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Abstrac t
q.

- Post-Three Mile Island assessments of human . factors considerations in nuclear
'1

3,( * power plant safety are reviewed. The basic ingredients are the capabilities
1

] *NC # and limitations of people in operation and maintenance activities, and the
'i functional requirements of safe nuclear power plant operation. The roles of

the human are to provide for initial equipment functionability and personnel
i
j readiness, to minimize the frequency and severity of events that inevitably

occur, and to maintain or restore critical safety functions in accident situa-

.tions. Operations activities to promote these safety roles include qualification

and training, procedures, management, and information transfer from the plant to

i the operator. Recent research and operations programs are reviewed.
!
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.k>. . 1. INTRODUCTION

Consideration of the human aspects of nuclear power plant safety did not

begin with the Three Mile Island accident. However, it is generally acknow -

[ ledged that before TMI the entire nuclear enterprise -- industry, government, i*

interested public groups -- emphasized hardware and neglected people when !*

,s

safety was being considered. In this paper, the post-TMI assessments of the
,

!'

pre-THI human factors inadequacies are reviewed. A brief discussion is given

of the most important aspect. of the human capabilities and limitations rele-

vant to nuclear power plant safety. The major portion of this review is a

j description of the programs now in place and under development to improve the'

human aspects of nuclear power plant design and operation.

The author of this review has attempted to include the most important programs.

j 'O
i worldwide, but acknowledges that his experience, and the preponderance of.

the information available to him, have led him to deal principally wt th U.S.
;

} programs. With a few exceptions, only information available before September

! 1981 is included,

jl

The role of the human in nuclear power plant safety depends on the allocation

of safety-related control functions between automat'ic devices and manual actions..

;

! In current designs worldwide, immediate actions to shut down the neutron chain!

j .' reaction, cool the reactor core, and close up the barriers to radioactive

| 4
releases are taken automatically, whereas later activities to remove the core decay| ; .

( i .

| j heat are designed to be controlled manually. The safety roles of the ' human

j opera ting crew are. therefore:

!I
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p, 1. To provide, in advance, equipment functionability and personnel readiness f
Iw

to perform the automatic and manual safety actions if they are needed; [
,

-i r

2. To operate the plant so as to minimize the frequency and severity of-

/ the off-normal events that will inevitably occur;ey4

o

j

3. To monitor the automatic safety actions and perform the manual safety'
<

,

actions needed in off-normal event frequencies, by maintaining ors

restoring critical safety functions.

!In order to perform these safety roles, the people must be selected, trained,

and qualified, they must have and use procedures, they must be supported by

an organization and management, and they must be provided with real-time
|' information regarding plant variables, status, and alarms.

-

v 2. ANALYSES OF THE THREE MILE ISLAND ACCIDENT
.

'

t

2.1 Human Factors in the accident
|

The sequence of events at TMI is widely known; see for example Kemeny et al,
1

1979 and Rogovin,1980. It includes equipment failures and haman errors in
,

a combination that wrecked the reactor core and frightened the country. |

Table 1, partly taken from Malone, g al (1980), gives a listing of the.

events that are principally important for the present review. The role of

human misunderstanding and error evidently looms large.'

,

"

Many analysts (see following subsections) found that the plant design and

operation show inadequate consideration of people, their capabilities and
.

-]
rV
4
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l imi ta tions. Admittedly using 20/20 hind; sight, these analyses discussp

(1 shortcomings in (1) selection, qualification, and training of operating |.

people, (2) presentation of needed infonnation to the people, (3) maintenance.

.
operating, and emergency procedures used by the people to perform their

duties, and (4) organization and management of the people. Industry and govern-J .

ment programs were harshly criticized.
.,

2.2 The Kemeny Commission;

President Carter appointed a Commission to " conduct a comprehensive study and

investigation" of the TMI accident. The Commission held hearings; its staff

conducted technical studies. The report of the Commission given in Kemeny
r

| 3 et al (1979) includes conclusions and recommendations related to human factors.
i
; These are summarized in Table 2. The recommendations are more detailed than

the summary given in the table; they include actions to be taken by industry
; ..

] t -) and government.
J 'J_
t

j The technical staff assembled by the President's Commission reported their
-1 analysis in Jaffe, et al (1979). There are reports on the following items

relevant to this review:

TMI-2 Site Management*

"

Selection, Training Qualification, and Licensing !
*

7, of Three Mile Island Operating Personnel

Control Room Design and Performance-

' *

Technical Assessment of Operating, Abnormal*

,q
j and Emergency Procedures!

Simulators -- Training and Engineering Design,-

i s

| t

i 1 V
| !

; <

i

|

| t



u . _ _ _ _ _ . . _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.- -

.

.

e -4-

The recommendations of the staff, reported!in Jaffe, et al (1979) are evidently
,

' the foundation form, and provide the detailed basis for, the Commission's
~ recommenda tions. They add up to a revolution in nuclear power plant design

]

.

and operation, in which the concerns for the people important to safety are

to be elevated to equivalence with hardware safety evaluation.*

!

l 2.3 Special Inquiry Group-

A few months after the Three Mile Island accident, the NRC contracted with

a Washington law firm to direct an inquiry into the accident, study its impli-

cations for other nuclear power plants, and identify areas where further study

is recommended. Rogovin et al (1980) report the results of the study. The

study directors were outsiders (non-NRC employees), as were the members of view
,

'
,

.

review panels. The full-time technical staff of the study were NRC employees
I

working under the direction of these independent outsiders.'

~3I

! .4
-s %31
!

Rogovin et al (1930) give a narrative of the accident and 80 pages of conclusions

and recommendations under 12 headings. This Special Inquiry Group concluded

that, "The principal deficiencies in commercial reactor safety today are not

f
hardware problems, they are management problems... many nuclear plants are

probably operated by management that has failed to make certain that enough |i

properly trained operators and qualified engineers are available... The NRC,-

for its part, has virtually ignored the critical areas of operating training,'

~

human factors engineering, utility management, and technical qualifications."'

, .

The Special Inquiry Group, based on the work of Malone et al (1980), attributed
I
' the operator errors to "important factors not within the operators' control... I

'

i.

_

;e
,

!
'

___ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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These include inadequate training, poor operator procedures, a lack of
3

diagnostic skill on the part of the entire site management groups, misleading j

instrumentation, plant deficiencies, and poor control room design."
,

'|
|. The author of this review has seen nothing to convince him that this evaluation

isn't right on the mark.
.

In Volume II, Part 2, Section E. Rogovin, e_t, al (1930) give a review of the

human factors aspects of the accident, including analyses of the human errors

and detailed recommenda tions. This is based on the work of Malone g a_1, (1980),

q who studied the accident in detail from this standpoint. "The primary issue
,

! i

.i addressed was, to what extent was operator performance, or lack of performance,

! directly caused or influenced by equipment design features, information
!,

availability and usability, emergency procedures, selection and training, and' '

} control room manning levels." The basic conclusion reached by these workers is'

,

the one quoted above.

|

1 2.4 Other Evaluations .

.s

| It was inevitable that an accident with the public visibility and economict

i

|
consequences of Three Mile Island should be analyzed by a large number of or-

]. ganiza tions. In developing its post-TMI Action Plan, the NRC (1980a) provided
;

i cross-reference tables to 7 studies, giving item-by-item comparison of the

| ; recommendations of these studies with the components of the Action Plan. These
'

'

cross-references in NRC (1980a, Volume 2) show substantial overlap, that is,
} ,

similar recommendations were made by the different evaluation groups. The

.

!

t G

!

!
| >

.

;
'

.
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1*;.
Action Plan, analyzed in Chapter 4 of this review, is thus a coordinated

response to the lessons of the TMI accident, as embodied in these 7 studies.

There are many more studies of the THI accident than the 7 included in NRC
' (1980a), but this reviewer knows of no really different and significant*

technical recommendations in the human factors area to have been brought
.

forth, that are not in Action Plan matrices in NRC (1980a), Volume 2.

4

3. HUMAN CAPABILITIES AND LIMITATIONS

The safety-related actions required in a nuclear pcwer plant are carried out

by machines and people. Allocations of such actions to automatic control

(machines) or manual control (people) has in the past been performed by the

equipment designers. Whether this allocation has resulted in optimum

present designs would be a subject for useful further investigation.

(, For plants already built, changing the allocation from machine to human or

] human to machine would involve potentially expensive redesign of machines

I and potentially distracting revision of human training and procedures. NRC

(1981a) recommends, for plants already in operation, establishing clearly

what the allocation actually is in the plant. Decisions about any changes

that may be essential can then be made. For plants still in the design
.

phase, NRC (1981a) sets forth a systems review that includes analysis lead-o

I
ing to allocation of safety-related functions to people and machines.,,

1

}|
.

The safety-related functions allocated to the people -- the plant operating,

staff -- are the focus of the human errors under review in the present

pa per. .

i

Q
e

i
l
i
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) Malone, et al (1980) discuss human error:

"Whil'e the phrase " human error" covers a multitude of sins, it also results-

j

']
from a multitude of causes, not all of which imply a deficiency on the part

!

.

of the opera tor. Human errors result from a variety of causes including:*
-

the operator himself; condit. ions under which he is operating; design of

equipment and information required for the performance of tasks; design of
; ,

procedures which support the completion of task sequences; and training. ,

,

i4 Specific factors in the incidence of human error in each of these areas are
1

| as follows:
I

l
! Operator factors in human error incidence ("-

fa tigue-

I disorienta tiona -

''>
3

distrac tioni / -

._/ ,

motivation-

forgetting-

confusion-

:
expectancy or set-

!

psychological stress, -

..

inadequate reasoning / problem solving capability .
-

inadequate skill levels-
.

inadequate knowledge-

. .

.

4

j \
f

\.I et
$
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i
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, Operational factors in human error incidence

time constraints-

interfering activities-

poor communications-

. ..
excessive workloads-

environmental stress (noise levels, lighting levels,-
.

temperature, etc.)

"* Design factors in human error incidence

control / display location-

control / display arrangement-

j control / display identification or coding-

control / display operation or response-

4

m - informa tion availabilityj

O] - information readability
' '

availability of feedback information-

j

", Procedural factors in human error incidence,

- erroroneous instructions or directives

incomplete or inconsistent instructions-

l' confusing directives-

!
* " Training factors in human error incidence

,

j, - inadequa te knowledge training

inadequate skill training"-

-;
t

t
T

f

be
|
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The basic problem to be treated in human factors associated with nuclear

power plant safety is thus correct action by the person or persons involved.

This is conventionally evaluated as human action reliability. Relia bility

connotes a quantity that characterizes the probability of the correct action
. .

occurring. This is studied as " human reliability", whose practitioners

estimate the probabilities of various kinds of human errors and failures in-

a matrix that places such human errors in the context of nuclear power plant

operation and sa fety. Relevant studies involve data on human performance

and reliability, together with models of human behavior, to be used in conjunc-

tion with the data in making such predictions. The users of this information

{
include (1) organizations performing probabilistic risk assessments, and

(2) organizations developing regulatory requirements.

But for designers and operators (and government regulators), human reliability

j transcends estimates of a probability. In the present state of the art, the

adequacy of human factors in a given plant is not evaluated by calculating

'f one or more probabilities and comparing with acceptability criteria for pro-
-

#' ba bil ities. Instead of this ideal, perhaps realizable in the future; we

presently evaluate human performance factors for the plant in question. That
,

l, . is, we look directly at the qualification of personnel, adequacy of procedures,
.

i presentation of information, and so forth, without any intermediary probability

j* calcula tion. This can be done usefully without any modeling at all, probabilis-

), tic or otherwise, using empirical knowledge of features that enhance human

performance. A more structured approach involves use of a model of human
f

i behavior to organ.ize the data and their application.
I i

i
m

;
._
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, : 'c A model of human function in the man-machine system context was given by
O.

i Rt.smussen (1979). Figure 1 shows his diagrai6 relating human values (lower''

! part) and the human function in the man-machine system (upper part).
7

!

d Rasmussen states:

" Man as a system component. Design of systems depends on '

.

,' descriptions of man and machines which are compatible in
!

structure and concepts. For automated systems, infonnation
!

processing concepts are natural choices for integrated ;
'

|
'

functional design. Functional properties of man depend,

<| however, on emotional features of work situation.

! " System as man's work environment. Consideration during

design of subjective values and preferences demands a des-

cription of work situation in psychological terms, relating

features of the situation to subjective values and

emotional states.,

!

"Two separate descriptions are then needed for compatability'

i

with engineering and psychology. Parameters and variables
,

suitable for description of their interaction must be
,

found . Descriptions of human mental functions typically
,

i
; depend on situation analysis and information process models.-

|
l Descriptions of subjective values and preferences typically

!' depend on factor and scaling analysis and emotional state

models."
.

| 4

; .

!

t
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'
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In Figure 2, Rasmussen (1979) shows in more detail a model of the human

data-processing and actions. He identifies 3 levels at which human

data processing takes place:
.a

l' Level (3): Heuristic problem solving strategies, artificial
,1

intelligence models.

Level (2): Natural language models; decision tables; associative
)

~{ nets; fuzzy sets. r

!
! !

Level (1): Control theoretic models; bandwidth-gain-descriptions;

! sampling and gueuing theory.

"The output of a human data processor in interaction with a physical system
i

always consists of actions, i.e., changes of the spatial arrangements of
# things, i.e., the body and external objects. Actions have extensions in

.

time, and decompositions of a current activity into a sequence of actions can

f be done in many ways. In the present discussion, we can define an action to
I

j be part of perfonnance which follows as one integrated, smooth piece of

f behavior, the conscious forming of an intention - to turn a switch, to make

tea, to start a car. The size and complexity of actions then very reasonably

depend on the skill of the individual man. This means that actions are the
,

t .
pieces of behavior which are performed under control of the internal,

!
dynamic world model without conscious control decisions.,

!-
,

"This is the first trick for coping with complexity: Temporal integration

i of the interaction of body and environment into behavioural units serving
!

'

\

! ,D

j| U
i

i:
1

1.'

. .
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familiar intentions with transfer of control to the high capacity subconscious
- n :

qf system; at level 1.

"
"To cope with less familiar situations. a sequence of such actions must be

.

- controlled by a conscious linking together of a sequence of proper intentions
.;,
t which then can activate the related actions. In the following discussion, a

sequence of intentions and actions designed to bring the environment in'to a
,

specified state is called a procedure. Such a procedure generally contains a

sequence of statements of system states separated by specification of actions

which will bring the system into the next state. A procedure implicitly con-
7 tains elements of a model of the physical function of the system 'in that it

specifies the relation between events induced by human actions and tN conse-

| quent state of the system, which is then related to the next action of the

procedure. However, it is a very rudimentary model, linked to a restricted
; m

flow of events which are valid under special conditions and purposes.,

!
"The procedure used in a specific man-machine interaction can be based on

' a stored set of rules which are empirically collected during previous occasions

]
and thereaf ter selected and stored as successful sequences; or they can be

1

generated by some other person and prescribed in the form of work instructions.-

In both cases, we are in the domain of stereotyped, rule-controlled performance,.

level 2.

! "In new situations when appropriate procedures have not yet evolved or cannot
* be composed of familiar subsequences, the task must be accomplished by goal-

controlled performance, i.e., the proper sequence must be selected from trial',
3 and error or based on causal functional mental operations."
l

b3.,

4

b
<
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'[ The relevance of Rasmussen's model to nuc' lear power plant operation is
' '

generally accepted, memorization of "immediate action procedures" and simulator
6

training are intended to form the basis for Level l response. With the

written procedures, they also provide for Level 2. Provision for Level 3 is
JTy the understanding by the operator of the processes in the plant, and is the
.)
7 product of the peoples' intelligence, education, and training.
1q

' Hu. nan errors, therefore, are the result of incorrect functioning of the
'

nJ
a human data pro: essor at one, or more, of the levels of response. If the

,

human error rate is unacceptable, improvements are sought appropriate to

the level at which the error occurred.

, :)

Malone et al (1980) gives a detailed listing of the many studies carried
a

out over 30 years related to human factors and human errors. This work was
.

J directed principally at military and aerospace problems. Other compendia of.

non-nuclear human factors information are given by Price et al (1980b),

IEAL (1980) and IEEE (1980). The last two emphasize technology transfer ;

and potential nuclear power plant applications. Hagan and Mays (1981) have

j|j
:

reviewed some relevant information of the same kind as directly applicable
:.1

to nuclear plants. Mallory et al (1980) give a compendium of guidelines
j

+ y.

j proposed for nuclear power plant control rooms, based on the material pre-
1

viously developed for military and aerospace problems. Seminara and his.

co-workers (1917,1979a,1979b,1980a,1980b) give bibliographies related
J .

I to control rooms, also. Other recent, shorter bibliographies include those
d in Fuchs, Engelschall and Imlay (1981a) for procedures, and Price et al'

; (1980a) for staf fing. Swain and Guttman (1980) provide an extensive bibliography

related to human reliability; that is, the analysis of human error rates or
,.

"
4 proba bil i ties.:

|

'

,

T-
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A methodology for analyzing human errors in nuclear power plaats is given(

py -<

fj!: in Swain and Guttman (1980). This work is based on the e'arlier work of

/A these authors and others in the Reactor Safety Study (WASH-1400,1975) and

- many other studies., The authors give as its purpose "to furnish cethods,
.

models, and estimated human error probabilities (HEPs) to enable competent;,

'

analysts to make quantitative or qualitative assessments of occurrences of
" human errors in nuclear power plants that affect the availability of

operational reliability of engineered safety systems and components. A second,

purpose of the handbook is to show the user how to recognize error-likely

equipnent design, operating policies and practices, written procedures, and

other human factors problems so that improvements can be considered."

1

Swain and Gutterman (1980) describe the "Sandia Human Reliability Model:"

- "THERP (Technique for Human Error Rate Prediction) is a method.

to predict human error ra tes (i.e., human error probabilities),

i
"

and to evaluate the degradation of a man-machine system likely
*

j to be caused by human errors alone or in connection with equip-
I

,. ment functioning, operational procedures and practices, or other
I
l system and human characteristics that influence system behavior."
d

*

Human error can involve a person's action initiating an event, sequence, or
:

1 a person's failure to act when needed. The context of such failures is the
i event tree of WASH-1400 (1975). For each initiating event, many sequences

can ensue, depending upon the actions of penple and machinery. The analyst-

d lists all the actions or functions or systems important to the outcome of
,

| the event sequences'. The tree can be organized in terms of any of these;
9

which to use depends on the needs of the analysis. As an example, " plantj
, h!

i O
,

i
..
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transient" is an initiating event and "rebctivity control", " reactory
iC primary system coolant inventory", " heat removal from primary system", f

;, >

" containment isolation" are some of the functions important to the outcome.

g Some of the possible outcomes are " core remains cooled", " core releases

gap activity", " core melts with containment intact", " containment value.

leaks."
*

, .

Human error or equipment failure can initiate the transient; likewise,
.

i function, system, or action success or failure depends on humans and

machines. THERP enables the analyst to estimate the propensity for human

error to contribute to the likelihood of the various event sequences.
4 and thus to evaluate the role of human error in nuclear power plant safety.

. The steps in THERP are given by Swain and Guttman as follows:

|
j .j "1. Define appropriate system failure (s). These are the system

'

.,

functions which may be influenced by human errors and for.

,

which error probabilities are to be estimated.

"2. List and analyze the related human operations. This step is
.

the task analysis (described in Chapter 4) that considers the

[ performance shaping factors in Chapter 3.

"3. Estimate the relevant error probabilities,y
. , 't

.

"4 Estimate the effects of human errors on the system failurea

events of interest. This step usually involves integration,
,

{ of the human reliability analysis with a system reliability analysis.

|

t 3.

CIc

,
y -

.

, - - - . - -
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"S. Recommended changes to the system and calculate new system

failure probabilities. (The procedure is iterative).

.

i "The above five steps typify the use of human error analysis as a tool in
l-

system design. For assessments only, Step 5 is not required.
.

;.
"With THERP, the primary interest is in estimating the following parameters,

especially the first three:

,

"1. Task Reliability -- Task reliability is defined as unity minus

the estima ted probability of task failure. For each task we

determine the probability that it will be completed successfully

within some allotted period of time (if time is a requirement).

The tasks are identified in the task analysis, and an estimate is

made of the failure probability for each task. Effects of ex-,

t

traneous actions must also be considered.
I

; "2. Error Correction -- This is the probability of detecting and
i
i correcting incorrect task performance in time to avoid any un-
Il desirable consequences. In any man-machine system there are usually

several recovery factors, e.g., checks by Jther people (inspectors),-

f which increase the probability of detecting errors before they affect
I the system.

-

"3. Task Effects -- This is the probability that incorrect and uncorrect-
! ed task performance will result in undesirable consequences to a
* '

.
t

a

\

, y

?
;
,
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?.
system. A separate calculation is made for each system consequence

of interest. Therefore, one may estimate the effects of the,

7
same human errors on more than one system outcome.

.

"4. Importance of Effects -- The importance of the undesirable effects

i to a system in terms of cost or other criteria should be considered..

i

Generally, no attempt is made to quantify this parameter, it is
<

often a value judgment made by persons in authority.

"THERP is used to generate . quantitative estimates of the first three parameters

based on the dependences among human performances, equipment performance,

4 other system events, and outside influences. Thus, estimates of human error
1 probabilities for all but an initiating task represent conditional

- pro ba bil i ties. "

.; i

j It is evident from the foregoing that a key to the analysis of human error is

the resolution of system (function, action) operation into equipment operation -

and human opera tion. " System failure" in Step I above determines the course
1

of the event sequence. In the " plant transient" example given earlier, the
k
1 " reactivity control" function includes the " chemical volume control systemj.
i (CVCS)" which, among other things, can be used to add boron the the primary

'l
coolant water to reduce reactivity. " Failure" of the CVCS means that the boron

,

q is not injected with the rate, quantity, and timing needed to provide the
* reactivity control in the event sequence under consideration. Such " failure"

can arise-from equipment inadequacies (design inadequate, component fails,

] power not available') or from human errors (failure to initiate, turn off,
it

mis-manipulation of controls).a

i ,o <

l
'

t
i

!'
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[3 Fault trees are used to investigate the topology of system failures. (Other

methods are available). The components of system success and failure are
i

the adequate and inadequate operation of the equipment and human tasks
s

necessary to achieving system success. In the complex and redundant.

P
] safety-related systems of nuclear power plants, the fault trees are corres-

pondingly complex. Human error analysis requires consideration of each human..

task on the tree.

Although we have several sets of nuclear power plant fault trees, most of

them do not explicitly include the full set of human tasks; so we do not yet

have a detailed job and task analysis of the control-room operating staff.

Still less do we have of task information on such related jobs as maintenance,
.

surveillance, testing, and operations outside the control room. Presumably,,

I
i'

j the limiting case of significance to safety is operation during the most

i severely taxing sequence of events in which the operating crew can mitigate
i

.the public safety aspects of the accident. We do not know which event sequence,

or which sequences, represent the most severe challenge. Such analysis,' sorely

needed, would presumably form the informational and requirements for all human

factors considerations of the operating crew -- training, qualifications,

procedures, control-room information displays, organization and management.-

i.

Some portions of job ask analysis are given in Malone et al (1980), Davis, i

'

j Magoni, and Zaret (1981), and Mallory et al (1980).

.| . '

1 Task analysis efforts are underway at the time of writing, but so far
l
I these efforts are largely unpublished. The analyses in Davis, Magoni and
, .

Ij .

?O

q-
- -.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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f

I

_

k Zaret (1981) have already been mentioned. Appendix A of this work gives

the results of the task analysis performed. Notably included are " Actions,

4

not completely addressed by procedures" and shift maintenance activities

]. and surveillance tests that have been lef t out of some other analyses.
'

But these authors have reported their analysis at a level so general that
'

.

, the result is an outline of the needed knowledges and skills, rather

than a specific list.

INPO (1981) has published a 2-volume Job / Task analysis of the shift super-

| visor position in nuclear power plants. The purpose was to define the "real

job requirements (i.e. tasks performed, plus the skills and knowledges

. ' . required for safe and efficient uperation of the plant." The knowledge

) requirements thus developed ar'. compared by the authors with academic

, curricula content and with the contents of representative training programs.
1,

'

! This work was a limited special-purpose study of the need for academic educa-

tion for shift supervisors. A more comprehensive study that includes many

operating positions is underway under INP0 and U.S. Department of Energy

auspices, scheduled for completion in 1982.

j.

Although the INP0 analysis may well be useful for input into control room
~1

review or procedure development, application of these results outside the
*

.

original knowledge-training area has not yet been analyzed.

!*
4

1 The NRC guidelines for control room human factors reviews (NRC,1981a,1981d,
i

1981c) and emergency operating procedures development (NRC,1981c) require

, use of task analysis results in performing human factors analysis.
' q

f \. -
.

4
i
t
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''- Development of human performance models is a widespread activity. Swain

and Guttman (1980) review the literature before 1930. Some recent
n

unpublished discussions and presentations are summarized here by the author
*

1

of this review:
*

;

1. Human behavior in nuclear power plants can be divided into (a). . ,

- known or foreseen events and sequences, in which human errors

can occur, and (b) unknown and unforeseen events and sequences
'that must be analyzed in real time by the operating crew.

These latter -- rare events -- call for a different order of
I

knowledge and underss'nding than those foressen and prepared

' 3 for with procedures and training.
d

.
Therefore, selection, training, procedures, and equipment design should

j .

take into account the importance of solving unforeseen kinds of pro-
:

,

1
i bl em s. This includes methods of information display, analysis and

decision making not currently included in training and procedures,

and also training in coping with stress (see below).
1

<

2. The stresses of coping with unforeseen, dangerous or dangerous--

appearing event sequences are performance shaping factors that
'

. i must be included in human performance levels. The qualitative
q

| aspects of performance under stress and the counter-productive.

i

potential responses (rigidity, regression, etc.) must be considered;

training, procedures, and equipnent should be forgiving of such

; i actions to the extent practical. Selection of personnel should
i ~s,

! include evaluation of performance under stress,.

j \s_/

-
._- -
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3. THERP is an input-output model dependent on data or expert pre-(g),

'O diction of error probability under the given conditions (task,

stress,etc.). For the most important tasks, in rare sequences.'

- data are sparse or nonexistent and estimates are necessarily sus-

pect. More detailed models, under development, analyze the space*

between input and output. This enables more structured estimation'

.

of failure probability and also helps to guide designers, trainers,<

and procedure-writers where to put their resources.

4. More and better data are needed on human performance and reliability

particularly for knowledge-based activity. But statistically signi- ,

ficant input-output data are not going to be obtained for the rare,

most serious events. Therefore, we must learn all we can from the- ,

! event data we do get, must get the maximum information from nuclear ,

, _

plant simulation and from non-nuclear data, and must develop models
_

t
j to improve our understanding and application of the data we can
!

cl obtain.
!
I

l It seems evident to the author of this review that humans have limitations

in responding at all levels of data processing (Figure 2). Some of these'

are inherent limits of human capability; others can be improved by training-

and working environment (data presentation, procedure usability, etc.)

at a cost.

J

!- Resources are required to develop better procedures or install improved
j
i
J instrument displays. Upgrading qualifications and training takes valuable
1

-

time and attention and decreases the available manpower pool. Overtraining
,

.

3%$ h.

$ i
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leads to diminishing returns or event decreased safety. The possibility

of tradeoffs and the necessity for realistic cost-benefit-risk studies,

are evident. But only with the technological basis -- largely missing
,

today -- can we make such decisions scientifically, and improve on today's

. intuition.
a

,

*

4. IlUMAN FACTORS IMPROVEMENTS IN THE NRC ACTI0fl PLAN
l
l 4.1 General Description of the Action Plan
~?

{
The Action Plan was developed by the NRC (1980a) to bring together all the

I recommendations for changes as a consequence of the lessons of Three. Mile
!
| Island. Chapter 2 of this review includes a summary of these recommendations
i

by Kemeny et al (1979) and Rogovin et al (1980). Seven sources of recommenda-

tions were scanned systematically by the Action Plan group as recorted by NRC,
,

(1980a , Volume 2).
,

' V
.| The objective of developing the Action Plan was to respond responsibly to

f every TMI-related recommendation within the purview of the NRC. This purview
!' includes actions to be taken by the NRC, an agency of the U.S. Government,

in its role as (1) establisher of standards and requirements, (2) reviewer

and decision maker on licensing applications, (3) inspector of ongoing non-
''

government activities and enforcer of Government requirements, and
1

(4) supporter and manager of research to obtain the technical data needed
, ,

} for the other agency functions. The purview of the NP.C also extends to

its regulation of the nuclear power industry. fiany recommendations, and*

' thus many Action Plan items, involve new or revised NRC requirements and new

; or revised industry actions to meet these requirements.

,

Yj*

|

i
:

,
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.

j The Table of Contents of the Action Plan is given in Table 3. ChapterWy._i -

I contains the bulk of the human-factors related items, which are discussed
. .,

in the following sections. Chapter 11 includes all the plant site-related

and plant hardware-related items. It is noteworthy that Chapter 11 man- !

y dates new instrumentation which will result in the addition of approximately

b. . 100 new indicators in the control room.
,

iq
Chapter III deals with the off-site aspects of emergency preparedness plus

4
i the on-site activities that are not carried out by the control room operating

>

?
crew except for the first few minutes.

..

;j
1 Chapters IV and V are items directly affecting how NRC does its work --
,;

Ej Chapter IV for the agency staff and Chapter V for the Comissioners.
1

-j4

9
The Action Plan was first synthesized from all the recommendations received.i e

I
i'- When it was assembled, the mass of work it represented was obviously beyond

'I the resources then believed to be available to NRC and the industry. Both

the industry and the NRC worked to assign priorities to the various items,

and look for those which, however desireable, could be deferred without anj

undue impact on public sa fety. Appendix B of NRC (1980a) gives the rationale
4
!. and the results of this effort.

If

| Many of the Action Plan items are new or revised requirements. Plant owners
.

' must attain and demonstrate compliance with them. These requirements have

d been set forth in a number of documents, not all of them consistent. The*

|

! .. current tabulation at the time of writing is that in NRC (1980b). However,l

i

i
j it is becoming evident that even this list of required actions is requiring'

i

(, Q
|:
1,



.

< h-24-

inordinate resources at the operating nuclear power plants and those

nearing completion. The NRC staff reported (NRC 1981b) that completing

the required extensive plant changes on the schedules in NRC (1980b)

') would involve repeated plant shutdowns. This results from the optimistic.

1"
!! and uncoordir3ted completion dates assembled into the Action Plan. At
'I
|| ' the time of writing, it is not clear what action the Commission will take.
:
1

] (Note to editor: Some updated material should be added in proof for the
' human-factors items if they are substantially changed -- Author). |

4.2 Action Plan Human Factors Items
J

Table 4 sets forth the human factors itens in the Action Plan. This is an
; outline of the human factors program today for nuclear power plants in the

(l United States. A few programs not included in Table 4 are research tasks
~

being pursued by American and foreign organiza tions. They are reviewed in

] Chapters 5-8 of this paper. Almost.all of them fit into the subjects of

Table 4, even where they are independent of the direct NRC purview.,

Table 4 can only outline the scope of human factors program for nuclear
3 power plants. The following chapters in this paper give technical reviews
4

,] , of the most important human factors operations and research programs and
,

| the improvements now unt'erway at the plants. The requirements currently

being applied are intended to provide the upgrading in human factors safety.

a shown to be needed by analysis of Three Mile Island accident. The research
j .

1 programs are aimed at improved future technical knowledge leading to whatever
I

changes in requirements are shown to be needed and validation of require-

, ments not in need of changing.
i'

3 .%

}i
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V. OPERATORS AND OTHER PERSONNEL3 g.,
t ,
'

5.1 Introduction '

-

In this chapter are summarized the selection, qualification, and training

of operations personnel, with a brief' discussion of non-operations personnel.'

Programs in these area were in place before the Three Mile Island accident. !
*

- However, the reviews following the accident (see Chapter 2, above) found
!'
i important weaknesses. Since 1979, programs of regulation and research have

.

been enlarged and redirected,

l
D
7 5.2 Role of Operator

The mistakes at Three Mile Island (Chapter 2) have evoked a reconsideration

of the role of the human operator in nuclear power plants.

It should be remarked at the outset that "the operator" is a convenient
't

misnomer. Current U.S. on-shift staffing requirements (See Chapter 6, below)
'

y include the 10 persons listed in Table 4 (NRC,1980d). This operating crew

is augmented as needed with technicians, craftsmen, engineers, and managers.g ,

called in for emergencies. By " operator" the author means, in particular,
1 the licensing Shift Supervisor, Shift Foreman, and Control Room Operators.i

But the roles of the other team menbers, in particular the Shif t Technical

Advisor, are also included as appropriate in this discussion. |
*

-
.

Everyone knows what the operator does: He operates. The U.S. Code of.

Federal Regulations states (10 CFR 55.4):
i .

"(d) Operator is any individual who manipulates a control of
I

a facility. An individual is deemed to manipulate a

f control if he directs another to manipulate a control.
.

f 6

|1 L

i,
. .__

_ _ _.
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.

/ "(e) Senior operator is any individual designated by a facility&p,

licensee under Part 50 of this chapter to direct the
,

licensed operators."
.

.j . An IAEA (1979) Safety Guide says only, "The Control Room Operator is responsible

for the manipulations of controls in the control room in accordance with the

l* relevant Operating instructions and procedures."

l Wirstad (1981a) and Anderson (1981) give a general analysis of the operator's
!
'

role, as composed of the eight " Describing Factors" and the 4 " Steering Factors"

given in Table 5. These factors, when filled in with particulars, describe the

,_| job of the operator in the matrix of the organization and institutions surround-

ing the control room. The particulars of these factors, which certainly vary
4
j from one country to another, and to a lesser extent frem one plant or electric

-,

' ." h company to another, can be determineJ Yet, somehow, their " definition" of the
-

.

.

.' operators' roles is unsatisfying, pernaps because it is so general. One wonders

j whether a complete set of specifications of these factors would tell us what the
-

essential safety role of the operator really is.

! Another approach to describing the operator's role is through analysis of his
I
.{, ta s ks. Such a task analysis is given by Davis, Mazour and Zaret (1981), but

j the entries are general and categorical. An example is given in Table 6. Here

these authors give " carry out emergency operating procedures," rather than im--

i plementing a specific named procedure. The authors recogni;:e this generality.,

.i They state (page 2-9),
I.

1

!

!
. .' N,! ',

j t. '
:|
!,
|

t
s
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"an element of a particular task for a particular plant might be''
,

' to ' implement emergency procedure XX after recognizing the symptoms

of a loss-of-coolant accident' while the associated generic element

would be ' carry out appropria te actions after recognizing ' plant
~

conditions requiring implementation of emergency operating procedures.'"
!
4
7* These generalized analyses were based on plant-specific data, collected at

specific sites, and validated at specific sites. Generic results were derived

from the specific data.
<

The behaviors, knowledges, and skills required for a generalized task such as,

! -

i the example of Table 6, and the procedure that should be written to accomplish
i

it, are all generalized, too. Much insight can be gained from such generalized
i

{ analysis, but specifics, even specific examples, are not given. Moreover, the
; ,

task analysis at this level of generality is stripped of all technical content.

|
'

The tasks, elements, behaviors and training objectives (the entries in Table 5) ,

are those of any complex process. Not a word suggests the nuclear power plant. ;

Mallory et al -(1980) give an outline of task analysis procedure aimed principally

a t control room evaluation. Their Figure 2-5 gives an example of specific

information; instrume-t variables. like high containment pressure and potential
,,

j operator errors are given. But no results are included.

.

Malone et al (1980) present (their Appendix C) a detailed chronology of the

fa operators' actions during the Three Mile Island accident. The tasks actually

performad, and those omitted, are an important specific dsta sequence ripe for

task analysis. '

! ;
av

.

}
i
b
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i '[ A detailed, but partial, control room task analysis is given by INPO (1981).-

This initial report precedes a comprenensive job and task analysis underway*

under the aegis of INPO and the U.S. Department of Energy for many operating
.

positions. The 1981 report is "a limited study for the special purpose of
,

b defining the job of the shif t supervisor in terms of the real requirements
3

.

(i.e., tasks performed, plus the skills and knolwedges required of the shift'-

1
';i supervisor) for safe and efficient operation of the plant. This effort was

intended to outline the body of knolwedge, rather than develop an exhaustive

y list of job knowledges."
Si

The methodology employed by INP0 (1981) is shown in Figure 3.
4

-| Initially, a series of surveys and interviews was conducted (Blocks II-V on
~1

9 Figure 3) to elicit the tasks actually performed or required of shift

supervisors as viewed by the incumbents. Data regarding the attributes of

incumbent population were also collected and analyzed. A sample size of

U 40 out of the 604 shif t supervisors in the U.S. was used.

In addition to the tasks as defined by the incumbents, the INP0 (1981)

analysis includes a detailed analysis of 75 emergency and abnormal conditions

} presently available from the ongoing long-term program.
!
4

j. A " jury of experts" selected a total of 300 tasks for detailed analysis out
:

1 of an estimated total of 1500. The selection was based on importance,
J .

7| difficulty and relative time spent in training, since this partial task analy-
l

sis was directed specifically at education and training requirements. Ta bl e 7

gives a few examples from the list of tasks.
1

|

h,.m

.
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The analysis of the 300 tasks was performhd by teams of subject matter experts'

A)
'" and instructional technologists. The analysis method is summarized in

Ta ble 8.
.

The results of the analysis of individual tasks is a " menu" of knowledge a.

shif t supervisor requires to perform his job, as defined by the analyzed

!~ ta s ks. Additional candidate tasks, selected from high-technology systems,

engineering systems, and random choice among previously unanalyzed tasks, <

were analyzed and no new knowledge requirements resulted. The knowledge
-

menu is organized by academic disciplines and also by plant components and

t systems.
4

I

M Study of this work provides a comprehensive listing (" menu") of the role of

the shift supervisor and, by implication, delimits also the role of the
~

L 4 operating crew of which he is the leader. Along with his detailed operating

tasks (" Start up the reactor coolant waste evaporator") and his emergency
i;

1 tasks (" Determine if indication of core damage are present") are supervisory

and leadership items (" Schedule maintenance activities"; " Direct action of
;

|. the fire brigade").
||
!

|~, Task analysis methods for nuclear operations are also discussed by Andersson,
l

|j Bach and Wristad (1979); the approaches are similar and reference is given

to detailed results.4 -

. 1
|

>,

,{ A complementary viewpoint of the role of the operator has been given by*

.

j Corcoran et al (1980a ,1980b). They suggest that the safety-related roles

|' for the operator are:
'

I

I
| %

;

'|
-..
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"1. keep the plant set up so that it will respond properly toy

di sturbances,

"2. operate the plant so as to minimize the likelihood and

severity of event initiators and disturbances, and
'

"3. assist in accomplishing safety functions during the event."

The connection with the TMI accident is evident; see for example Chapter 2*

and Table 1 of this review.

A key concept in the recommendations of Corcoran et al (1980a,1980h) is

the Critical Safety Function. This is defined by them as,

"one or more actions that prevent core melt or minimize radiation

releases to the general public. Actions may result from automatic
;

or manual actuation of a system (e.g., reactor protection system ,

,

')
*| j generates a trip, operator aligns the shutdown cooling system), from -

I passive system performance (safety injection tanks feed water to the reac-

tor coolant system), or from natural feedback inherent in the plant

design (control of reactivity by voiding in the reactor)."

For one class of plants, Corcoran et al give the ten critical safety ' unctions
~

listed in Table 9. Such a list is not uniquely determined, even for a single
!

.i plant. Grouping or subdividing functions leads to shorter or longer lists,
ie

i technically correct also. There are many unpublished examples of such
*

lists. One is given bere:

f
s

.

i 3,' Q
,

4
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A suggested set of safety functions for Boiling Water Reactors is

Reactivity

Peactor Water Level

Containment

I A suggested set of safety functions for Pressurized Water Reactors is
!
|, Reactivity

! Core Cooling and Inventory
}

Primary Pressure'

Heat Sink

| Containment

The role of the operator during an abnormal or emergency event sequence is

to maintain or restore adequate performance of the critical safety functions.
' This has the advantage of not requiring diagnosis of the event sequences,

,__

or ultimate causes of the observed problems. At the same time that he is

controlling the plant to ensure adequate safety functions, the operator

will attempt to diagnose the problem and initiate recovery of the plant to
,

normal operation or, if that is impossible, or orderly shutdown.

Corcoran el al (1980a) point out that multiple success paths exist to restoreI

}~
|

safety functions under a wide variety of circumstances.

i
' The role of the operator is summarized by Corcoran et al (1980b) in the*

" Quality Operation" goals shown in Table 10.'

,

L

I Pew, Miller and Feeher (1981) have analyzed actual operator decisions during'

four events that occurred in nuclear plants. For each (of several dozen)

j

-}:.

;

1

?.

. . - .
_
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.

/ decisions, they analyze the information, knowledge, and alternatives

available to the opera ting crew. The result is a taxonomy of decisionmaking,,

as well as recommended human factors improvements.

|. The role of the operators, as perceived by the operators (shift supervisors,

| etc.) themselves, has been studied by several authors. INPO (1981) includes
I,

j the results of a questionnaire. N. Morley (private communication) has sur-
.

i veyed operators' perceptions of probabilities and decision criteria. Holmgren

(1980) follows the evolution of the operator's perception of the job, from
,

I task orientation, through evaluation of malfunctions, to a " differentiated pro-

cess feeling," an analytic approach that now includes intuition,

i| The TMI experience should make us wary of the limits of intuition, as Holmgren
;

| (1981 also warns). The INP0 (1981) results show a heavy load of knowledge-
'

f*' based tasks in abnormal and emergency situations, with an impressive menu of
'

required knowledge. This is consistent with the views expressed by Corcoran

el al (1980a,1980b) on the essential role of the operator in controlling criti-;

cal sa fety functions.

;

i 5.3 Qualifications of Operators

I
i. The countries having nuclear power plants have varied requirements for the

qualifica tions of operators. Moreover, there have been substantial recent
i j' changes in these requirements, made as the result of the TMI accident.

i
,

j The IAEA (1979) Sa fety Guide, a pre-TitI document, providesEquidance for ex-*

1
perience and training of professionals, operators, and technicians. In addi-

tion, certain posit' ions are to be " authorized" before they are allowed to

perform duties having an immediate bearing on safety.; s
'

/

't

,
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( In most nuclear countries, requirements have been established for at least

some members of the operating crew. Licensing of individuals is required'

in some countries, the positions requiring licensed incumbents also
-

varying from country to country. A recent survey has been conducted by
;

. !-

!| NRC (1981 f). CSNI (1981) recently conducted a Specialists Meeting on the

||
;$ subjec t.
I
:

The Swedish program is summarized by Wirstad and Andersson (1980).'

In the United States, the current requirements are given by the Code of

Federal Regulations (1981),10 CFR55, augmented by Regulatory Guide 1.8

(NRC,1975), " Personnel Qualification and Training," and by additional re-

j quirements established since TMI; see Denton (1980) and Table 12.
!
,

,' The current shift staffing of U.S. Plants was established in NRC (1980d)

(' and is given in Table 4. Readiness for severe emergencies dictates the

operating shift complement of ten, exclusive of security forces. Of these

ten people, two must hold SR0 (Senior Reactor Operator) 'icenses and two,
'

R0 (Reactor Operator) licenses. The requirements for these are given in
|

10CFR55, Regulatory Guide 1.80, and Denton (1980). These people typically'

have a high school education. For shif t supervisors, INPO (1981) found.

! the median education to be 13.0 years (High School plus 1.0 year), with
-.

|* 14% having a- college degree (5% Associate; 7% Bachelor; 1% Master; O Doctor).

I
*

; Licensed individuals have completed rigorous training programs that include
i
: classroom, simulator, and on-the-job components. Annual requalification is

,!

i required, consisting of refresher training and examinations. Several )1

'

.

O

: 4
l|

.
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Gn accredited colleges have joint programs with utility training centers; these
Q"q

training programs have been evaluated as equivalent to one to two years of-

college educa tion (priva te communication).

Following completion of the training program, candidates for licenses must
f
4 pass an NRC examina tion. This consists of these parts:
i
f 1. A one-day written examination covering technology, procedures, features
},

; j and behavior of the plant, and radiological protection.

2. An oral examination, typically four hours, including discussion

questions, plant walk-through, and control room.

I; 3. A simulator exercise, typically two hours, responding to a series of

abnormal events and combinations of malfunctions.
4

i

; )\ The technical content of these examinations is given in Table 11.
'Y

The changes made since TMI in this program have been mostly to raise the

; quality level rather than to change the nature of the program. Table 12
I lists all changes already implemeneted plus those already decided for the

;

; fu ture.

' One change of greater long-term significance is the inauguration of the Shif t
,

'

Technical Advisor. The STA is discussed by NRC (1979), Denton (1979),

Eisenhut (1979) and INP0 (1981b). The reviews of the Till accident concluded
I
i that the operating crew did not understand what was happening. They had+

been trained to recognize and cope with certain specific event sequences.
'

Their emergency operating procedures were organized to cope with these design
i

1 basis sequences.
,

,

i
: _ .
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it was therefore proposed to add.a shift crew member who would be educated

to understand power plant science (e.g., thermodynamics) as well as trained

to know the plant and its behavior. The STA position was inaugurated as

a method of immediately improving the plant operating staffs' capability
~

for response to off-normal conditions. He is required to have college
!

1. level education in engineering or science as well as training in reactor
1

opera tions. While he is a member of the operating crew, he has no routine

operating duties that would interfere with his primary emergency role of

diagnosing events and advising the control room supervisor.

The present requirements are based on intuition and experience; the recently
i

decided changes are based on the experience at Three Mile Island. To date,

little specific technical basis exists on which to decide whether the present,

requirements are inadequate, just right, or perhaps excessive. (This is
,,

true of most college curricula, also).
~

<

|
The task analyses reviewed in Section 5.2 above, and the more comprehensive

ones underway, are intended to provide this specific technical basis. But

there are larger questions, believed by the author not to be amenable to task

analysis.
.

An example of such larger questions is the current, effort to develop long-

range goals and requirements for licensed operators. Some of the publicly*

available papers are listed in NRC (1981 ). The proximate reason for these9
,

papers was a proposed NRC rulemaking proceeding to revise operator licens-
:

) ing requirements. ,Denton (1980) had foreshadowed such rule changes in
.

,

:

5
. - , - . _.
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promulgating the short-term requirement changes. A proposal to embodyc

'i Denton's changes in the rules (Item I in NRC,1980g) was rejected, and~

I

j superseded by more far-reaching proposed changes (NRC,1980 ) to require9

college-level education for licensed operators, as well as training and
'

ex perience. Some of the alternative proposals were: (1) Require all new

,
R0 licenses to have 45 college credits; new SRO licenses, 60 credits;

(2) Require college credits on a sliding scale, with licensing experience
:

substituting for some required credits fur operators already licensed;
,

,j (3) Require a university degree in science or engineering for all new shift
-t

supervisors; (4) require a degree in science or engineering for 25% or 50%

of all new licenses after some cutoff date; the eventual goal being 100%;

(5) provide separate career paths for college-trained and non-college people;

(6) various ways of giving present licensees full, partial, or phased exemption

t: om new requirements.

Responses from the nuclear power industry and from operators (all unpublished)

were negative and strong. They assert that the present cadre of licensed

operators (3000 in the U.S.) is knowledgeable and experienced. This is true,

in the author's opinion. Proponents of enhanced requirements point to

'| , operator errors at TMI (Table 1) and elsewhere. The author must agree,
i

i

The INP0 (1981) study of shift-supervisor training requirements, based on
.

task analysis, was published to bear on this problem. The authors of that

j study conclude:*

I
;

.

.s

4"

|

|
|-
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t

#;i "The body of knowledge required for the shif t supervisor is diverse,
'

including both general topics as well as technically complex con-,

cepts and applications. With most of the required knowledges being

plant systems, their components and operating characteristics,
.

the study found utility training programs and on-the-job training to

be the most applicable. An examination of the knowledge of physical'

,

sciences showed the shift supervisor needing to be more familiar with
: .

The
| the application of concepts than the theory of these concepts.

comparison of knowledges offered in degreed programs with those required

| of the shift supervisor showed, in most cases, the level of howledge

. required for the shift supervisor did not exceed selected topics in
.I
i Iower division level college courses.'

!
!

"From this study there appeared to be no universally applicable academic
,

[ ,) curricula to meet the knowledge requirements of the shift supervisor.

Little evidence exists to indicate that an unilateral requirement for
.

a bachelor of science or associate of science degree could rontribute

j significantly to the job performance of the shift supervisor."
!
! Let us suppose this study (which had just been published at the time of writing
'

this review) to be technically correct, and the conclusions quoted above to

be solidly based on the technical results. There remain, nevertheless,

.{
issues in operator qualification that many people believe cannot be resolved

by task analysis. Most of these questions have been the subject of unpublished*

! letters and discussions; some are discussed or implied in NP.C (1980g).
!

-

,

1y

Q:
,

,

l
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l. How to achieve a long-term improvement in operator qualifications,'

if improvement is needed, without losing the knowledge and experience

of the 3000 operators now working -- a valuable resource, irreplaceable

in the short term.
-

t

2. How to provide career paths for both college graduates and people who
3

I.
don't aspire to college degrees.

3. How, if college graduates are to be used in operations, to attract
,

1 i
j and hold college graduates long enough to have the desired experience
i
j in operations jobs that involve shiftwork. The career path is central

; to this problem.
i

4. How to compare technical training and exoerience with college credits.
;

5. How to foster the gradual rising of technically qualified people experienced
,

in operations into the engineering and management ranks at the plants
,

f and in the corporate offices.

6. How to provide fe' adequate qualification of the initial operating staff
,
.

| at a new plant.

|

|~ These are social questions as well as technical ones. The person in charge of
;

a nuclear power plant, or shift, must make emergency decisions affecting lives4

,

.

j and property on a large scale. His technical capability is only a part -- an<

1

| essential part -- of his qualifications to make such decisions. His leadership*

i
> .

"

i i )
b

'
,

. . ,

|'
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'

ability inside and outside the plant, his credibility, his behavior pattern

under pressure, will determine the acceptability of his actions in addition-

to the technological quality of these actions. It remains to be determined

whether a substantial change will be initiated in the qualifications and
*

careers of nuclear power operators in the U.S.

:' 5.4 Tra ining

In the U.S. training programs are under the direction of the electric company.
!

Some companies perform the entire program; others use contracts with reactor
3

i
!

vendors, who operate simulator centers, training companies like General Physics
|

|
Corp., and educational institutions to perform part of the required training.

An example of a program performed entirely by the electric company is given

| in Figures 4 and 5, from TVA (1981). The incoming neophyte must have a high

|
school education, be in good health, and score acceptably on a battery of

aptitude tests for mathematics, science, mechanics, and electrical technology,'

i

Figure 5 eviJences the breadth of the initial training program.

As shown in Figure 4, additional simulator training is associated with the

| steps in the career path. Not shown on Figure 4 are additional classroom

and on-the-job training modules associated with the simulator training,*

including special classes for candidates for licensing examinations.
|*

The TVA program is accredited by Chattanooga State University. After a student'

i *

has completed the " Student 3" module (Figure 5), the University will allow

70 quarter-hours of credit for the TVA-taught technological subjects and 42

I

!
; V
4

- - - - - .. _ _ _ _ _
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quarter-hours for the academic subjects (Math, Chemistry, Speech, Thermo-

dynamics, etc.) taught in conjunction with the University. A few more

university-level courses will earn the studentan Associate Degree.

The contents of the training program have changed recently for two reasons:.

l. Improvements shown to be necessary or desirable by the TMI accident;,

'

see Table 12.
I
i

! 2. Desire to accredit the training program for college-leve' equivalence,
|
; in view of foreseen requirements for college education for gerators,

i as in NRC (1981 ). Both these trends are apparent in the TVA program9

Figures 4 and 5; TVA,1981).
.

The task analysis of INP0 (1981) compares the knowledge required of a shift
i

supervisor with college curricula at the Associate and Bachelor levels.N

Not given, but recommended for the further work, is re-review of industry- '

training programs as compared with the knowledge required.
|
,

Use of Simulators in Training. -- In recent years, use of simulators in

training programs has burgeoned. Aircra ft and spacecraf t simulators are common-
'

place. The author participated in simulator training programs for the reactor
*

; experiment at Oak Ridge National Laboratory (unpublished) in the 1950's. A

rudimentary " operator's console" with three control levers was connected to
*

,.

the 200-amplifier analog computer used for reactor and plant dynamic studies.

The console was placed in front of the bank of 12 pen recorders and use'd as*

computer output readouts. .
,

i .

I
.,

' i

|i G
|

l
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'

The first full-scale power reactor simulator in the U.S. was built in thenv mid 1960's by General Electric Company near the Dresden Nuclear Power

S ta tion . The replica control room, essentially complete, is connected to a

digital computer. An instructor's console provides for command of the
;- simulated operation (initial conditions, told, time compression) and also

:

i for introducing off-normal events into the simulation.,

! The use of simulators for operator training has recently been reviewed by

| Jones et al (1980). Hetrick and Bailey (1981) report on a conference held
.

! January 26-28, 1981, on simulation methods. The Halden Project conference
1

'l on (among other things) application of process computers includes papers on

simulator models (Halden,1980).*

.

*

The digital computer modeling needed to make a simulator work has received

- much recent attention; see for example Hetrick and Bailey (1981). P,esearch

s' programs in this area are underway in many countries, and are included in

; the U.S. TMI Action plan (NRC,1980a, Item I. A. 4.2).
!

In view of the complexity of nuclear power plants, real-time detailed mathe-
i

j matical modeling of all phenomena is beyond the capabilities of the highest
! perfcrmance computer. Such phenomena as three-dimensional reactor core power
!.

distribution, coupling of space and time-dependence of core dynamics,

two-phase fluid swelling in partially filled vessels and pipes, cocurrent,

?4

and countercurrent flow of separated fluid phases, behavior of the core and-

i +

primary system under inadequate cooling conditions, are not modelled in
i

simulator computers. Any one of these phenomena can be modelled nn a computer,

but not necessarily in real time, and the best models have approximations in them.

< \

i

!

j - - _. . . _ - ._. _ _ _ _ _ _ _ . _ . _ . _
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It is also possible to provide simulated sequences by storing scenarios

and playing back these stored values. The earlier simulators made considerable

use of stored scenarios, but the current trend is toward dynamic calculation

where possible, based on the equations that describe the dynamic behavior
.

of the system. The dynamic modeling is much to be preferred over the stored

scenarios. Dynamic modeling allows the simulator to respond realistically,

to all event sequences, including a variety of errors and failures. To in-

j clude all these sequences in a stored scenario would require, first, analyzing

the course of each sequence; and, second, storing all the scenario variations

together with a selection logic for determining which to play back. Since8

'

the essence of simulation is real-time modeling, choices must be made, how
:

to use the available computing ca pa bili ty. Some phenomena are not included

; in the model; some others are approximated or represented by stored scenarios;
' ' others are modeled dynamically.

The importance of modeling is illustrated by one of the lessons of TMI.
l

,

After the accident, investigations of operator knowledge and understanding
!

', focused on the inability of the simulator used in the training of the TMI
|

operators to represent the sequence of events actually experienced in the

accident. A key phenomenon -- flashing in the primary system -- was not
,

i represented. All PWR simulators were reviewed by Jones et al (1980) in

;' this respect:

i

f* " Prior to the TMI-2 event, little or no thought was given by the

! nuclear training industry to modeling in a training simulator the
i

.

.

4

U
,
4
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response of a PWR primary loop with, saturated conditions. In general,
?n

operation of a safety systems is assumed to preclude vapor formation in'*"

the primary system. The possibility for a slowly developing loss-of-

coolant accident proceeding unrecognized for a considerable time period

without adequate core cooling was considered as not credible and/or the
,,

l consequences were assumed to be bounded by those of the large LOCA.

! "Since the TMI-2 event, most of the PWR simula tor operators have
i

attempted to reproduce, with varying degrees of success, the significant
,

!

effects on plant monitors that would result from a saturated primary
.

j coolant. However, none can truly model two-phase primary coolant. flow
'

and its interactive effects on the many associated reactor systems.

Accurate and thorough mudels of two-phase flow in a PWR system following

a transient are still in developmental stages. Computer codes in use

'N are large and (relatively) very time-consuming for use in dynamic
]

~' modeling with real-time simulation.".

,

,

It is evident that allocation of computing resources is necessary and

I trade-offs must be evaluated.
i

j It should be noted that " simulator" is also used by computer analysts for
,

I

( computer programs that calculate dynamic response for all purposes, including

safety analysis. In this report, " simulator" is used only for the training
.

device consisting of a real-time calculation of dynamic system behavior and

a real-time interactive man-machine interface.- +

.

!

\s_}s'
l :

'

I'

|
<

i
-
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.

h1 Starting with the G.E. Dresden simulator, the U.S. nuclear simulators have com-

prised full-scale control room replicas and full-plant calculations. Other

formats are possible and useful. Blomberg, Josefsson and Anerhielm (1977)

and C/E Studsvik (undated) have described a " Compact Nuclear Simulator,"
~

with a panel about 2 meters long plus three CRT readouts, connected to a

j digital computer. This " medium fidelity" simulator gives the student training
,

| in plant dynamics, without the distractions (or the advantages) of the detailed,.

;

! multiple function plant control room. The readouts and control devices on

the " Compact Simulator" are schematic and functional only, but the computer
,

i

model of the plant dynamics can be as detailed and elaborate as computing*
,

i

resources permit.

Rouse (unpublished discussion,1981) has suggested a hierarchy of "high-
t
'

fidelity, medium fidelity, low fidelity" simulators for different aspects nf.

<

| ,
training. Although this idea was not stated by Pouse to be new, the

author has found no published U.S. nuclear references. Generic simula tors .

. ;
-

j were described by Green and Myerscough (1977) and Cocquyt g al, (1977). An
5

Oak Ridge National Laboratory program, yet unpublished, includes these ideas;

one hopes they will publish references to sources. IEEE (1980) includes

mention of "Part Task Simulators" but no published references are given.
,

IEAL (1980) contains brief discussions of part-task simulators and an undifferen-
i ,

! - tiated bibliography on this and many other topics.

i
*

Rouse identified two kinds of rules for operations:

|
1. Symptomatic rules, to use for responding to familiar patterns of symptoms;f

,

i 2. Topographic rules, to use with knowledge of the process to understand and'

respond to unfamiliar patterns of symptoms.

|
;

|

|!'

4

_.
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i Low- and medium-fidelity, part-task simula. tors are principally useful for

i enhancing understanding of the plant, and gaining experience in applying

topographic problem solving techniques, whereas high-fidelity, full-task

simulators (such as the Dresden simulator) are used to provide training

on symptomatic rules.
,

! ;

..

The U.S. nuclear power plant industry makes almost no use of part-task sinulators
'
; at present. C/E Studsvik (undated) state that the Compact Simulator is used
;
'

for training in Sweden.

Use of Simulator to Measure Performance. -- Netland (1979), and Stokke (1981)
i,

and Cott et a1 (1981) have described use of training simulators to collect

data on operator performance. It seems evident that, while not completely

realistic, the full-scope training simulator reproduces most aspects of the
,

,
control-room situation. Only the stress of "the real situation" is missing.

-

j Comparison of design approach, measurement of response times and accuracy,

identification of confusing indications or procedures are easily performed. This

appears to be fruitful path for future research. Further discussinn is given
,

in Section 8.5 of this review.
!

I 6. ORGANIZATION AND MANAGEMENT
i

! The people required to operate a nuclear power plant safely number in the-

hundreds. Adequate resources -- people, money, technical information -- are a
..

necessity. In principle, the value of the electricity generated by the plant
|

| is available to pay for the resources needed. In practice, the connection'
+

|

| between revenue from generation and resources for operation is visible only
[

'

| at the highest levels; the plant staff, for example, sees only resources needed
|

) _
and resources available for plant requirements.'

i

i
i i

i j
,

i; ,

i !

i'

'

i
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Q Jn the United States, electric companies that own and operate nuclear power
s'

plants may be stock corporations or public agencies. Many, but not all,

provide generation, transmission, and distribution of electricity to wholesale

and individual customers. Most include non-nuclear power sources. Some sell
*

natural gas or other forms of energy as well as electricity.

j!~ In support of a nuclear power plant, the electric company provides the resources
t

needed by the plant, and in addition provides management overview and direction
'

for the plant.

.;

!I General guidance on management and organization is given by IAEA (1979,1980b)

and Allenspach and Crocker (1980). Bo.th the onsite plant organization and

the offsite corporate and outside support for the plant must be considered.
.

The TMI accident has been analyzed to show strong evidence of management and
,

'

organizational inadequacies, both at that plant and perhaps generally at least
:

in the U.S. Kemeny et al (1979) state:
i

:| "When the decision was made to make nuclear power available for
,i

!j the commercial generation of energy, it was placed into the hands
~!

.! of the existing electric utilities. Nuclear power requires
~l

*

management qualifications and attitudes of a very special ' character:

as well as an extensive support system of scientists and engineers.-

1

We feel that insufficient attention was paid to this by the General

'| Public Utilities Corporation (GPU)."*

"There were significant deficiencies in the management of the TMI-2

plant. Shift foreman were burdened with paper work not relevant

f to supervision and'could not adequately fulfill their supervisory roles.
'b

i
: 4

,
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@ There was no sysematic check on the status of the plant and the I

-. p.
" line-up of values when shif ts changed. Surveillance procedures were

not adequately supervised. And there were weaknesses in the program

of quality assurance and control.
.

"We agree that the utility that operates a nuclear power plant must
* be held responsible for the fundamental design and procedures that

assure nuclear safety. However, the analysis of this particular accident4

I

raises the serious question of whether all electric utilities automatically

: have the necessary technical expertise and managerial capabilities for
l

| ! administering such a dangerous high-technology plant. We, therefore, re-
J

{ commend the development of higher standards of organization and management
i

'j that a company must meet before it is granted a license to operate a
i

(.
nuclear power plant."

,

Rogovin et al (1990) conclude:

" Metropolitan Edison must bear the responsibility for failing to put in

place a site management organization technically competent to respond to

the accident. But everything we have learned in this investigation suggests

that the problems in this area revealed by Three Mile Island -- inadequate
*

; training, unreasonably scanty manning levels, lack of any requirements

j for minimum onsite technical supervisory competence -- are common to many,
:-

probably most nuclear plants. There is a clear need to restructure and
,

f* improve operator training, and to upgrade substantially the requirements
i

for technical qualifications of onsite supervisors and management, up

|
through the plant or unit superintendent."

!

,

I

I
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Since the TMI accident, a number of important changes have taken place

( t.

in the plants, in the electric utility companies, and for the U.S. nuclear..

power industry as a whole.

6.1 Organization and__ Staffing at the Plant

I' Single-unit plants used to operate with less than 100 enployees on site.
!

.], Nowadays, increased workload and increased regulatory requirements have

increased the minimum number to 200 or more. Allenspach and Crocker (1980)
,

have published guidelines. The following discussion is based substantially

on their work.
,

Operations. -- The minimum shift complement is given in Table 4. from NRC

(1980d) . The need for ten operations people on each shift, plus security

forces, is based on functions of the onsite forces in an emergency. The

.

- required Emergency Plan must provide coverage of the major functional areas
'

_- o f Ta bl e 4.

Five or (preferably) six shift teams are employed. This provides for continuous'

shift coverage, plus time off and extra time for continuing training and
~

| education.
i

Maintenance. -- Staff and supervision must be'available for routine preventive
+-
i maintenance as well as unscheduled repairs. The maintenance staff has an

especially heavy workload when the plant is shut down for geriodic major overhaul-
,

and refueling.'

,
.

e

1 ' !

i

L'
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Technical. -- Support is required for the operations and maintenanceg
staffs in the areas of reactor and other engineering, chemistry, radiation*

protection, and instrumentation. Included is analysis of operations;

that is, a continuing evaluation of the performance of the plant, with special
'

a tten tira , errors and failures, and unexpected behavior. Because of the

importance of radiation protection to plant safety and to personnel safety,
.

this function is made independent of operations.
,

A

l
! Training. -- The training requirements of the plant staff include onsite
1

(in-plant) and offsite (classroom, simulator) components. Some onsite

training resources are needed.

)

1 Security
1

Administrative Service-

Audit and Review. -- The safety operation of a nuclear power plant is the

subject of a variety of reviews and audits, discussed in Section 5.3 below.

I.
; Changes since the TMI Accident. -- Operating plants in the U.S. have been

required to make a number of changes in organization and management as a result

|
of the THI Accident. These are listed in Table 13. They represent a short-

term program to improve the plant staffing and management in the areas identified-

| by the TMI Accident reviews.: ;

i.

!

|'
For new plants, coming into operation since the TMI accident, the requirements

.

.

I of Table 13 have been applied. In addition, these plants have also been
|

| ! required to comply with the requirements listed in Table 14
|
|

I
'

k

_ _ .
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% The management review (Item 1 of Table 14) is conducted by a multidisciplinary

NRC team, using primarily interviews and reviews of administrative documents.

The objective is to evaluate the capability of the organization to operate

the plant safety. This is not a quantified variable susceptible to measure-
.

ment. Somce guidelines have been given by IAEA (1979,1980b), Allenspach

and Crocker (1980), NRC (1981h), Podonsky (1980), and INP0 (1981c).
.

Capability of Mana ement Evaluation. -- A principal problem is the lack ofg
1

) objective measures of performance in this area. That is, we don' t have a good
i

j index of "the safety of plant operation," except where an accident occurs,
i

t Some unpublished approaches have been attempted, using, for example, the rate

of occurrence of reportable events, enforcement actions, unscheduled outage

da ta , etc . These are, ~at best, remote measures of "the safety of plant

operation." Other approaches that have been used are subjective and qualitative.

f M The NRC (19811) has the " Systematic Analysis of Licensee Performance," but the
'

validity and timeliness of this largely subjective rating scheme have recently
1

i been questioned.
!

!

The Institute of Nuclear Power Operations has issued (INP0,1981c) performance

objectives and criteria for the evaluations conducted by the Institute's teams,

1- of each U.S. nuclear power plant, and for nuclear utilities to use in self-

evalua tion. Fif ty-one objectives are given in the areas of organization and;
,

! administration, training and qualification, operations, maintenance, radiation
!

I * protection, chemistry, emergency preparedness, and technical support. The

criteria are specific, but not quantitative. In their evaluations published

'''so far NRC,1981j), INPO has not given a summary rating, relative, absolute,

or quantitative.g
I
b}

.

1

f
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. Lacking quantita tive measures of "the safety of plant operation," one
' ''~

. is forced to rely on the qualitative guidelines and criteria mentioned

earlier, and thus on qualita tive judgments of management and organizational
'

| adequacy. It is to be hoped that future studies will result in the develop-

*

ment of better, more nearly quantitative measures, leading to improvement

j in the management of the plants. *

9

!
* Importance of Management Capability. -- All our experience, and all the TMI
.

accident reviews, emphasize the importance of management in the safe operation

of nuclear power plants. The experience of the author in nuclear plant safety

reviews over many years, and in supervising the NRC management reviews re- !

cently, supports the view that the quality of management is essential to the
,

sa fety of plant operation. In each plant is one, or a very small number, of key
'

i

individuals whc actually run the plant. Often, but not always, these key

'

,j people are the incumbents of the top supervisory positions. Everyone, at all'

levels, knows what kinds of actions are rewarded, what you have to do to get

f promoted or earn a bonus. These desiderata may be, but are not always, the'

'l principal objectives and priorities set forth in published compray policy:

!
j directives,

j* Moray (private communication) has surveyed some control room operators and

; plant engineers regarding dif ficult operating-safety choices. An example
| :. . .

| is the decision to initia te plant shutdown quickly, but perhaps unnecessarily,
i'I on detecting an indicated abnormal value of a plant variable. The people*

surveyed gave answers that varied by several orders of magnitude on the

" values" of truly' required shutdowns, shutdowns required but not executed,

,
,

and unneeded shutdowns. They are, presumably, reacting to their perceptions

i,

:
.
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of how the key leaders in their plants view people who shut the plant down
k,,

unnecessarily compared to people who miss needed shutdowns. Of course,

the people surveyed are the people who make such decisions routinely. If

they decide wrongly, management may well be blamed, and management may

well deserve the blame.

f* 6.2 The Nuclear Company
!

Allenspach and Crocker (1980) set forth some guidelines regarding the utility

company. The overall management and support of the nuclear plants in a

; company should be integrated. A corporate official should have the responsibility
.

| for the nuclear operation and safety; this official should be at a sufficiently

high level that he can command the necessary resources as required.

Several different organizational structures have been used successfully:

(i) Single vice-president in charge of nuclear operation and safety;

see for example NPC (1981j), Docket No. 50-387.

-i

| (ii) Separate vice-presidents for operations and engineering; an example
i

i is in NRC (1981j) Docket No. 50-369. Successful applica tion requires
1

f close working ties between the nuclear segments of the operation and'

engineering organizations.
,

I

'

(iii) " Matrix" organiza tion with managers of opera tions and managers of

technology (radiation protection, engineering, training); an example
,

,

I is discussed in NRC (1981j) Docket No. 50-400.*

.

.

'

1 G'
!
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The simp?est pattern is (i), with a singl'e corporate management of nuclear

operations having command of all the resources. The more complex arrangements

like (ii) and (iii) require more coordination, but some companies prefer

them and some make them function acceptably.
*

,

I

Since the TMI accident, the NRC has been much more aggressive in its review

of management structure and resources for the plants coming on line. Detailed*

reviews can be found for each plant in NRC (1981j). For the operating plants,

! NRC has not yet decided on the depth or timing of a management re-review.
!

'

Indeed, although such a review program is foreseen in the Action Plan NPC,
;

} (1980a, item I.B.l .1), its implementation is still undecided.

|

| The audit and review functions of corporate management are discussed in
i

} Section 6.3 below.

With the very large number of new plants scheduled to come on line in the ll.S.

during the 1980-1985 period, the cadre of experienced managers and senior

operators will be severely taxed. Current projections start at s 70 operating

units in 1980, growing to s 120 in 1985 and s 150 by 1990. Some cancellations

and long-term deferrals have been announce,d since this projection. Still, the

number of operating plants will almost double in the next few years. For
,

utilities with operating nuclear units, a massive recruiting and training pro-,

; gram is in order. Tennessee Valley Authority (TVA,1981) projects ten classesta

j per year -- a total of 2000-plus students, over the next few years.

.

! 1
- .
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For a utility bringing on line its first plant, the problem is to acquire
,,

M
' ' enough experienced managers and shif t supervisors to forn an adequate cadre.

An example of this problem is given in flP.C (1981j), Docket t'o. 50-382. This

plant, the first for this company, was reviewed about 18 months before its

projected nuclear operating da te. The severe shortage of qualified, experienced,

senior people had resulted in a corporate management group entirely lacking

j* in nuclear operating experience, and a plant management with many key positions
!

vacant -- Assistant Plant Manager-0perations and Maintenance, Plant Operation
4

Superintendent, Plant Engineering Department Supervisor, General Support

Superintendent, fluclear Training Director, six Shif t Supervisors. It is not

'

yet clear whether the necessary qualified people can be acquired and trained
i

'
i in time for this plant to achieve its projected operation schedule.

<

The qualifications of the corporate managers and staff are difficult to establish,

! specifically: What are the measurable attributes of a successful manager for
| safe opera tions? Allenspach and Crocker (1980) give what guidance is feasible
,

i and refer to some not very useful U.S. standards documents.
|

6.3 Management Review and Audit

; Because of the importance to public safety of correct nuclear power plant

|, operation, a system of reviews and audits has been established to assure atten-
1

| tion to safety. All of this structure except the Independent Safety

Engineering Group (Item 3, below) was in place before the THI accident, so-

will be described only briefly.
,

!
*

k

i
.

-
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1. Opera tional Quality Assurance. -- Each company, and each plant,

in the U.S. is required to establish a quality assurance program for opera-

tions, maintenance, modifications and all other activities potentially affecting

public sa fety. The requirements are in 10CFR50, Appendix B, and PIRC (1981h),
,

I Section 17.2. A comprehensive program includes verification of activities
i

l* by trained and qualified individuals, independent of the organization responsible
i

for performing the task, free from the direct pressures of costs and schedules,'

reporting to a management official with authority to resolve disputes and
1

| enforce decisions.
;

2. Plant Sta f f Review Group. -- A working committee, whose members are

members of plant staff management. This group reviews and approves plans and'

procedures and changes to them, equipment changes, and reportable events, plus'

exercising an operations safety review function.
i \"l
!
'

3. Independent Safety Engineering Group. -- A new organizational module,

so far required in the U.S. only on plants coming online since the TMI accident.

The requirements are given in NRC (1980f), Appendix A, and Allenspach and

Crocker (1980). The Group is an additional group of five dedicated, full-time,4

j
i +

'I site-based engineers, who report offsite to a technically oriented high level
(*
,' corporate official not responsible for power production. The function of the

group is to examine safety information regarding the plant and also safety-

information from offsite, and to develop recommendations for changes that would

improve safety. The group does not do detailed audits of operations and does+

i not have sign-off responsibility. The review functions of the Independent
,

| Safety Engineering Group include the following:
i
; .m,

| k
1 -V

,
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d' Evaluation for technical adequacy and clarity of all procedures*

9; -

important to the safe operation of the facility

Evaluation of plant operations from a safety perspective !*

Evaluation of the effectiveness of the quality assurance program-

,

Comparison of the operating experience of the plant and plants of a*

,
i

!similar design
. ,

Assessment of the plant performance regarding conformance to |
-

irequirements related to safety

Any other matter involving safe operation of the nuclear power-

plant that an independent review deems appropriate for consideration

Assessment of plant safety*

The group performing this function should be composed of individuals with

- varied backgrounds and disciplines related to nuclear power plants.

i

|
- '

Such groups are functioning at about a dozen plan'ts. After experience is r

gained, the decision will be made whether to require these groups at all operat-

| ing plants.

4. Independent Review and Audit Group. -- A high-level committee that

provides a safety overview of the whole plant, including the recommendations
,

of the quality assurance, plant staff, and independent safety engineering

;* groups. For many utility companies, it is appropriate to include knowledgeable
1

-l and experienced outside consultants to enhance the expertise and independence
1 .

of this group.

}
s
i .
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.

6.4 Working Hours |

Nuclear power plants must operate continuously, because electricity (at least

alternating current) must be generated when needed. Even when it is shut down, a

nuclear plant requires " operation" because of the persistance of heat generation
'

from radioactive fission nroducts. (The TMI reactor core was overheated and

severely damaged by this after-heat several hours af ter the neutron chain

reaction had been shut down). So operations crews are required around the

clock.

! A number of developments have combined to create a situation where overtime

1 work -- beyond the 8-hour shif t, 40-hour week -- is a commonplace occurrence.

'

in nuclear power plant operating c*ews.
,

1. The shortage of trained and qualified people; see Section 6.2-

.- 2. The increased number of shif t crew people required at each plant'

I since the TMI accident; see Tables 4 and 14,

3. The increasing number of operating plants.

i 4 The' increased workload on the shift operating crews imposed by

: post-TMI requirements for augmented training, surveillance of

{ operations, testing, and maintenance, and plant modifications.

\-
I This combination of increased workload and shortage of qualified people

naturally tends toward longer work weeks for the people. Since the opera ting.

crews are already working rotating shif ts (universa_1 practice in the U.S.),
.

the situation is characterized by increased length of the rotating shifts.

.i

'
.

s

*
,,

'

i
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f, The author and his colleagues, participating in the management reviews ,

discussed above in Section 6.1, were told by control room operating per -

sonnel that they were tired as a result of routine overtime required of

them over months and even years as a result of the workloads and shortages.
'

A discussion is given in NRC (1981j), Docket 8i0-311.
,

1

' '
Human circadian rhythms are well known and much studied, as are the effects

= of night work and long work periods. Holley, et al (1981) give a 66-page
i

review, plus 2084 references no older than 1972, with emphasis on pilot

) performance. Experiences reported by pilots and air traffic controllers are

compiled by Lyman and Orlady (1980). In 77 reported incidents, the reporter4

j associated fatigue with the occurience. "The factors most frequently cited

as being responsible for the reporter's fatigued state were associated with

duty period, i.e., duty time, flight time, number of segments, and4

,

j . number of duty days... Duty and sleep considerations are the major factors

in the reported fatigue conditions.",

i
i

I Shift work, which upsets circadian rhythms, is necessary for technical reasons

in some industries that involve continuous processes, in transportation, and
i

' - ! in vigilance activities. Increasingly, shift work is being used to enhance the
' use of invested capital, even where no technical necessity exists for it.

s
:<

A selected bibliography directed at shif t work and overtime in nuclear power''

j plants is given by Wallace, et al (1980a). Since the present emphasis is
. .

! on overtime of shif t workers, some materials developed in connection with

12-hour shifts ar,e relevant. In fact, the tired workers referred to earlier were

routinely working 12-hour shif ts.
._

. _ _ _ .. -.
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Twelve-hour shifts as a routine alternative to 8-hour shifts have been
" investigated in fifty chemical plants by Wilson and Rose (1978). They con-

cluded that there was some preference by workers for the social and

familial advantages of rotating 12-hour shif ts in a 40-hour average week

(thus, no long-range overtime). Drawbacks include increased fatigue and,

inability to use double shifts to cover for illness and other absence. Fatigue
''|~

was studied using workers' perceptions and also accident rates. Most workers

reported overall decreased fatigue from fewer 12-hour shifts per week, even

i on night shif ts. The author implies that the accident rate did not change, but
'

i
! no data are given. In many ways, chemical plant operators have duties similar
:

i to nuclear plant operators.

! -

! Joaguin, Mullins and Wagner (1981) studied 12-hour shift experience at the '

Ontario Hydro Bruce Heavy Water Plant, a chemical operation associated with,
,

and co-located with the Bruce Nuclear Power Station. The Bruce Heavy Water
'

~

Plant (but not the nuclear power plant) went on 12-hour shifts in January f

1979. The workers surveyed experienced some additional fatigue, but believed I
L

I their physical condition to be unchanged (64%) or improved (30%). They per-

ceived no effect (56%) or small positive effect (38%) on their work per-

formance. No effect of the 12-hour shift was detected on sick leave rates,

i* except for mechanical ma'intainers, where the rate increased.
!

!- More recently, Ontario Hydro announced that the 12-hour shif t would not be

| implemented at their nuclear sta tions. (Strickert, Schneider and Kelly,1981).
*

.'

i ,

! -

|
;
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Price e_t, a_1_ (1980a) studied some possible tradeoffs for coping with thet3

conditions leading to chronic overtime. They state:

"The present review examired a large number of studies relevant to

the potential effects of three different staffing configurations-

which may be used during interim periods of manpower shortage in nuclear
.

power plant control rooms. The three staffing alternatives art as
I follows:'

,

!

! "1. Changing from an 8-hour rotating shift to a 12-hour rotating shift

"2. Reducing the number of reactor operators and/or senior reactor'

operators required in the control room on a shift

"3. Utilizing lesser trained and/or experienced personnel in the
,

control room.
,

;

; "A conservative interpretation of these three staffing alternatives would

indicate that none of the three options is desirable for new units, parti-;

t

{ cularly in view of the report by Joos, Sabri, and Husseiny (1979) that

indicates that human error rates are higher during the first months of

I plant operations, as shown in Table 7.* Of interest in this table is

the column labeled " operator," which includes errors caused by the.

operator himself but not those errors caused by deficiencies in procedures
^

j or by failures of system components or instrumentation.

! ,

| " Recommendations concerning the three staffing alternatives are necessarily
*

i
'

'

qualified by the fact that there is little or no specific data on performancei
!

.
of operators,'and minimal information concerning actual workloads and

:

*Not reproduced in this review.

;
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ip tasks of different control room jobs. Information from laboratory
,

investigations of behavioral variables that are important to the
'

performance of reactor operators, and information from related

occupations, provide the framework for the present conclusions."
.

In order to control the perceived fatigue in operating crews, NRC has issued over- ',

f i

|" time guidelines. A representative set is given in NRC (1980b), and is repro-
,I
l duced in Table 15. These guidelines are not working very well; they are too
'

.

prescriptive. For example, the requirement that the plant manager or his
i
j deputy approve all deviations results in a large paper workload during refuel-

'ing, without a compensating safety benefit. More work is obviously needed

which one hopes is based better on available data.

'
7. PROCEDURES

7.1 Procedures in Nuclear Power Plants

A nuclear power plant is a complex physical system, operated, maintained, and

modified by several hundred people. Information transfer among these people

| is by means of technical data and procedures. The interaction between procedures
1
I and people (those who write them and those who read and use them) is included

in human factors considerations in nuclear power plants. (The presentation
'

of technical information to operating people is included in Chapter 8 in this
3

review).
,

A vast number and variety of procedures facilitates and encumbers operation,

.

of a present-day nuclear station. Management directives and administrative

procedures are par.t of the subject of Chapter 6 of this review. Procedures for

i

f

!
'

f

,
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i

]f normal operation, while important to plant availability, and as components of
"' initiating events leading to plant transients and accidents, are not included

t

in this review. Testing and maintenance procedures are discussed in Chapter 8. i

This chapter deals with the emergency operating procedures to be used by the

[ plant operating crew in coping with abnormal plant operation, including severe
i

j? transients and accidents. Off-site emergency preparedness, plans and procedures

| are the subject of an accompanying paper (Grimes and Ramos,1982).
a

>.

t

! 7.2 Emergency Operating Procedures - General
;

: The Emergency Operating Procedure is a written document (it may some day be
i

stored in a computer memory) intended for the operating crew to consult and ,

use in abnormal situations. The role of the operator in such an event

(Section 5.2 of this review) is twofold:

' N 1. To maintain or restore adequate performance of the critical safety.)'

'. functions; and !

- ,

.. 2. To diagnose the problem and initiate recovery of the plant to normal

; operation or, if that is impossible, to orderly shutdown. '

|
,

! The procedures should therefore be oriented to the dual task of the operation
! -

.
i crew. For task 1, the procedures should describe the symptoms by which per- ;

I
i formance of the critical safety functions can be evaluated, and guide the |

I
operator to success paths for restoration of the functions if the symptoms.

;

- show the need. For task 2, the procedures should include a diagnosis procedure ;
- ;

and guidance for recovery.

.

+

i

!
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,

f) If the foregoing analysis of operator tasks and procedure needs is correct
~' (It is the author's, based primarily on Corcoran et. al,1980a and 1980b),

then present-day emergency operating procedures in U.S. nuclear power plants
.

are in need of upgrading. An upgrading program is underway.

i'
j The reviews of the TMI accident contain severe criticisms of the emergency
1

1* operating procedures available to those operators.
1

'i
Kemeny et al (1979) state:

,

"Some of the key TMI-2 operating and emergency procedures in use on

: March 28 were inadequate, including the procedures for a LOCA and

for pressurizer operation. Deficiencies in these procedures could
,

cause operator confusion or incorrect action."

,.

, . "There were deficiencies in the review, approval, and implementation, .,/|' '

j of TMI-2 plant procedures.
1

l
i "(i) Although Met Ed procedures required closing the PORY block
i

valve when temperatures in the tailpipe exceeded 130".F. the block

valve had not been closed at the time of the accident even though !;;
' i

temperatures had been well above 130 F in the tailpipe for weeks.
'

,

t ,

"(ii) Operators were not giver: adequate information about temperatures
.

to be expected in the PORV tailpipe after the PORV opened.
> .

i i

!
'

.

\s,,

j
_ _._.

.
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.

. vi. '

('i "(iii) A 1978 B&W analysis of a certain kind of small-break LOCA

was misinterpreted by Met Ed. That misinterpretation was incorporated

by Met Ed into the LOCA emergency procedure available at the time

of the accident. -,

|

1, "(iv) Operating and emergency procedures that had been approved by
*

Met Ed and were in use at the time of the accident contained many

minor substantive errors, typographical errors, and imprecise or
a

sloppy terminology. Some were inadequate. (See finding A.6.)
:
.

"(v) A 1978 revision in the TMI-2 surveillance procedure for the

emergency feedwater block va'1ves violated TMI-2's technical specifica-

tions, but no one realized it at the time. The approval of the revision
|

in the surveillance procedure was not done according to Met Ed's own

! administrative procedures.",,,
,

"Substantially more attention and care must be devoted to the writing,>

I

j reviewing, and monitoring of plant procedures.

; "a. The wording of procedures must be clear and concise.
!

!
i* "b. The content of procedures must reflect both engineering thinking

and operating practicalities.
..

"c. The format of procedures, particularly those that deal with abnormal.,

conditions and emergencies, must be especially clear, including

clear diagnostic instructions for identifying the particular

abnormal conditions confronting the operators.
s

-

.
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,

'

"d. Management of both utilities and suppliers must insist on theq

early diagnosis and resolution of safety questions that arise

in plant operations. They must also establish deadlines, impose

sanctions for the failure to observe such deadlines, and make
.

certain that the results of the diagnoses and any proposed

procedural changes based on them are disseminated to those who need,-

| to know them."

!

The review of Rogovin, el al, (1980) includes the following:

I

f "The underlying questions are: Were there procedures available to cope

with the situation at TMI on the morning of March 28,'1979, and did

procedures or lack of procedures have an impact on the accident. We
,

,

believe that the procedures were grossly deficient in assiting the operator

i
l in diagnosing problems with the feedwater system, the emergency feedwater

.)a

) system, and 0TSG level responses when emergency feedwater pumps were
'

activa ted . The procedures were of no help in diagnosing the PORY failure,
i

.i nor did they provide guidance in analyzing the situation of pressurizer
r
1

level increasing while RC pressure decreased. Furthermore, the procedures

gave no guidance regarding overriding the automatically initiated HPI,

when to trip the RC pumps while temperature and level are high and

f, pressure is low, and when and how to establish natural circulation.82a

i
: 1 The reference in the quotation is to Malone, et al (1980.

,

.

*
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(~ The Action Plan by NRC (1930a) includes (items I.C.1,7,8 and 9) a program for.

procedure improvement. In the short term, small-break loss-of-coolant

accidents were re-analyzed, using realistic computer codes, as compared toI

the highly conservative codes previously relied on. This change is important,:

. ;.
|J since operator actions should be based on the transient behavior as it is

'!
j. actually experienced, rather than on design-basis calculations performed for

,

i
_; bounding cases. '

!

i'
The combinations of events included were also broadened, from previous such i

i
1 work, to include the operation of non-safety equipment that might help in
J

preventing accidents from developing or mitigating their consequences if

II they do occur. This change is analogous to the change in computer codes from

conservative bounding models (assuming for design purposes thatonly safety

equipment will function) to realistic codes (allowing for operation, or failure,
[

%

-)>.
| of any relevant equipment).
n

~| The actual behavior will, of course, depend on what sequence of events actually

! occurs; that is, which among the large number of possible combinations of successes
;

and failures of equipment, plus correct operations and errors, will take place

in the specific case. The new analyses are being broadened to include enough
.

representative combinations to provide guidance to procedure development. i

i
'

All plants were required to revise their procedures as needed to make them

consistent with the revised analyses.,
,

>

'

!,

:
i
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,

k'h In addition to the small-break loss-of-co'olant accidents, analysis was
, 1

performed for all plants, and procedures developed, for recognizing symptoms

of the approach to, and the course of, inadequate core cooling, using in-

strumentation presently installed. The procedures also include mitigating
i-

.i such situations, to the extent this can be done with the existing plant
4

i systems..

For plants coming on line since the TMI accident, improved procedures have

: been developed, still mostly using the traditional approaches. These have

been based on . improved technical guidelines that take into account the analyses
,4

|' described earlier. These procedures have been audited using walkthroughs in

the plants as well as real-time simulator exercises.

'

For the future, all plants will develop completely revised emergency operating
_

' procedures, based on improved technical guidelines (Section 7.3) and also onv. /,

i
'

human factors guidelines (Section 7.4) for improved application under emergency
,

.
conditions.

!

j The program of analysis for procedure development bases is being broadened from

the initial emphasis on small-break loss-of-coolant accidents and inadequate

core cooling recognition, to a comprehensive analysis of plant transients and,

i'
I accidents. This work, now underway for U.S. plants, is necessarily based on a

taxonomy of transient and accident sequences. Event trees (see Section 2.4 of~

this review) are a way of organizing these sequences. To make the analysis task
,

manageable, the possible sequences, candidates for analysis, must be screened.

Some screening factors include:

'
_

*

: v
!

|
!
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(~ (a) Whether a sequence has actually occurred in some plant;

(b) Judgment, plus any available data, regarding the probability

| of a failure or error, or of a sequence taken as a whole;-
1
i-

.| (c) Whether the failure or error is likely to be rectified, and
! :

!- thus its effect nullified;

|
; (d) Whether alternate success paths are available if a failure or

error occurs;
,

!
a

j (e) Whether the sequences produces symptoms that are confusing or
'

are likely to evoke an incorrect operation response;
i

(f) The consequences or risk associated with a given sequence. -,

~

''
i The sequences which survive screening are analyzed, using as realistic a '

-

| .)
computer model as practical. The results of the analysis are values of plant

variables as functions of time. In applying these results to procedure develop-

i ment, one looks for similarities of synptom patterns, and alternative success
I paths to terminate the sequence successfully or mitigate its consequences,
i
i

j. The development of procedures is thus intimately related to the analysis of

! plant behavior. In addition, the information available to the operating crew
*

is essential to their response, and therefore to the procedures that govern

their response. Thus the review of the man-machine interface, particularly the,

control room (Chapter 8 of this review), must be done in conjunction with pro-
,

cedure evaluation. . In order to effect substantial improvement in control rooms

.

%

| !V
|

| t
| ,i,
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and procedures, the control room analysis must be performed with good procedures;j

(.-"~)procedure validation must be done in a good control room.
_

s m-

. Finally, the qualifications and training of the operating people must be
<

.

.j included in analyzing the procedures and the control room. These inter-related,

:.
i i factors -- control room, procedures, qualification and training of tne people --

|, must all be analyzed together. The programs 5f improvement in human factors
"

: safety will have to deal with all the components of the contributions people
s

I make to nuclear power plant safety and risk.

!

7.3 Technical Guidelines for Emergency.0oerating Procedures

j The " Technical Guidelines" of this section read like procedures; that is, they
! are technical documents stating what the operator should do in various circum-1

stances. They differ from actual procedures in (1) their generic nature and'

r

. (2) their presentation.

' "''
The generic nature of procedure technical guidelines arises in the generic

nature of the analysis on which they are based. This is done for economy, for plants

sufficiently similar that the analyses, and guidelines, are valid. The guidelines
:

are given in terms of systems and functions, whereas the procedures must deal with

j the actual plant controls and equipment that must be manipulated.
:.
.

The guidelines are technical documents to be used as a basis for procedure writing,

whereas the procedures thenselves must be used in real time, so to speak, by the-

operating crew, under stress, in the actual transient or accident. The guidelines
.

are therefore technical documents containing technical information, while the

procedures are written, or should be written, with the use in view; see Section

7.4 following.
,

v
i

k
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Existing procedures in the U.S. and therefore existing procedures guidelines,

( i

are universally event oriented. They are keyed to an initiating event,

like reactor trip (scram), or pipe break (loss-of-coolant accident). Since

l there are several kinds of initiating events, there are several emergency
I

!l. operating procedures in each plant. The better ones begin with the symptoms
!

by which the operator can recognize the particular event, then follow with
,

.

the operating steps to be performed. !

. I
>

!

Many reviewers have observed that procedures, and procedure guidelines, developed

with this event orientation are poorly related to the most urgent and most

difficult parts of the operating crews' emergency tasks. They do not focus

on maintenance or restoration of the critical safety functions, and they do

not focus on diagnosing the source of the problem to enable recovery of the
,

plant. Thus although these procedure guidelines contain, if correct technically,

j the ingredients of the operating crews' need for guidance, they do not providej(v
readily usable, organized guidance for what has to be done.

,

1

Longer-term procedure development programs have been mandated by NRC (1980a),

I tem I . C.1 a nd I . C. 9. The objective of this program is to develop procedures'

j better suited to the operators' role and tasks, and better arranged for
|
;. control room use.

Emergency Operating Procedure Guidelines are under development in the U.S. for
..

all classes of plants now operating and under construction. None of these has
| *
; yet been published in finished form. General Electric Owners' Group (1980)

has published draf t guidelines for (Reactor Vessel Water) " Level Control,"
'

(cold) " shutdown," and " Containment Control" (Suppression pool water level andi

''N
iV
:

. . - . - - .



.

.

.

-71-

temperature, drywell a tmosph,ere tempera ture and pressure). Reactivityc,,

~'

control guidelines have not yet been published for GE plants. It is evident

that these new guidelines are organized to correspond to critical safety
,

'

functions.
i i-

Each guideline starts with " entry. conditions" -- a short outline of symptoms
'

showing the need for attention to the associated critical safety function.

| As an example, entry conditions for the Reactor Vessel Water Level guideline

| are:
! i

e.

1. Water level indicated below a predetermined value; or'

2. Drywell pressure indicated above a predetermined value; or
..

3. Containment Isolation valves close.

The guideline then lists, in order, the required operator actions. There is
:

<

I
a greater deal of branching, dependent upon the success or failure of the ~w _,

'
<

measures undertaken by the automatic systems and the operator. The branch

points are associated with symptoms -- values of variables -- and criteria --

predetermined levels at which the operator should take alternate or additional.

,

action.
..

I

f* Contingency guidelines are provided for six sets of symptoms of increasing
~

severity. The Level Control, etc., guidelines contain transfers to the
.

Contingency guidelines. The Contingency guidelines are symptom oriented also,

and include steps for the operating crew to take in degraded situations ;
+

(systems don't work) or those with inconsistent symptoms (instruments don't

work or the combination of circumstances is unforeseen or not understood).;

!

They thus comprise the guidelines for inadequate core cooling.-

,

,\ -
i
|

i- U )
i

i ,

| !j.<
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Several sets of plant-specific emergency operating procedures have been
Cg

..

developed from the guidelines in General Electric Owners' Group (1980).

These have been subjected to several simulator exercises, in which operating

crews have used the procedures in real time to respond to a wide variety
.

of simulated event sequences, including multiple failures and instrument

j, failures ' leading to inconsistent symptoms. The effectiveness of the
'

t

; approach, and the basic technical correctness of the guidelines, have been
1

| validated, in large measure, by these simulations.
'!

-! Although the shutdown guideline takes the plant to cold shutdown, and thus
'

fulfills the requirement for plant recovery (the second basic function of the
,

operating crew), the guidelines in their present form do not explicitly pro-
.

i vide for diagnosis. Experience will tell us whether such provision is needed.
i

^

, , ., The owners' groups for pressurized water reactors in the U.S. are also develop-
! j'

] ing improved procedure guidelines. However, none has yet been brought to the
i >

' state of the General Electric Owners' Group (1980) report. An example of
:

j the present state of development is given in Combustion Engineering (1981),
t

These guidelines are oranized overall by function: Reactivity Control, Primary-

i
'

System Inventory and Pressure control, Primary System Heat Removal, and Inadequate

[ Core Cooling. Within these functional categories, the guidelines are organized

| by events: loss of feedwater, loss of forced reactor coolant flow, and steam

line break, for example, under Primary System Heat P.emoval . Each guideline

i begins with a 3-page discussion or the event and its symptoms, then follow the*

| operator action guidelines. More work is required, in the author's opinion,'

|
.

3

i

|
_ ._.
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t,

'

before these and other current draft PWR guidelines will be in shape to
e

support the writing of plant-specific procedures that promote the successful

j;j accomplishnent of the two basic functions of the operating crew.
i
t

7.4 Human Factors Aspects of Emergency Operating Procedures.
|

|

The human factors shortcomings of the existing procedurcs at Three Mile Island
:.

have been reviewed by Rogovin, et al (1980) and Malone, et al (1980). Besides
;

the technical inadequacies discussed in the precedinq section of this review, ,

!

the procedures are not well suited to use in emergencies, under stress, in the

control room. Their physical form, layout, format, and mode of expression need-

'
i to be brought into conformance with the needs and limitations of the human

i

| readers who must use them.'

,

I; NRC (1981c) gives a bibliography of over 100 references, mostly directed toward,

() readability and usability. Fuchs, Engelschall and Imlay (1981a,1981b) and

|'e Morgenstern, et al, (1981) have given . recommendations. NRC (1981c) has published,

for public comment, criteria for procedures. Topics covered include organization,
, .

,

format, style, and content.
4

Intuition suggests that there must be many acceptable, convenient, usable ways

d. to organize, format, and style a set of emergency operating procedures. The
!
'

authors of the publications referenced in ?.he preceding paragraph each present

a single way of doing this as a directive or a strongly recommended example.*

The recommendations are different, and in some respects inconsistent.
.

e

!

) ~%e

.. .--

_



_ -

.

74--

Brune and Weinstein (1981) give a checklist for emergency operating procedures.O The 46 questions are based on an analysis by the authors of some typical procedures

of current types (not the symptom-based procedures under development), and analy-

sis of 1641 event repo'rts classified as operator or procedural errors. Of
*

these, 329 involved procedure-related operator performance deviations.

|*
; Each checklist item is rated according to its (subjectively assessed) probability
I

to induce performance deviation under low, medium, and high stress as defined in

Swain and Guttman (1980).
4

j While some of the checklist questions are clearly particularized to event-oriented

procedures, and to the shortcomings of today's procedure books, others are more

widely applicable.

Airliner cockpits are furnished with procedures manuals for emergencies. Because

of the faster time response of the jet aircraft compared to a nuclear power plant,,

the aircraf t emergency procedures manuals are necessarily concise, easy to read

and follow, with crisp clear style. The author suggests that a jet aircraf t

is as complicated a machine as a nuclear power plant, less amenable to manual

control improvisation or on-stream, repair, with a higher operator (pilot) workload,

and a more difficult problem of achieving a safe shutdown state (landing and -

.

stopping) in an emergency. (There are, of course, other significant differences).

The nuclear plants have, in the author's opinion,*much to learn from a study.

of airliner emergency procedures manuals.
.

.
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!

{4. -
It is to be hoped that the future procedures to be written from the guidelines

j now under development will be presented in a form usable by the operating

crew in an emergency. Some beginnings of advance methods are summarized in

1 the next section.
.

7.5 Potential Improved Forms of Procedures
*

The traditional picture of a book of typewritten procedures is virtually

universal, yet better forms may soon be available.

Malone et al (1980) mention (Volume 1, page 76) use of procedure pages project-

ed onto a large screen in the middle of a U.S. nuclear plant control panel.

|I The author has seen & unpublished) a decision tree requiring five sheets of 2m2
l

each to depict. The direct use of such large drawings seems intuitively im-
!

practical in the control room, but is being pursued. The problem would seem to

be to recover the correct path on the tree as the aspects of the decision boxes
I

change during the course of the event' sequence.
i
!

i The potential for implementing such a decision tree on a computer seems obvious.

I Halden (1981,1981b) has begun studies on use of computer presentation of
|' operation manual materials. The two referenced reports include a computer

*

terminal and program to watch over compliance with equipment outage technical

|' specifications (Halden,1981) and the basic structure of a computer program

for presenting sequences of instructions. Further work is left for the

f< fu tu re.*

!
'

.

| ''t

I 4

|i

1
!
!
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-9 8. (,0NTROL ROOMS AND OTHER DESIGN
'

ASPECTS OF THE MAN-MACHINE INTERFACE

8.1 Introduction

The traditional " human factors" concern to the outsider, at least - is the

presentation of information to the operator in the control room. This topic1

is the principal subject to the present chapter. Related areas are alarms, ',

status monitoring of safety systems, monitoring of critical safety functions,

and disturbance analysis systems. Maintenance is also reviewed briefly,
i i

Following the Three Mile Island accident, Malone et al (1980) assessed the !

j control room at that plant, along with other aspects of the man-machine inter-
1

| face. These authors' conclusions are given here verbation:
.

"The primary conclusion reached on the basis of this investigation

was that the human errors experienced during the TMI incident wereU
,

! not due to operator deficiencies but rather to inadequacies in equip-

ment design, information presentation, emergency procedures and

training.
,

f "This general conclusion is supported by several more specific
,

conclusions which are:
;,

1 TMI-2 was designed and built without a central concept or-

*
;
'

philosophy for man-machine integration.

.

Lack of a central man-machine concept resulted in lack of-

,

definition of the role of operators during emergency situations.
,

i

! 7
s >

a
i

e
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V ,

* In the absence of a detailed analysis of information requirements

by operator tasks, some critical parameters were not displayed,'

some were not immediately available to the operator because ofo

1

location, and the operators were burdened with unnecessary |

I.

informa tion.

| *

j The control room panel design at TMI-2 violates a number of human*

|

engineering principles resulting in excessive operator motion,

workload, error probability, and response time.

The emergency procedures at TMI-2 were deficient as aids to the-

|7 operators primarily due to a failure to provide a systematic

method of problem diagnosis.

Operator training failed to provide the operators with the skills*

s

necessary to diagnose the incident and take appropriate action.

Conflicting implications between instrumerd information, training,*

and procedures precluded timely diagnosis of and effective response

I to the incident."
i

,I
Control room designs and requirements generally are discussed by Malone et al''

,

(1980), as well as maintenance. Prior to Three Mile Island there was some in-

|j creasing attention being paid to human factors in nuclear power plant control*

rooms; see for example the work of Seminara and his collaborators (1977,
i +

| 1979a , 1979b, 1980a , 1980b, 1981 ) . Current programs for control room improve-
!

ment, and recent technology developments, are reviewed in the following sections,'
_

.m e
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8.2 Human Factors Principles for Control Room Designgy;,

A discussion of general references for human capabilities and man-machine

interfaces is given in Chapter 3 of this review. Military and other data

directly relevant to nuclear control rooms are referenced in Appendix A of
.

NRC (1981d) . Many - most - of the precepts of this document are applicable

to control rooms in general. How, then, can the designer or reviewer tell-

that there is a nuclear power plant connected to this particular control room?

The short answer is that human capabilities are not significantly different

for nuclear power plant operators. The information needs, the characteristics
i

1 of the process, the particulars of the procedures will determine the technical
'

content; thus, these things reflect the special behavior of the nuclear

,
pl a nt. Aside from the systems and functions analysis performed to determine'

the required technical content, the nuclear plant control room design process
w

i is the same as for any other control station of comparable complexity.
\ _s/-

Appendix B of NRC (1981d) describes " Systems / Operations Design Analysis.

!
Techniques" applicable to nuclear power plant control room design. Systems /-

.

' Operations analysis is stated by the author to be the basic tool used in es-4

!

tablishing design requirements, by " systematically defining the equipment,.

personnel, and procedural data requirements to meet all functional objectives-

'! of the control room, including safe operation of the plant." This reference
~

i gives a complete design process, suitable for new plants or control rooms

if there are ever to be any. The concepts are also useful in performing a
,

' review of an existing plant, as described in Section 8.3 in this review.
I

! -

!

!

~

| 1
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!

.. Nf The central focus of the design or review process is a review of system
is '

- functions and an analysis of the tasks required of the control roon operating

crew. Job and task analysis are discussed generally in Chapter 3 of this
-} review. Task analysis should be the basis for the control room design.4

.

It was neglect of this precept that evidently led to the deficiencies in the 1
,

t . ,

' Three Mile Island, Unit 2, control room so severely criticized by Malone et al.

(1980). |
.

8.3 Control Room Reviews

The shortcomings of U.S. nuclear power plant control rooms made evident
I by Three Mile Island showed the need for a program of review and improvements.
1

Such a program is set forth in the TMI Action Plan (NRC 1980a,1980b). Detailed
s

design reviews are to be conducted for the control rooms of all plants, old and

new. The changes shown by these reviews to be necessary will be implemented in
' conjunction with concomitant improvements in emergency operating procedures and-

operating crew training and installation of a Safety Parameter Display System
'

1

(see Section 8.4, following). The review and evaluation process is shown in

Figures 6, 7 and 8.

The control room review is built on the technical basis furnished by the function
.

and task analysis described in Section 8.2 of this review. Surveys of knowled-
j
'

geable people and reviews of previous human errors are used, in addition to
,

the function and task analysis, to identify potential problem areas for review. |
|
'

A survey of the information available and the arrangement, labeling, etc., of*

the displayed information is used to identify " Human Engineering Discrepancies"
.

4
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(HEDs) where improvement may be needed. The functional and performance.,

capabilities should be verified by walk-through/ talk-through exercises

simulating responses of an operating crew to postulated event sequences.

!The result of this process is a list of HEDs.
.

The close connection between the control room design and review and the
.

training of the operating crew and the emergency operating procedures they ;

use is evident. Preliminary assessments already conducted by the author

of this review and his colleagues show how this connection operates. Often,

- an HED observed has been attributed to shortcomings in procedure or training
-|
) rather (or in addition to) than the control room information presentation.1

!

'f If a plant-specific simulator is available with a control room identical to

the plant's, then the validation can be done in real time - an obvious

.f [ ' , advantage.
'

) J'
I Figures 7 and 8 outline the process of assessing the HEDs identified in the '

review. Both the propensity for causing an operator error and the consequences
i

j of the error are considered in the assessment (NRC 1981e). Neither of these

factors can be precisely determined. The probability of an error depends on

many variables. The success shown by some operators in coping with,

abominably mis-designed boards (see for example Malone et al,1980, and

j* Seminara, Gonzalez and Parsons,1977) amply demonstrates this. The consequences
I

of an error depend on the sequence in progress and on the effect of other'

'

! operator actions that can mitigate or aggravate the event.

*

! . .

I i

!!
!

; i

| \- .'
.
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[ ~, Seminara et al (1979a) have shown how " enhancement" changes - improved

labeling, color coding, demarcation, and other changes that leave the instrumen-

tation and control hardware unchanged - can improve control panel readability
I

and usability. Figures 9a and 9b, taken from this reference, show graphically
.

what can be done. The improvement is obvious.
.

1-
An interesting and important question can be illustrated from Figure 9b. The

j main steam trip and bypass valves (right side of panel) and the two sets of main
1
i regulating valves (lower left) are arranged A-B-C from lef t to right. The

auxiliary throttle valves (center) are C-B-A with C on top, and the main isola-

tion valves (upper left) are A-B-C with A on top' At least you can read this is

on Figure 9b, whereas the original labels in Figure 9a are unreadable (and,
,

in the author's experience, are of ten incomprehensible if you manage to read

them). The question is, should the panel be rearranged so all the A-B-C's~

|

_ are similarly laid out? The advantage is obvious. Not so obvious is the

potential for error after the change for the operator who has learned the old

layout. There is a need for obtaining relevant, valid experimental data
i:

on this point.

The changes implemented as a result of the review should be validated, by a
i.

process similar to that used for the earlier control room validation. This
, ~,
!

j validation process should also be used to determine how much rearrangement'

,

! i ,

| should be done.
.

| If extensive improvement is required, a better as well as cheaper solution may
|

| be the addition of a new console into the existing control room. The new panels,

t
.
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,c incorporating cathode-ray tube displays nd computer formats, would be used
'' for certain functions, with the old panels, perhaps with enhancement, serving

bac h p.
.

No review and improvement program is known to the author to have been.

g carried out and implemented with the scope and depth given in NRC (1981d,1

j' 1981e) .

!!
i Pew, Miller and Feeher (1981) have evaluated some possible areas for

human factors improvement, using analysis of four actual nuclear power

;; plant transients. The analysis method was based on the critical decision
:

j elements actually made by the operating crews involved, categorized as

detection, interpretation, etc. For 18 innovations (training, display
;

i improvement, addition of personnel, etc.), the analysis gives ratings

/ based on ranking by a panel of experts and also on decision diagrams. Some
/

# results from this reference are given in Table 16. Training ranked highest,

with control room monitoring of basic safety functions, display improvement,
'

and workspace layout judged very helpful. This reference also includes

valuable insight on operating crew knowledge-based behavior and decision

processes.

{..
] 8.4 Information Presentation in the Control Room
!

l* The general principles of information display are well known and have been

j adapted to nuclear power plant control rooms by Mallory et al (.1980) and NRC

(1981a,1981d, especially Appendix A of 1981d). The last reference contains
,

t

Y

'\
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a detailed cross-reference of the " Control Room Human Engineering Guidelines"

to an extensive bibliography. Besides these general and particularI'

guidelines, a number of special areas have been studied recently; these

are reviewed in the following subsections.

8.4.1 Control Room Alanns. - A principal control room man-machine

.
interface is embodied in the alarm system. Its basic function is to call

'

the operator's attention to situations requiring such attention. In

current control rooms, the alarm system is judged to have severe shortcomings,

in need of substantial improvement,
t

.i
Visuri, Thomassen and Owre (1981) have discussed the alarm system in a

,

hierarchy of operator support. All these systems - the definitions can

overlap - assist the operators' decision making.

iSafety Panel (Subsection 8.4.3 of this review) displays recent time/ *

)
!

. "
histories of s 20 key safety parameters in one place for monitoring

the safety status of the plant.a

,

' Safety Console (8.4.3) An enhanced safety panel with access to*

> 100 signals to support diagnosis and action selection and verifica-

tion in addition to safety status monitoring.
,

Critical Function Monitoring System (8.4.3) A safety console with-

.

logic that relates safety status to maintaining or restoring critical

|
4 safety functions (see Chapter 7).*

l .

'

I
f -

i
f

*

.

(

:
:

i
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!
'

Disturbance Analysis System (8.4.4) Computer software to determine
"

the cause of a disturbance, analyze ~ and predict its development, and ~

present corrective actions.

*

Disturbance Analysis and Surveillance System (8.4.4) A Disturbance.

Analysis System to which is added surveillance of safety status,
~

system availability, safety procedure, and technical specifications.,

The scope of this is still under consideration, and these systems are

I highly developmental today.
I

,!

j Alarm Handling System. Extracts relevant alarms out of the large*

amount of process signals.'

; Alarms are indications of either correctly performed safety functions*

or changes in plant operating mode caused by the disturbance.

Presenting only exceptions to normal patterns would relieve the operators

from extraneous information. (Visuri, Thomassen and Owre,1981).

The traditional alarm component in power plant control rooms'is the

annunciators, comprising one or more audible alarms and panels of multiple,

backlighted tiles for the individual functions. The visual aspect of each
'

tile (dark, lit, flashing) gives the status of the function; the audible *-

alarm calls the operator's attention to changes in status.
.

! For single component failures or errors, the system works well. If (for,

i example) the level controller on one steam generator malfunctions, the

resulting incorrect, water level is annunciated and the operator is directed

i to the subsystem for troubleshooting.
f

!

!Y
t
!

1
1-
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f} For many plant transients, a large number of annunciators light up nearly
''

simul taneously. The feedwater trip sequence that initiated the accident

at Three Mile Island, like most such sequences, tripped over 100 annunciators,

1 '

in the first few minutes (Kemeny,1979). Many normal or frequently encountered
.

situations are in this class that operators can make any sense out of such

an array is remarkable...

t

In the author's experience, there are upwards of 1000 annunciator tiles in a

single-unit control room. Moreover, he has never seen fewer than 40 tiles lit,
,

even during operation deemed to be normal and uneventful.

| <

l Banks and Boone (1981) have surveyed some of the problems of existing annunciator >

1'
systems. They note the presence of inexcusable flaws:

!

!
\

1. The legend on the tiles :as small, or otherwise unreadable, confusing,i, -, ,

1

l K / cryptic, with abbreviations inconsistent with labels on associated
, 4

: instruments and procedures. t

2. Many annunciators alarm routinely. In one plant, 46 tiles relate to doors,

they alarm each time a door is opened, although the control room operating

crew has no action to take when a door opens. Many other distracting *

r

| alarms are present. Some are alarmed for normal conditions.

3. In one plant, there are 12 separate' audible alarms - horns, bells, buzzers,-

;
'

I
warbling tones. When a certain" fuse blows, they all sound'

.

i

j 4 The layout, arrangement, hierarchy, and demarcation of the tiles is poor.
,

-
.

9

-' 1
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,

d. But even in well-designed systems,1000-plus tiles with legends are little help

to the operator in diagnosing and mitigating sequences that alarm 100-plus

tiles in a few minutes, with a fresh alarm every few seconds.

j' The use of printers and CRT displays for alarm indication and recording is
j

,
well established. Yet 100-plus lines of alarms on a printer or CRT is even

I less useful to the operator in real time than the pa-tern - perhaps recognizable -
'

'

of lit and flashing tiles.
,

A diagnostic aid easily implemented in computer-based systems is precise time-

ordering of alarms to facilitate deciding what came first, helping to identify

thus the cause of the event.
'

.

I A number of recent studies have been aimed at improving the usefulness of alarm

information for the operator coping with a major transient. All are based on

computer logic and CRT display. Jervis (1980) states as the basic objectives:~

"to integrate the data and alarms on a plant area basis and make them readily

accessible by tha operator." This author gives five essential features:

(i) An overview which gives a ouick assessment,

(ii) Time order of detection of alarms;
,

j (iii) Delineation of plant areas and systems in alarm state;t

(iv) Permanent record of alarms;-
j
1

| (v) Cross-referencing of data and alarms.
*

|

'
i

, I
i .

,%'

! U
,
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Jervis (1980) describes several existing systems and gives a formal functional
'''' specification of one. The central idea of this system is classification of

alarm signals and presentation to the operator of an overview of the alarm

status of the plant. Alarms are suppressed (from the visual display) by
'

sof tware logic whose technical basis is not given by the author. Wahlstrom

. (1980) suggests a logic involving the various states of the plant. As an

example, a low pressure alarm on a pump discharge pipe would be inhibited when the

pump is not running or not supposed to be running, or not required to run. Burger

and Vegh have extended the concept to include display of "the alarm trees, show-

ing the operator the ' alarm patterns' from which the deductions were made."

.Cerny (1980) describes briefly a hierarchial classification of 930 alarm variables

in a fossil power plant.

- i
!

- Visuri, Thomassen and Owre (1981) give a detailed discussion of a developmental
#

f

1) alarm handling system, with details in the related paper by Visuri and Owre
_,

(1981). Both a priori data and on-line process data are edited and translated

by the computer program into process status and alarms. The authors identify

two classes of alaris:

-(i) Automatic functions that should follow a trip that are not carried
*

'

out;

- (ii) Off-normal signals which would be presented as alarms in a con--

ventional system, with normal consequences and multiple signals
.

suppressed.

I1

i .
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-<f g Two classes of displays are described:
W

*(a) Color-coded process layout diagram at various levels of detail;

*(b) Chronological lists of alarms selected by degree of urgency.
.

A computer program embodying these principles was developed for a 660-MW
~

Finnish BWR. Simulation of a pipe break in the primary coolant cleanup

system showed 140 alarms in 10 seconds, 210 in 30 seconds. The alarm handling

program gave 10 and 23 high-priority alarms - a reduction of about a factor

of 10. "The alarms indicating the location of the break by high room tempera-

ture and water on the floor were the eleventh and the twenty-second among the

filtered alarms, but 174th and 93rd in the all alarms list."

: 8.4.2 Status Monitoring - This topic is here limited to techniques
:

! for presenting to the operator a condensed picture of the readiness of

systems he may call on during transient and accident sequences. The work

reported up to now has been limited to safety systems for plant shutdown

and cooling.
1

Not reviewed here is an extensive literature in the technology of trouble

monitoring, for example by on-line analysis of acoustic noise or neutron,

fluctuations.
!
1-
'

All safety systems - all systems - include information presented to the
!

!* operator for his use in controlling the action of the systems. For safety<

.

| 'N
G
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/'"5g systems, most of which have no function during normal operation, the
(I O'u "/'

initial information needed by the operator is system readiness; that '

is, availability of the system to function if needed. At various levels

of sophistication this can include, (1) cognizance of equipment deliberately
'

removed from service for testing and maintenance, (2) checking for correct,

lineup of valves and circuit breakers, (3) monitoring of essential support.

functions like energy, cooling, and lubrication, (4) keeping up with re-

quired testing intervals and allowable reductions in redundancy, (5) on-

line monitoring of the safety function success as evidenced by critical

| va ria bl es . The last, item (5), is discussed separately in Subsections

i 8.4.3 a nd 8.4.4, below.,

,

l 4

Administrative procedures are universally applied in implementing safety
!

system monitoring. A long list of reported lapses testify to the need for,., - ,

/. improvement in this monitoring. The auxiliary feedwater system at Three Mile, __,

:

Island was valued out of service before the accident, and its non-availability

was not recognized until 8 minutes into the sequence of events.

; The author has been shown many computer-based systems for keeping with up

required surveillance tests and equipment out of service. These are basically
*

|
accounting systems to improve the effectiveness of administrative controls. .

| '
|

i We lack quantitative data on the effectiveness of such controls and the im-

provement provided by the computer systems.

. .

t

t
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NRC (1973) has published a Regulatory Guide on safety system status monitoring,n.
. r,.
~~

recommending installation of information readout in the control room to supple-

ment and facilitate administrative control. The TMI Action Plan (NRC 1980a,

Item I.D.3) includes status monitoring as an item for future consideration. '

*
A commitment to implement the guide has been included in a proposed rule by

NRC (1981m).,

Brown and Von Herrmann (1981) evaluated existing U.S. monitoring schemes using

a system ranking based on risk importance. They used the following hypothesis:

"The ability of the operating crew to efficiently determine the status of a
,

safety related system or component is commensurate with the safety significance
i

of tha t system or component." Tneir measure of " safety significance" was based

on probabilistic risk assessment. The Reactor Safety Study (NRC 1975b) risk

! model was used, with the increment in core melt frequency from the unavailability.._,

! . T
I h of the system under consideration used as the measure of safety significance.

The relative effectiveness of various safety status monitoring techniques was

assessed by judgemental analysis of how well the status is transmitted to the

operator; capability of the operator to receive the information (training,

procedures) was not included.
.

The effectiveness of status monitoring was found not to be consistent with

the risk significance of the systems and components in the plants studied.-

Undesireable features of present designs were noted, similar to the alarm
,

system reviews of Banks and Boone (1981).

.

k
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;|

. ,7 A program to develop an automated safety system status monitoring system has.

'

been described by Nadelih and Roggenbauer (1980) and by Haubert and Stokke

(1980). Graae (1981) has reported a pilot experiment, applying some

developmental software from this program in an operating nuclear plant.
.

The basis of the system is a set of decision matrices for possible combinations
~

of first and second failures in highly redundant systems. Allowable outage

times, determined by plant-specific rules (in the U.S., technical specifications)

that may be based on probability considerations, are the constraints on the

system. The information displayed includes the system status, applicable

rules, and mandated actions. If prompt action is not required, the operator

is kept aware of times available for repair options.
|
t
j The testing time of a few months reported by Graae (1981) for the pilot experi-
t' /3 ment involved only a few real faults, but simulation testing provided additional
-

operating experience. The referenced author concluded, "the experiment has
'

given evidence enough to provide that a system of this type is of real benefit

for the operation of a nuclear power plant. The experiment has also outlined

how a system in full scale should look like to meet the practical needs of the

operating staff."

.

8.4.3 Monitoring of Plant Safety Status. - Whereas the previous subsec-

tion treated monitoring of the readiness of safety system hardware, this sub-.

|'t section considers the monitoring of the plant process. Thus we consider here

the Safety Console, Safety Panel, and Critical Function Monitor of Visuri,

Thomassen and Owre (1981; see subsection 8.4.1 above),-

,

|

j / '\!

i j
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" Safety" as a real-time variable has not been well defined. It is obviously
_

insufficient to monitor only radioactive releases; plant " safety", although

besically defined as freedom from releases, involves preventian and
'

mitigation of accidents that lead to releases. On the other hand, it is

impractical to monitor all variables that could possibly lead to situations-

i, involving potential releases. A most useful concept is that of " critical safety

| functions," discussed in Section 5.2 and 7 of this review. The monitoring of
I

q the variable " safety" can, in this view. be reduced to monitoring the valves of a
.

limited number of plant variables - a " state vector" for safety.

! Unique, complete sets of variables comprising a Safety State Vector have not

been published. NRC (1981) gives only general guidance relating the variables

to Critical Safety Functions.

Honeycutt et al (1981) give a set of 21 variables for a PWR, which (with

redundancy) means handling 36 signals. For a BWR, these authors suggest that,

a somewhat shorter list would be appropriate, based on the work of Levy (80).

Yamazahi et al (1980) have described a safety console for BWR application

with 12 variables.

*

A much larger set of variables comprises the instrumentation needed to

j follow the course of an accident. This has been defined by NRC (1980g);
!-
I five categories of variables are given:
Ii

J.
| 1
:
!

!
"
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,i
,

. v2 1. Primary information for control room operator to accomplish manual<

i '4
' actions for design basis accidents;

;

2. Information whether safety functions are being accomplished;

l'
' '

3. Information to indicate potential or actual breach of barriers to
!

| fission product release;.

4. Information on operation of safety systems;

5. Information to monitor and assess any radioactive releases.

|
The Safety State Vector contains a much smaller number, since its function

is m'onitoring Critical Safety Functions rather than the whole course of an,

.j accident sequence. A still smaller set of variables is used for the Safety
I
i . Console, whose primary function is "to aid the operator in the rapid detection

<

of abnormal operating conditions." NRC (1981). Most Safety Console preliminary,

,q
'

; designs the author has seen have a cluster of 10 or fewer plant variables for

a primary display. Since these are displayed on a CRT, many additional

"pages" of information are readily accessible, so long as it is in the under-

lying data base. The design trend in .the U.S. is a large data base, encompassing

over one hundred variables, with a large number of varied formats available
,

on the opera tor's request. The front page, normally displayed, is the

:- Safety Panel .
, .4

!

| The potential of this system seems limited only by the data base and by the*

' ability of the operating crew to receive and use the information. Development

|<
-

,

|
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of additional programming and operational uses is to be expected,j,

in the authur's opinion. Possibilties include safety system status monitor-

ing and disturbance analysis. Further development, simulator studies, and

operational experience must all be acquired before the actual, realizable
~

J potential of this group of systems will be determined.

i-
| NRC (1981k,19811) and Ramos (1981) have given criteria for a safety
,

' Parameter Display System - a Safety Console integrated into a control room,

but used in conjunction with other emergency response facilities in coping

I with accidents. Meijer (1980) described a " Critical Function Monitoring

System" that includes a Safety Console. Many designs are under development.'

i

j 8.4.4 Disturbance Analysis. - Disturbance analysis has been considered

generally by Johausson (1980) who gives the following definition:;

g

f(
!

~) " Disturbance analysis is an automated method for the surveillance

of a process, especially concerning its deviations from normal

operating conditions, and with the purpose to give the process

operator information about these deviations. This task is

accomplished through a comparison of the actual process information with

that obtained from an a-priori analysis of the process."
,

f The objective, of course, is to improve the operator's knowledge and under-
*.

standing of what is going on and thus to improve the probability of the
,

; correct actions being taken.*
,

|
|'
! .

|
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sa: Dowling, Benedict and Snidow (1981) have reported a detailed feasbility
m:;.

study of a Disturbance Analysis System (DAS - in this review, no distinction

is made between DAS and similar systems that also include surveillance,

sometimes called DASS). The 500-plus page report includes goals and functions,

'!* design procedures, and a developed design specification.

,,

These authors approach the DAS in terms of plant states. The DAS is to

generate target plant states, determine the actual plant state, and identify

" disturbances" as differences between the target and actual states. Plant

functions and condition.s (requirements) were defined for each of 22 sub-
i

systems giving 235 possible DAS functions. Of these,194 were selected

using cost /value considerations. Additional DAS functions can be added as
,

t

modules.
I
>

'N The overall goals, in order of descending priority, were given as:
i ,)
|

(1) Achieving safe shutdown,'_

(2) Monitoring for trip surface assumption violations,

(3) Keeping the plant running,

(4) Achieving a damage-free shutdown.

It can be seen that DAS can be an aid to achieving these goals, which are,

| also the goals of other design and operational activities.
I

1 .

A single reference PWR was used to develop a specific proposed DAS system.;

.

i ,

t

i
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!An example of a plant function is " fluid mass inventory in the pressurizerg

and reactor coolant subsystem are to be determined from hot and cold leg

temperatures, hot leg pressure, and the water level and temperature in

the prenurizer... For this application, the range of operation was limited
!
*

to subcooled conditions in the reactor coolant system, form-pump operation,;

1

: and the water level in the pressurizer between the upper and lower limits of
,

) measurement... The intention is to obtain information on leaks before condi-

tions deteirorate to the point where flashing occurs in the coolant."

Algorithms are given for the valve of inventory and its uncertainty. A

display format (mass vs. time, linear plot) is proposed.

Computer studies give "better" operation and quicker recognition of the

events with the developmantal DAS.

~'

A Germany group has been developing the STAR, a DAS, for several years. The
'

most recent report is Buttner et al (1981); see also Buttner et al (1980).

A STAR system has been installed and tested in the Grafernheinfeld nuclear

| power station, but operation of the plant has been delayed. The plant

; variable data base is scanned every 5 seconds and parameters outside of!

! predetermined limits (high level, low flow, etc.) are alarmed. A model of

the plant, embodied in cause-consequence diagrams, is used to digest the

informa tion ., .

.

i

|

,
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The cause-consequence diagram proceeds from prime causes (plant disturbances,

- for example pump switched off, controller failure, tube break) through

changes in plant variables outside limits, to messages to the operator
'

that give instructions for manual actions or information about pending or
.

actual automatic actions. Possible interactive intermediate steps include

I, questions to be answered by the operator giving the cdmputer additional in-

j formation not available in the data base. To develop a set of cause-
!

consequence diagrams is the most complicated and critical task. As a by-

product, such development may reveal system or instrumentation inadequacies.

|
- The operator receives from STAR (1) an alarm summary - the messages and instruc-

tions, and questions, from the DAS; (2) a more detailed presentation of the4 .

subsystem where the trouble is located. '

.

Buttner et al (1981) give the results of five years' work on the development!

-

of this system. Several improvements are foreseen, including trending

) analysis to inform the operator about a disturbance before the first limit

!
: is exceeded.
t

Meijer, Frogner and Long (1980) describe a developmental DAS that also is based

|, on cause-consequence diagrams. Much attention was paid to development of display
;

! formats to enhance operator understanding. Information displayed includes

identification of the affected system, the disturbance as inferred with.

| the prime cause, suggested recovery action, and anticipated consequences if the
I *

: disturbance is not auested. A demonstration system with 98 input signals was

| ; tested on a PWR simulator.
|

, .

|
~
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3 Systems included were feedwater and component cooling water. The DAS improved

operator response and provided guidance for additional system development.

Cause-consequence diagrams were also developed and the si.nulator operated

to successfully track the Three Mile Island accident; the OAS messages
.

would likely have aided in avoiding the serious later events in the TMI

f, sequence,

i.

|
Yamazahi et al (1980) describe a simplified DAS based on errors between

; the values of 16 signals from the plant, compared to calculated values
' for these signals from a ''near dynamic model.

Long (1980) has cautioned developers and users of DAS projects of the need

for reliability and robustness in the DAS function, in order that the operator

be truly assisted rather than distracted or confused. The need for simulator

verification and opera tional experience is emphasized.. j
.J

8.5 Experimental Measurements i

| '

In several connections, it is highly useful to obtain experimental operational
* informa tion. Examples of this need include evaluation of control room and

procedure changes to avoid safety decrements, comparison and verification of'

, proposed operator aids, and validation of training.
!. ,

Although data from actual control room evolutions would in principle be
*

!

best, it is impractical to wait for incidents to occur in plant operation.

Rare events would be unavailable. It is therefore advantageous to use*

l simulation techniques to obtain such data, even though stress factors wauld
,

j be different (presumably, more severe) in real accident sequences.

t'

U '

i
;
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': Bott et al (1981) describe an experiment'al facility for such measurements.

The basic tool is a full-scope nuclear power plant simulator with a

control room that duplicates that of the power plant. To this is added
.

a Performance Measurement System, a computer sof tware system developed

j by Genaeal Physics Corporation for the Electric Power Research Institute.
Ij- This consists of on-line recording of data of the control room inputs (the

aspects of control devices manipulated by the operators) and the simulated
3

plant behavior as displayed on the control room readout devices. The re-

corded data are analyzed for event sequence and any off-normal variable
'

behavior.

The initial experiments described by Bott et al (1981) analyzed operator

trainee responses to seven initiating events that had actually occurred

in operating plants, for future comparison of simulator data with experience.

The results include insight into operating problems and time-response data;-

| the latter log-normal distributions.

,

8.6 Advanced Control Rooms
I

The development of reliable on-line computers and large-screen cathod-rayi

)

{
tube terminals, provided an obvious potential for man-machine interface

4

{ improvement. Around the world, advanced control rooms have been developed,
.

using the new technology to achieve display functions not previously possible.
,

While the earlier applications simply used the CRT displays to substitute for hard-
,

wired indicators, more recently proposals have been made to embody alarms,

sa fety panels, safety consoles, DAS, and other " smart" functions into the

computer-CRT complex. The preceding sections of this chapter include many

|
- 3, .

t references to such proposals,
f ,I

I
I

1

|

.
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The basics of advanced control rooms are! simple enough. A number of CRT

displays (the author has seen as few as five and as many as 16) are

grouped into a suitable console or panel along with hard-wired displays

and controls. A critical computer, or pair of computers for reliability,

"

or distributed microprocesser system, provide the data handling and display
,

forma tting.,

i

| The hard-wired display indicators are used to back up the computers so
j s

! plant availability is not controlled by computer reliability, and to provide
!

{ qualified (seismic, environmental) safety-grade indicators for safety

] functions.
4

Present practice is to use conventional hard-wired control devices (switches,

push-buttons, knob adjustments) rather than keyboard inputs via the computer.'

Although many operating control rooms have a few CRT displays sprinkled over'
..

the control panel, only a few plants'in operation have full CRT boards with
i
! hard-wired backup instruments. To date, operational and simulator experience

have been highly promising.
,

!
4

The interested reader is referred to Halden (1980) and GRS (1980) for recent ;

'* reviews.
t

i 8.7 The Man-Machine Interface Outside the Control Room.

Although the principal, traditional focus on " human engineering" is on the con-
! *

; trol room, many events testify to the incident potential of operations outside
.

the control room. Many plant operations, much testing, and most maintenance

is performed outside the control room.

! s

lU,

!
!

I

i
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i d:
Control-type operations designed to be conducted at stations outside

the control room are governed by the same principles as those in the

control room.

!*
; Testing and maintenance activities are conducted by non-licensed operators
!
'

and crafts people, without the planning and discipline of a control

room, yet have a high potential for affecting safety. Failure to restore
I the auxiliary feedwater system to operability after testing contributed

', to the Three Mile Island accident.

l

IAEA (1980a) has in prepara tion a Safety Guide on maintenance in nuclear

power plants. This guide includes recommendations on prgram scope,

organization, administrative controls, facilities, and audits.

Seminara and Parons (1981) have performed at extensive review of the human. , .

,

factors aspects of maintenance in nu' clear power plants. These authors

conclude that, although the military establishment has developed criteria

and procedures for maintainability in design and maintenance program guide-

lines, the U.S. nuclear power designers seems not to have maintenance in

i mind. "The magnitude and nature of the deficie cies that were found don
!'

strongly suggest the need for a systematic and concerted effort to design

power plants that are maintainable in a more reliable, safe, effective and.
j

economic fashion. This need is far more acute in nuclear than in fossil I
.

plants. Design for maintainahility requires deliberate, specialized, and

integrated concern for human factors from concept development to system

impl ementa tion."

N

1

i
!
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jg- Brune and Weinstein (1980) have developed a checklist for evaluating

procedures for maintenance and testing; This work is aimed principally

at performing these tasks better - more safely - at operating plants,

whereas Seminara and Parsons (1981) deal with design and operation.
.

] The author believes that design, procedures, and operation aspects of
I-
. maintenance and testing are all in need of improvement.
!

| As a result of the Three Mile Island accident, a check by an independent qualified
i
i person is required whenever a safety-related system is manipulated outside the
:

j con trol room (NRC 1980a , Item I.C.6). We need a study to see whether error
:

data show any improvement attributable to this requirement. The safety system

status monitor should also provide improvement in assuring restoration after

maintenance and testing.

/ T
A

> 9. CONCLUDING REMARKS

This paper provides a review of the most important programs aimed at improving
;

*

the contribution of people to nuclear power plant safety. They range from
'

long-range research projects to applications now being implemented at operating

plants. The latter include substantial changes, accomplished or imminent, in

, ;, personnel qualifications, procedures, and control room designs. These seem
!!
'

to the author to be likely to provide considerable improvement in the safety
'

I * performance of the people involved. A note of caution, however: Neither a

quantitative measure of the actual safety improvement to be realized, nor a
, ,

| model of behavior capable of providing quantitative estimates, is yet
!

available. Such measures and models are under development.
t

\
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- r

!

(jf.;( They are needed, together with operational and experimental data to support

them. Development and implementation of changes in operating plants should

be accompanied by programs of verification and validation, using the
,

best models and data available, and with ongoing surveillance of
q.
.z operational safety as revealed by plant experience. In this way, the

i
j, author believes, needed timely improvement can be achieved in the human,

aspect of nuclear power plant safety. '

i .;
'j
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FIGURE 3. Job and Task Analysis Process
From INP0 (1981).
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STUDENT 1 STUDENT 2 STUDENTS STUDENT 4
STEP 1 (PDTC) STEP 1 (POTC) STEP 1A (P0TC) (ASSiCNtD PtANI)

'

ORIENTAT10N ELECTRICAL THEORT REACTOR THEORY ELECTRICAL TRAINING
SAIEIT AC & DC CIRCulis - IUEL CORE DESIGN BWR&PWR

(2 WEERS)THERMAL HYDR AULICSIIRST AfD MOTORS .-

MATH CENERATOR . HEALTH PHYSICS ON THE JOB TRAININC
PHTSICS PRINCIPALS OF SOLID STATE FUEL LOADING AND STARTUP PLANTIAMILIARIZAll0N
CHEMISTRY COMPOSlil0NI POWER OPERAll0N

& SHUIDOWN (20 WEEKS)
-

(10 WEER$) (13WiER$) INDUSTRIAL PSYCI!0 LOGY

(9 TIEERS)

STEP 1B (POIC) .

STEP 2 (PDTC) STEP 2 (PDTC) REACIOR IECHNOLOCT

(BWR OR PWR)

PLANT SISTEMS IURBINES INSTRUMENTAll0N
PUMPS DESIGN SYSTEMS

RE AT EXCll ANCERS OPERATIONS REACTORINTERNALS

SYSTEMS DESICNS PRECAUil0NS OPERAllNC PROCEDURES

THERMODYNAMICS CONTROL ACCIDENT ANDTRAHSIENT .

CALCULUS & ANALYilC REPORT WRiilNC ANALYSl$
(T WEERS)CEOMETRT (12 WEER$)

STEP 2 (ASSIGNED PLANI)SPEECH & COMMUNICA110N -

(19 WEERS) PLANT SYSTEMS

PLANT PROCEDURES

FIRE FICNilNC IRAININC

(20 WEER$)

TOTAL- 29 WEERS TOT AL- 25 WEERS TOIAL- 36 WEERS TOTAL 22WEER$

4/81

FIGURE 5. Training Curriculum. From TVA (1981) .
This curriculum comprises the " Student
Opera tor" block on Fig. 4. "POTC" is
the TVA Power Operations Training Center ,

a t Soddy-Da isy, Tfl, U.S. A.
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FIGURE 6 Control Room Review Process:
Determination of Human Engineering
Discrepancies. From NRC (1981d).
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(FROPA THE REVIEW PROCESS) /
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ASSESS *.*ENT FACTORS - .* ASSESS DISCREPANCIES
SAFETY CONSEQUENCES

.

e DIRECT SAFETY
CONSEQUENCES p,

.

* INDIRECT OR
POTENTIAL SAFETY

SAFETY YES ANALYSIS FOR
CONSEQUENCES CORRECTIONCONSEQUENCES?

(SEE EXHIBIT 4 2)
(SEE NL' REG 0901

FOR DETAILS)

NO;

| v

[ | OTHER ASSESSMENT ASSESS REMAINING
' ' ~*FACTORS DISCREPANCIES

I e OPERATOR PERFORMANCE

] "e PLANT PERFORMANCE |
I

t e PLANT AVAILABILITY
RECOMMEND YES ANALYSIS FOR

"
e OPERATOR EFFICIENCY ION? NMM

(SEE EXHIBIT 4 2)

e OTHER FACTORS THAT
AFFECT OPERABILITY

NO
,

I
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FIGURE 7. Control Room Review Process:' j .

; Selection of Human Engineering
j Discrepancies to be Analyzed.

From NRC (1981d) .
i
,

I

!! /D
i \;)
!
!

!

- -_ _ _ _ - - - _



._

.

s

HUMAN ENGINEERING DISCREPANCIES
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Human Errors in Three Mile Island Accident Sequence *

i

1. (Before the accident) Incorrect valve lineup lef t both block valves
,

closed and prevented delivery of auxiliary feedwater to steam generators
to provide normal shutdown cooling.

~

2. (Before the accident) Failure to fix leaky valve in condensate
demineralizer; the leak probably let water into the instrument air
(as it had on two previous occasions) and initiated the accident.

3. (Before the accident) Operating at power with a leaking power-operated i'
relief valve, and failing to recognize that this would obscure identifica-
tion of a stuck-open valve.

1

4 Eight-minute delay in diagnosing failure of delivery of auxiliary feedwater
and re-opening block valves. 1

5. Delay of 21/2 hours in re;ognizing relief valve stuck open and closing
block valve.

6. Throttling back high-pressure emergency core cooling. Failure to recognize
,_

/% an ongoing loss-of-coolant accident, and thus the need for emergency core
h cooling.

7. Failure to recognize symptoms of boiling in primary system and its impli-
cations: Inadequate core cooling; incorrect interpretation that full
pressurizer means full reactor; impaired natural circulation.

8. Failure to diagnose and act on hydrogen tombustion or explosion in
conta inment.

.

i *

i
,

t

.

*This material is taken principally from Malone et al (1980).
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TABLE 2
- ,

E
?$;0i Summary of the Recommendations of the Kemeny Commission

*

Related to Human Factors Safety
,

|

).
?

1. Organization and Management |
.

1.1 Responsiblity and accountability for safe plant operations*

placed on the licensee. |

' ~ 1.2 Higher organizational and management standards needed to
assure utility competence.

1.3 Each utility should have a separate safety group that reports
to high-level managenent.

|
t

2. Operations Personnel

2.1 Important to attract highly qualified people; pay scales should "

be high enough.

2.2 Upgrade NRC licensing functions for operating people.

2.3 Establish accredited training institutions,

h3 2.4 Utilities must give plant-specific training initially and
/ continuously.'

|

I'

2.5 Research and developnent is needed on improving training simulators.

i

3. Man-Machine Interface

3.1 Operating people should have the critical information they need
to cope with accidents, clearly displayed and continuously
recorded.

.

4. Procedures

4.1 Substantially more attention and care must be devoted to the
! writing, reviewing, and monitoring of plant procedures.

.

!
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TABLE 3

s
?fsj' Contents of the Action ' Plan *

.

VOLUME 1

INTRODUCTION "

. ,

TaskCHAPTER 1 - INTRODUCTION
.

I. OPERATIONAL SAFETY

I.AA. Operating Personnel . . . . . . . . . . . . . . . . . . . . .

1. Operating Personnel and Staffing . . . . . . . . . . . . I.A.1
2. Training and Qualification of Operating Personnel. . . . I.A.2
3. Licensing and Requalification of Operating Personnel . . I.A.3

I.A.44. Simulator Use and Development. .............

I.BB. Support Personnel . . . . . . . . . . . . . . . . . . . . .

1. Management for Operations. . . . . . . . . . . . . . . . I.B.1
2. Inspection of Operating Reactors . . . . . . . . . . . . I.B.2

I.C
j C. Operating Procedures. . . . . . . . . . . . . . . . . . .-~ ..

I.D
1 0; Control Room Design . .....................

E. Analysis and Dissemination of Operating Experience. . . . . . I. E! '

| F. Quality Assurance . . . . I.F..................

G. Preoperational and Low-Power Testing. . . . . . . . . . . . . I.G

CHAPTERII-INTRODUCTIOU -

II. SITING AND DESIGN
*

A. Siting. . . . . . . . . . . . . . . . . . . . . . . . . . . . " II.A

B. Consideration of Degraded or Melted Cores in Safety Review. II.B.

| C. Reliability Engineering and Risk Assessment . II.C- ........

D. Reactor Coolant System Relief and Safety Valves . . . . . . '. II.D
II.EE. System Design . . . . . . . . . . . . . . . . . . . . . . . .

-
,

II.E.1| j* 1. Auxiliary Feedwater System . ..............

j 2. Emergency Core Cooling System. . . . . . . . . . , II.E.2...

3. Decay Heat Removal . . . . . . . . . . . . . . . . . . . II.E.3-

{ 4. Containment Design . . . . . . . . . II.E.4* ..........

|J 5. Design Sensitivity of B&W Reactors . . . . . . . . . . . II.E.5
|| 6. In Situ Testing of Valves. . . . . . . . . . . . . . . . II.E.6
i ,

F. Instrumentation and Controls. . . . . . . . . . . . . . . . . II.F
;

i G. Electrical Power. . . . . . . . . . . . . . . . . l . II.G',

....

H. THI-2 Cleanup and Examination . . . . . . . . . . . . .'. . . II.H

- )i

;' \s_ /
*From NRC (1980a)

,

, _ _ _.. . . . _

i
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TABLE 3, p. 2
,

$r$ . CONTENTS (Continued) -

|

|
|

Task
J. General Implications of TMI for Design

and Construction Activities . . . . . . . . . . . . . . . . . II.J

* 1. Vendor Inspection Program. II.J.1
*

...............

2. Construction Inspection Program. II.J.2 !............

3. Management for Design and Construction . II.J.3........
*

4. Revise Deficiency Reporting Requirements . . . . . . . . II.J.4

K. Measures to Mitigate Small-Break Loss-of-Coolant
Accidents and Loss of Feedwater Accidents . . . . . . . . . . II.K-

CHAPTER III - INTRODUCTION

III. EMERGENCY PREPAREDNESS AND RADIATION EFFECTS

A. NRC and Licinsee Preparedness . . . . . . . . . . . . . . . . III.A

1. Improve Licensee Emergency
Preparedness - Short Term. III.A.1...............

2. Improving Licensee Emergency
: Preparedness - Long Term . III.A.2...............

3 3. Improving NRC Emergency Preparedness . . . . . . . . . . III.A.3

'

8. Emergency Preparedness of State and-

,! Local Governments . . . . . . . . . . . . . . . . . . . . . . III.B
- C. Public Information. . . . . . . . . . . . . . . . . . . . . . III.C

D. Radiation Protection. . . . . . . . . . . . . . . . . . . . . III.D

1. Radiation Sour:e Control . . . . . . . . . . . . . . . . III.D.1
2. Public Radiation Protection Improvement. III.D.2........

3. Worker Radiation Protection Improvement. III.D.3........

CHAPTER IV - INTRODUCTION
.

IV. PRACTICES AND PROCEDURES ,.

.l -

.

A. Strengthen Enforcement Process. . . . . . . . . . . . . . . . IV.A,

i B. Issuance of Instructions and Information to Licensees . . . . IV.B
C. Extend Lessons Learned to Licensed Activities '

Other Than Power Reactors . . . . . . . . . . . . . . . . . . IV.C
*

D. NRC Staff Training. . . . . . . . . . . IV. D...........

{ E. Safety Decision-Making. . . . . . IV.E..............
''

F. Financial Disincentives to Safety . . . . . . . . . . . . . . IV.F
'j G. Improve Safety Rulemaking Procedures. IV.G............

; H. NRC Participation in the Radiation Policy Council . . . . . . IV.H

3

: j V>.
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TABLE 3, p. 3
.

CONTENTS (Continued) .

,. 9,

t

CHAPTER V - INTRODUCTION Task
.

t

A. Development of Safety Policy........................... V. A |

B. Possible Elimination of Nonsafety Responsibilities..... V.B
C. Advisory Committees.................................... V.C -*

D. Licensing Process...................................... V.D,

V.EE. Legislative Needs......................................
F. Organization and Management............................ V. F*

G. Consolidation of NRC Locations......................... V.G

APPEND X A - NEAR-TERM OPERATING LICENSE REQUIREMENTS IN THE TMI ACTION PLAN

APPENDIX B - RELATIVE PRIORITIES OF ACTION ITEMS
..

APPENDIX C - RECOMMENDATIONS AND REQUIREMENTS BASED ON IE BULLETINS AND ORDERS
AND COMMISSION ORDERS

APPENDIX D - GLOSSARY
'

APPENDIX E - KEY TO REFERENCES

.
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TABLE 4

l MIflIMUM STAFFING REQUIREMENTS FOR U.S. PLANTS'

FOR NUCLEAR POWER PLANT EMERGENCIES
From NRC (1990d)

,

Position Title On Capability for Additions
Major Functional Area Major Tasks or Expertise Shi f t* 30 min 60 min

Plant Operations and ShiftSupervisor(SRO) 1 -- --

Assessment of Shift foreman (SRO) 1 -- --

Operational Aspects Control Room OperatorsO2@ 2 -- --

,

Auxiliary Operators 2 -- --

- Emergency D1rection and Shift Technical Advisor, 1** -- --

Control (Emergency Shift Supervisor or
'

Coordi nator)*** designated facility,

manager

Notification / Notify ifcensee, State 1 1 2

Comrnunica tiorf *** local and Federal
personnel & maintain
consnunication

Radiological Accident Emergency Operations Senior Manager -- -- 1.

Assessrr,ent and Support Facility (E0F) Director
of Operational Accident Offsite Cose Senior Health Physics .

Assessment Assessment (HP) Expertise 1 --

Offsite Surveys 2 2--

Onsite (out-of-plant) -- 1 1.

In-plant surveys. HP Technicians 1 1 1

Chemistry / Radio- Rad / Chem Technicians 1 I--

chemistry

Plant System Technical Support Shift Technical Advisor 1 -- --

Engineering, Repair Core /Thennal Hydraulics 1--

1and Corrective Actions Electrical '
-- -*

-- -- 1
, Mechanical

i Repair and Corrective Mechanical Maintenance / 1** 1--

Actions Rad Waste Operator 1

Electrical Maintenance / 1** 1 1

Instrument and Control
(l&C) Technician -- I --

i
* Nj,

~. .

'
*

, e ,

-e - e .-,. , . . , ,
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_
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TABLE 4 (cont'd)

i
'Position Title On Capability for Additions

Major Functional Area Major Tasks or Expertise Shift * 30 min 60 min ;

Protective Actions Radiation Protection: lip Technicians 2** 2 2
'

(In-Plant)
-

..

a. Access Control
b. HP Coverage for repair,

' corrective actions,

search and rescue first-
aid & firefighting

c. Personnel monitoring
d. Dosimetry

-- -- Fire Brigade local SupportFirefighting
per Technical

--
Specifications

2** Local SupportRescue Operations ----

and First-Aid

Site Access Control Security, firefighting Security Personnel All per

and Personnel comunications, personnel Security plan
Accountability accountability

Total 10 11 15

i
*

.

Notes:
For each unaffected nuclear unit in operation, maintain at least one shift foreman, one control room operator and*

one auxiliary operator except that units sharing a control room may share a shif t foreman if all functions are ,*

covered.

{ May be provided by shift personnel assigned other functions.**

Overall direction of facility response to be assumed by E0F director when all centers are fully manned. Director***

of minute-to-minute facility operations remains vith senior manager in technical support center or control room.

**** May be performed by engineering aide to shift supervisor.

'
;.
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TABLE 5

Factors Describing the Role of the Operator
. From Wirstad (1981a)
D:,i
%*;'

Describing factors

1. The organization of the plant operation: Responsibility and authority
of the operational staff, especially the split between the supervising
staff and operational shift. The split between operation and maintenance

*

should be described briefly as well.

2. The organization of the work within the operation shif t: Responsibility,

and authority within the studied jobs, e.g. shif t supervisor, reactor
operator, turbine operator and possibly also other operators of the shif t.

3. Typical tasks of the operational shift: The tasks should be divided along
a mission profile or state p. ofile of the plant.

4. The layout and the organization of the control room: One centralized control
room or more than one control room must be considered. The working areas of
the jobs should be indicated in the layout description.

5. Degree of process control automation: This description has to be divided
into suitable operational units, e.g. normal operation, disturbances
and emergency situations. A brief technical description of the control sys-
tem will be attached to the description of the configuration of the
au toma tion.

/ 6. Proportion of process automation monitored by the operators in relation
u to direct active operator performance, e.g. manoeurving, fault finding and

diagnosing, maintenance and repair, work supervising, instructing and
communicating, planning and logging (only a brief description if possibly
in percentage of shift time).

7. Competency of the operational staff: A brief description of education and
experiences of t".e operational staff and a more thorough description of the

! shift jo's.o

!

8. Training of the shift: The training should be divided into basic job train-
ing and retraining. The training organization of the plant and possible?*

: special training services used by the plant and training aids and facilities
! such as simulators should be described.
..

I
Steering factors4

*

1. Safety rules and regulations: Objectives and means for safety design, com- |
petency requirements, follow-ups and licensing of operators. i

t 2. Utility policy: Specially interesting policy factors are, e.g., number of
shif t operators, competency and qualification of the operating staff es-'

; pecially the shift operators, process automation, centralized versus distributed

I
. control.1

. ,

i V
I
,

' ' ' '
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TABLE 5 (cont'd) {i

r
'

i
'

,

<
.

. 3. Vendor design: Tradition and hereidity ' factors on control system !

|'' ~ ,e+ concepts and related human operator concepts. !
*-

1 u -

. . 4. Union policy: Are there any union policy on process control organiza-
tion, work organization, automation level, operator competency? r

|
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TABLE 6 ;

EXAMPLE TASK ANALYSIS RESULTS i

(TASK: CARRY OUT EMERGFNCf OPERATING PROCEMIRES) i

From: Davis, Mazour and Zaret (1981)

INDIVIDUAL
RESPONSIBLE

ELEMENTS BEHAVIORS REQUIRED TRAINING OBJECTIVES
- ROor SRO

SRO ONLY

1. Recognize plant condi- Perceptual Processes Operator should recognize all
tions requiring imple. - Identif y cues requiring implementation of emer ncy X c nditit,ns requiring imple-
mentation of emergency operating procedures. (Note: any one of five ( senses mentation of emergencya

operating procedures. may identif y symptoms.] Operating procedures without
reference to plant procedures.

Cognitive Processes

. . . - Determine applicable emergency operating procedure. X

2. Recognize automatic Perceptual Processes ,'**,,( , ; ,' ',9e
5 c0 n ze

actions. - Locate and read indicators, and annunciators. X with all plant emergencies

- Identif y display meanings and relationships. X t reference to Foce-
d

Cognitive Processes

- Compare and verif y indications. X

3. Carry out immediate Perceptual Processes Operator should carry out, for
all plant emergency condi-operator actions. - Locate and read indicators and annunciators. X tions, immediate operator

- Identif y display meanings and relationships. X i w u rence to
g

- Locate controls. X

- Identif y technical specifications limiting conditions ior X
operations.

Cognitive Processes

- Compare and verif y indications. X

- Coordinate actions of all shif t personnel. X

, Analyze plant conditions. X

- Maintain good judgment and problem-solving periormance X
under stressful and/or physically hazardous environment.

u .

4 * *
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TABLE 6, p. 2 ;

}
i

EXAMPLE TASK ANAL'YSIS RESULTS
(TASK: CARRY OUT EMERGENCY OPERATING PROCEDURES)

INDIVIDUAL.
RESPONSIBLE

. ELEMENTS BEHAVIORS REQUIRED TRAINING OBJECTIVES
RO or SRO
SRO ONLY

3. Carry out immediate Cognitive Processes (continued)
Operator actions (con- - Establish priorities. Xtinued)

? * - Maintain overall perspective; do noj become totally X
involved in a single operation.-

Communication Processes
- - Inform appropriate personnel. X

- Direct actions. X

,
- Receive verbal reports. X

I Motor Processes .

- Position components (valves, switches, etc.). X

- Control system parameters (pressures, levels, etc.). X

- Take manual (backup) control of normally automatic func- X
tions.

- Operate controls. X

4. Carry out subsequent Perceptual Processes Operator should carry out,,

operator actions. - Locate and read indicators and annunciators. X through reference to applic-,

able procedures, subsequent
.- Identify display meaning and relationships. X operator actions of all emer-
- Locate controls. X EenCY Operating procedures.

- Identify technical specifications limiting conditions for X
operation.

Cognitive Processes

; - Maintain good judgment and problem-solving performance X
under stressful and/or physically hazardous environment.i

O O '

.
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TABLE 6, p. 3

EXAMPLE TASK ANALYSIS RESULTS
(TASK: CARRY OUT EMERGENCY OPERATING PROCEDURES)

INDIVIDUAL
RESPONSIBLE

ELEMENTS BEHAVIORS REQUIRED TRAINING OBJECTIVES
RO or SRO
SRO ONLY

.

4. Carry out subsequent Cognitive Processes (continued)
operator actions. (con- - Compare and verify indications. X
tinued) X- Establish priorities.

X- Coordinate actions
X

| - Maintain overall perspective; do gbecome totally
involved in a single operation.'

X
-- - Analyze plant conditions.

X- Determine additional equipment and/or support required.
X- Determine steps or procedures required to recover from

emergency.

Communication Processes
X- Inform personnel.
X- Direct actions.'

X- Receive verbal reports.
X

,

- Recall personnel.
X *

- Recommend action to appropriate authorities.
X- Receive advice from STA and other technical personnel.

X
j - Maintain written logs / reports.

I Motor Processes
X- Position components (valves, switches, etc.).
X- Control system parameters (pressure, levels, etc.).
X' - Take manual (backup) control of normally automatic func.

tions.
X- Operate controls.

* -~
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TABLE 7

Tasks Analyzed in Study From INP0 (1981).
.

A. small sample is given here.'

TASK # TASK TITLE TASK # TASK TITLE

1.1 Establish initial conditions 124.16 Direct shif t personnel actions
at the operator panel for a during major plant evolutions
reactor startup*

124.17 Estima te completion times of
1 lM Perform control rod exercise shif t evolutions

,

1.2 Perform estimating critical 124.19 Recall which safety limits, safety

position calculations system settings cnd limiting operat-
ing conditions are addressed by

1.2M Perform control rod pro- technical specifications
gra'mming verification

124.20 Apply technical specifications direc-
1.3M Perform the full length tions for safety limits, safety system

control rod assembly drop settings and limiting conditions for
time test opera tion

1.4 Perform sthudown margin 124.25 Monitor plant chemistry to ensure
calculations conformance to specifications

1.4M Disconnect and connect con- 125.1 Direct emergency response as site
trol rod drive mechanism emergency coordinator (emergency
from control rod plan)

1.6 Perform rod group latching 125.2 Classify emer :ency events requiring
and position indication emergency plan 1. olementation
alignment

125.3 Direct action of the fire brigade
1.7 Perform sa fety group

transfer operatinns between 125.4 Analyze indications to determine
the DC hold and auxiliary that an emergency / abnormal plant
power supplies event is in progress

,

.

!- 1.8 Operate control rods to 125.5 Direct shif t personnel actions to
shape axial power ensure plant safety during an

1.11 Perform individual rod
I' transfer operations bet-
! ween normal and auxiliary
j power supplies

,

t

i 1.12 Perform regulating group
: transfer operations between
j the normal and auxiliary |
j power supplies )

|

. (

: .

'
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TABLE 8 ;

,

~f ; -_,

;t i- * Task Analysis Methodology
From INP0 (1981)z '

.;
,

1

' '
A. An11yses of selected tasks

,.

l. Treat each task from the original survey including write-in
tasks and write-in of tools and equipment.

.

t
2. Treat each task suggested for addition by the writing team.

,

! B. Construct performance objectives that include conditions
(normal, off-normal), actions, and standards.

C. Construct performance steps and performance aids.
4

D. Construct tool and equipnent lists to include: *

1. composite list
, ,

2. tool and equipnent by task statement
t

E. Identify task conditions (normal, off-normal, transient,;

es and emergency) .
s

)
-/ F. Identify safety and regulatory requirements.

G. Identify reference documents and _ training manuals.

H. Specify methods of instruction.
..

I. Write job performance measures and skills, knowledges,
and abilities.

J. Identify task clusters across engineering systems.
. ,

| K. Compile the. original draft and organize the task into a
hierarchy for each engineering system.

,

|'
f
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TABLE 9 i

-C($
'

Critical Safety Functions" '-

Example from Corcoran et al (1980b)
. e

Safety Function Purpose
- r

Reactivity Control Shut reactor down to reduce heat
production.

,

Reactor Coolant Systen Maintain a coolant medium around
core.

Inventory Control
i

Reactor Coolant System ibintain the coolant in the proper

Pressure Control state.

Core Heat Removal Transfer heat from core to a coolant.
,

j Reactor Coolant System Transfer heat from the core coolant.
! Hest Removal

Containment Isolation Close openings in containment to

7-; - prevent radiation releases. ;

Containment Temperature Keep from damaging containment and'
~-

and Pressure Control equ ipment.
'

i

Combustible Gas Control Remove and redistribute hydrogen to'

prevent explosion inside contaimnent. ;

Maintenance of Vital Maintain operability of systems
Auxiliaries needed to support safety systems.

Indirect Radioactivity Contain miscellaneous stored radio-
!* Release Control activity to protect public c,d avoid4

i distracting operators from protection
-j of larger sources.

| .
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(h TABLE 10
,

'

From Corcoran et al (1980b)

.

QUALITY OPERATION GOALS
,

AND BENEFITS -

'

Goals Benefits |

Keep the plant running Reduces safety function challenges.
Reduces plant cycles thus generally
increases equipnent lifetime.
Improved economics.

;

More stable operation.
Service to the public.

Shut the plant down when Reduces safety function challenges.
safety may be Reduces probability of serious events..

! compromised
'

Minimize consequences of events.2

Positive factor in public acceptanceI
'-

of nuclear power.'

s

s

.

Mitigate the conse- Overall safety enhanced
quences of operational Minimizes economic losses
transients and acci-
dents Positive factor in public acceptance

of nuclear power
,

' Conduct planned outages Increase safety
safely and efficiently

Improves economics
1-
i Reduces radiation exposure to werkers
: ,

f
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TABLE 11
,

tD"+
' '""'' ' "' "' ' " ' ' ' ''' "''"'

Examinations in the U.S.
10 CFR 55

Written Examinations and Operating Tests

555.20 Scope of examinations.-

The written examination and operating test for a license as an operator or a
senior operator are designed to test the applicant's understanding of the'

facility design and his familiarity with the controls and operating procedures
of the facility. The written examination is based in part on information in
the final safety analysis report, operating manuals, and license for the
facil i ty.

555.21 Content of operator written examination.

The operator written examination, to the extent applicable to the facility, will
include questions on:

! (a) Fundamentals of reactor tneory, including fission process, neutron multi-
plication, source effects, control rod effects, and criticality indications.

(b) General design features of the core, including core structure, fuel elements,m
control rods, core instrumentation, and coolant flow.

(c) Mechanical design features of the reactor primary system.

(d) Auxiliary systems which affect the facility.

(e) General operating characteristics, including causes and effects of tempera-
ture, pressure and reactivity changes, effects of load changes, and operating
limitations and reasons for tnsn.

1

! (f) Design, components and functions of reactivity control mechantsms and
L instrumentation.

'l

|;
(g) Design, components and functions of safety systems, including instrumentation,

; signals, interlocks, automatic and manual features.

(h) Components, capacity and functions of reserve and emergency * systems.

(i) Shielding, isolation and containment design features, including access*

1i:nita tions.

; (j) Standard and emergency operating procedures for the facility and plant.

(k) Purpose and operation of radiation monitoring system, including alarm and
survey equipment.

.D
l (;3/ (1) Radiological ' safety principles and procedures.

7
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TABLE 11 (cont'd)

155.22 Content of senior opera tor written e amination. '

The senior operator written examination, to the extent applicable to the
facility, will include questions on the items specified in 555.21 and in
addition on the following:

(a) Conditions and limitations in the facility linense.,

(b) Design and operating limitations in the technical specifications for
t the facility.

(c) Facility licensee procedures required to obtain authority for design
and operating changes in the facility.

(d) Radiation hazards which may arise during the performance of experiments,
shielding alterations, maintenance activities and various contamination
conditions.

| (e) Reactor theory, including details of fission process, neutron multiplica- t

tion, source effects, control rod effects, and criticality indications.
!

(f) Specific operating cha octeristics, including coolant chemistry and,

causes and effects of temperature, pressure and reactivity changes.
~

(g) Procedures and limitations involved in initial core l'oading, alterations,

i / \ in core configura tion, control rod programming and determination of
V various internal and external effects on core reactivity.-

t

! (h) Fuel handling facilities and procedures,
i

(i) Procedures and equipment available for handling and disposal of radioactive
materials and effluents.

|

| 155.23 Scope of operator and senior operator operating tests.
| i

The operating tests administered to applicants for operator and senior operator !! i

| I, licenses are generally similar in scope. The operating test, to the extent -

; applicable to the facility requires the applicant to demonstrate an understanding
of:

,
,

. .

|' (a) Pre-start-up procedures for the facility, including associated plant :
equipment which could a ffect reactivity. !

k
. Required manipulation of console controls to bring the facility from(b)

I shut-down to designated power levels.

|

|
. e

|

|

|
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s TABLE 11 (cont'd)
,

M .

; Mkr
'

(c) The source and significance of annunciator signals and condition-
indicating signals and remedial action responsive thereto.

'

(d) The instrumentation system and the source and significance of reactor
instrument readings.

.

(e) The behavior characteristics of the facility.
'' ( f) The control manipulation required to obtain desired operating results

during normal, abnormal and emergency situations.

(g) The operation of the facility's heat removal systems, including primary
coolant, emergency colant, and decay heat removal systems, and the
relation of the proper operation of these systems to the operation of the
facility.

(h) The operation of the facility's auxiliary systems which could affect
reactivity.

i (i) The use and function of the facility's radiation monitoring systems,
+ ! including fixed radiation monitors and alarms, portable survey instruments,

and personnel monitoring equipment.

- - (j) The significance of radiation hazards, including permissible levels of
( ) radiation, levels in excess of those authorized and procedures to
V' reduce excessive levels of radiation and to guard against personnel

i exposure.

(k) The emergency plan for the facility, including the operator's or senior
operator's responsiblity to decide whether the plan should be executed
and the duties assigned under the plan.

(1) The necessity for a careful approach to the responsibility associated
with the safe opera tion of the facility.

4
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i TABLE 12 '
& 'Q Operator-Related Changes in U.S. Plants Since the TMI Accident

A. Very Short Term Actions

NRC (1980e)

.

1. Retrain all operators to understand the TMI accident including simulator
revised small-break demonstrations and hands-on exercises; loss of coolant

'' accident analyses; revised procedures for small-break loss of coolant
accidents.

2. Develop guidelines, procedures, and retrain operators in use of existing
instrumenta tion and equipment in identifying and mitigating events involv-
ing inadequate core cooling.

B. Short Term Actions

Eisenhut (1979)

3. Inaugurate Shift Technical Advisor.

4. Realign responsibilities of Shift Supervisor.,

G

-

' ,' y
,

; 5. Inaugurate form shift turnover procedures.j
s

! 6. Improve access control for control room.

C. Medium Tem Actions

Eisenhut (1980)

} 7. Increased experience requirements for SR0 candidates.
1
- 4 8. Require 3 months on-shift training of all candidates,

i 9. Augument training and requalification programs and licensing examinations
! in the areas of heat transfer, themodynamics, fluid flow, transient
j' behavior, mitigation of inadequate core cooling.
i

10. Require SRO equivalent examinations of training instructors who teach*

systems, integrated response, transients, and similar courses.

11. Require requalification programs for instructors.

q

.. /A 3

1 1
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TABLE 12 (cont'd)
4 i

12. Require certification of licensing candidates to be signed by high level
corporate manager; require candidates to permit (under V.S. Privacy laws)
NRC to inform company regarding details of examination performance.

13. Impose time limits for written examinations; increase passing grade;
require passing grade on each category.

.

14. Require two SR0 on shif t, one in control room area at all times.

i 15. Give guidance on allowable overtime.

16. Provide resources and procedures for feedback of operating experience
to operating staff.

17. Revise procedures to provide independent checkout of manual ex-control room
; manipulation of safety equipment.
4

F. Medium and Long Term Activities

NRC (1980a,1980b)
!

18. Re-analyze transients and accidents; revise procedures and training.

19.-.3 Review organization, management, resources of electric companies and

J
plants.

J
20. Perform human factors and safety function reviews of control rooms and

implement needed modifications.

21 . Design and install Safety Parameter Display System.

22. Expand initial testing to include realistic drills for verifying equipnent
performance, procedures, and operating crew training.,

I
!
I
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TABLE 13 -

"

Organization and Management Changes in U.S. Operating Plants Since
.

the TMI Accident !

NRC (1980b)

1. Add Shift Technical Advisor around the clock, to add engineering capability.

to control room.
' 2. Clearly define Shift Supervisor responsibilities and delegate administrative.

duties and some communications to others to avoid unnecessary distraction from
his safety role.

3. Limit routine overtime and manage necessary non-routine overtime,

j 4. Additional Senior Operator on shift crew (effective July 1,1982).
:

j 5. Establish formal shift turnover procedure and checklist.
t

6. Establish improved formal control over access to control room by other
people.

7. Establish organizational component and procedures to feed back operating
experience at all plants to the operating and management people.

''S 8. Establish procedure for direct verification of all safety operations; in
longer term, implenent safety system status monitoring systems./.j

9. Increase shift staffing and on-call assistance as required for emergency
j response; see Table 4 of this review.

|
]
i

i

}

|

|M

i 0

|
l ,

, t

i
'

,

a

*w

i k.,a
V :

*
,

, - ,



. -
- - _.

.

-
.

TABLE 14'

Additional Organization and Managenent Requirements for Plants Coming Online
Since the TMI Accident

NRC (1980b)

.

Note: The requirements of Table 13 also apply to these plants.
i 1. Review of organization, staffing, and management competence at plant

and corporate level =.

2. Independent Safety Engineering Group.

3. Enhanced low-power testing program for design verification, procedure
validation, and training.

.
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