the spatial and time relationships among all events.
Dependence between any two events increases as the events occur. closer
in t1me and space.

Evaluate the functional relationships among events. Dependence
between any two events increases with their- functional relatedness.

Evaluate the effects of stress on dependence among personnel.
Dependence increase with stress.

Evaluate the similarities among personnel with respect to all relevant
factors. Dependence increases with similarity in status training,
and responsibility. :

Evaluate tasks that must be accomplished within a given time frame for
dependence.

Zero dependence is not a valid assumption for errors of omission if
all of the following exist:

(a) the displays are adjacent
(b) the pointers on the displays are parallel
(c¢) policy is to check displays sequentially

Zero dependence can be assumed if the check readlngs are performed at
. different times,
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DEPENDENCE ASSESSMENT GUIDELINES

FOR DATA TABLES 22, 23, AND 24-Continued
A'ss.umé zero ,d'ependence‘ when using written pro_éedures and checklists.
Assign 1ow" dependence’ if there is any doubt about zero‘dependehce. '

Assign moderate dependence when there is an obvious relationship
between the performance on one ‘task and orn a subsequent task.

K

Assign.high dependence when the performénce on one task very substan- -
tially affects performance on a subsequent task. :

Assign -complete dependence. .t.‘o ‘those tasks performed simultaneously,
paired together in the written procedures, - or those tasks that are
perceives as- one task. o :

- Assume complete dependence if two check-readings must be performed
"simultanecusly and are covered in the same step, or when control are
manipulated in pairs. A




Table 22. Conditional probabilities of success or failure for Task "N" for the five levels of
dependence, given SUCCESS on preceding Task "N-1."

Task "N" Conditional Probabilities

ZD%% LD : MD " HD cD

s  F s F s F s F s F
Item (a) (b) (c) (d) (e) (£) () (h) 1 &
(1) .75 25 .76 .24 79 21 .87 13 1.0 .0
2) 9 1 .9 1 91 .09 95 .05 1.0 0
(3) 95 .05 . 95 05 - .94 .06 97 .03 1.0 0
(4) .99 Y .01 '1991 009 995 . .005 ., 1.0 0
(5) 995 .005 .995  .005 .996 .004 .997 .003 1.0 0
(6) 1999 .001 .999 .001 1999 .001 .9995  .0005 1.0 o
(7) .9995  .0005 ©  .9995 0005 .9996 .0004 .9997 . .0003 1.0 0
(8) .9999 - .0001" .9999 0001 9991 0009 - .99995 00005 1.0 0
9  .99999 00001 .99999  .0000L  .99991  .00009 .999995 ' .000005 1.0 0

* All conditional probabilities are rounded. The values in the F columns were obtained by subtrac-
tion.

*%* The conditional probabilities, given ZD, are also the basic probabilities for Task "N."

S0T




‘Table 23. Conditional probabilities of success or failure for Task "N" for the five levels of
~ dependence, given FAILURE on preceding Task "N-1." :

Task "N" Conditional Probabilities

ZD%* LD . MD . HD | cD

s F s F s F s F s F

Item (a) (b) (e) (d) (e) () (8) (h) ¢ H) (&)
(1) L7525 71 .29 .64 .36 .37 .63 0. 1.0
(2) .9 1 .85 .15 L7723 .45 .55 0 1.0
(3) .95 .05 9 .81 .19 47 .53 0 1.0
(4) .99 .01 .94 .06 .85 .15 .49 .51. 0 1.0
) - .995 .005 .95 .05 .85 15 .50 .50 0 1.0
(6) .999 .001 .95 .05 .86 14 © .50 50 1.0 0
(7) 9995 .0005 .95 - .05 .86 .14 .50 .50 1.0 0
(8) 9999 . . .0001 .95 .05 .86 14 50 © .50 . 1.0 0
(9) .99999 00001 .95 .05 .86 14 .50 .50 1.0 0

% All conditional probabilities are rounded. The values in the S columns were obtained by subtrac-
tion. ’

- %% The conditional probabilities, given ZD, are also the basic pfobabilities for Task "N."

0T
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.Table-24. Approxiﬁate ‘CHEPs and their ﬁCBs for 'dependence levels*
.given FAILURE on the preceding task.

Leﬁels
of .
Dependence : BHEPs
Item (a) . (b) ' (e)
(1)  zD¥¥ < .01 .05 (EF = 5) - .1 (EF = 5)
(d) ' (e) (£)
.15 (EF = 5) .2 (EF = 5) . .25 (EF = 5)
Levels
of - ) .
Dependence Nominal CHEPs and (Lower to Upper UCBs)
Item < (a) o . (b) (c)
(2) LD .05 (.015 to .15) .1 (.04 to .25) .15 (.05 to .5)
(3) MD . .15 (.04 to .5) - .19 (.07 to .53) - .23 (.1 to .55)
(4) HD .5 (.25 to 1.0) .53- (.28 to.llO) - .55 (.3 to 1.0)

(5. CD 1.0 k.S to 1.0) 1.0 (.53 to 1.0) 1.0 (.55 to 1.0)

(a) (b) : (e)

(2) 1D R (.05 to .75)' .24 (.06 to 1.0) .29 (.08 to 1.0)
.(3) MD .27 (.1 to .75) .31 (.1 to 1.0) .36 (.13 to 1.0)
(4) HD .58 (.34 to 1.6) .6 (.36 .to 1.0) .63 (.4 to 1.0)
(5) CD . 1.0 i(.58 to 1.0)‘ 1.0. (.6 to 1.0) 1.6 (.63 to 1.0)
* Values are rounded. All values are based on skilled personﬁel

(i.e., those with >§ mqnths‘experience on the'tasks being

.analyzed)..

‘%% ZD = BHEP. EFs for BHEPs should bé based on Table 15.
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APPENDIX B

INADVERTENT FAULT TREE DATA
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TRANSFER TASK LIST

.Vefbal instruction to perfo?m transfer.

Operétor ihputs éendiﬁg and receiving vessel nameé infé computer.
Opefatof requests 3 bateh transfer forms.

bpefator checks.computer for o£her transfers currently occurring.
Sufervisof approﬁes transfer.

6perafor identifies Aisflays for the vessels.

Operator adjusts control.

Opefator closes 3 valves.

Supervisor verifieg lineup and breaks seal on valve.

Operator verifies seal bregkage in iog.

Supervisor turns control to 6N position.

Operafor turns control»ON.

Operator opens 2 valves.

Supervisor verifies lineup.

Operator monitors other potential receiviﬁg vessels.

Operator reéords transfer data for each vessel.

Testing réquest from filled out for-receiving vessel.

 Operator monitors dispiays to-verify transfer completion.
Operator performs post transfer valve linéup.

Supervisor ‘verifies post transfer wvalve lineup.
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TRANSFER TASK LIST-Continued

Supervisor closes 3 valves.

Operator closes valve.-

Operator records transfer data.oﬁ forms.
Valve reséaled and reco#ded; |

Final paperwork finished.




Cut Set

" HA2

HA3

HA4

HB5

" HGS5

HD6
HD7

HCS8
HC1 HD2

HC4 HD4 HE3
HC4 HD4 HE4
HC4 HE3‘HF1
HC4 HE3 ﬁFz

EC4 HE3 HF3
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MINIMAL CUT SETS

Description

The valves are mislabeled.

There is an unknown configuration which allows the
transfer to occur via an unknown route.

An abnormal condition exists.
Previous post-transfer lineups performed incorrectly.

Errors in drawings used by instruction writers that

. cause information in procedures to be incorrect.

A procedure writer omits a step.
A procedure writer makes a writing error.

An operator chooses the wrong sending vessel for a
transfer and the supervisor fails to detect this error.

An operator inputs the wrong sending vessel into the
computer and the supervisor fails to detect this error.

The operator inputs the wrong receiving vessel into the
computer, the checker and the supervisor fail to detect
this error.: ’

The operator inputs the wrong receiving vessel into the
computer, the checker and the supervisor fail to detect
this ‘error, and the operator monitors the wrong display.

The operator omits part of the procedure, the checker
fails to detect the omission, and the operator reads the
displays incorrectly. ‘

The operator omits part of the procedure, the checker
fails -to detect the omission, and the operator reads the
displays incorrectly.

The operator manipulates the valves incorrectly, the
checker fails to detect this error, and the operator
reads the displays wrong. -




HC4 HE4 HF1

HC4 HE4 HF2

HC4 HE4 HF3

HC4 HE4 HF4
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MINIMAL CUT SETS-Continued

The operator omits part of the procedure, the checker
fails - to detect this error, and the operator reads the
wrong displays. )

The operator omits part of the procedure, the checker
fails to detect this error, and the operator reads the
wrong displays.

The operator manipulates the wvalves incorrectly, the
checker fails to detect this error, and the operator.
reads the wrong displays.

The operator manipulates the wrong valves, the checker
fails to detect this error, and the operator reads the

"wrong displays.
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