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Testimonv: Advisory Committee on Reactor Safequards

Joel Yellin
Associate Professor of Social Science
M.1.T.

Washington, D.C.
Jan, 4, 1976

In reply to the Committee's request, I will briefly discuss the
implications of the Reactor Safety Study (WASH-1400) for nuclear power
plant licensing and will point out areas of research where further
work would be desirable. Detailed background for this discussion is
conta‘ned in my published review ¢f WASH-1400, in correspondence
between Commissioner E.A. Mason and myself, and also in an exchange
of letters with Mr. Levine of the Office of Nuclear Regulatory Research.

I would 1ike to take this occasion to thank Commissioner Mason for
his excellent cooperation in assuring access to NRC documents and to
the NRC Staff, and for providing me with the opportunity to exchange
views on the reactor safety issue with him.

There are two major safety aspects nf licensing decisions for
commercial power reactors: first, determining the suitability of proposed
sites; and second, assessing the adeouacy of proposed plart designs.

Analyses of the likelihood and conseauences of catastrophic nuclear accidents

--such as those presented in WASH-1400--in principle can provide valuable
information for assessing both site su.tability and adequacy of design.

In particular, the meteorological and demographic characteristics of
specific sites strongly influence the scale of potential accident
consequerces, and the probalility of catastrophic reactor failure and
subsequent atmospheric venting of radicactivity is dependent in important
ways on the details of reactor and containment designs.

As presently written and interpreted, Title 10 of the Code of
Federal Regulations--and Part 100 in particular--effectively excludes
consideration of the probabilities and conseauences of catastrophic
core-melt accidents in the course of Ticensing proceedings. As a serious
attempt to provide an evidentiary basis for possible amendments of
existing NRC regulations--so as to deal appropriately with potential core-
melt accidents~-WASH-1400 represents an important step forward in the
regulatory process.

In their present form, neither the probability nor the consequence
calculations in WASH-1400 are suitable for use in determining reactor
design or site selection criteria. However, though its ostensible
purpose is more general, the WASH-1400 consequence methodology--which
consists in large part of standard meteorological techniaues--could be
adapted for use with respect to specific sites. From the preliminary work
we have seen, or have produced ourselves at M.I.T., there are very large
risk differentials between existing sites, and such site-specific
conseouence calculations may therefore prove to be crucial in guiding
future site selection, and in re-assessirg the suitability of existing
metrepnlitan area sites.

Absolute Probability Caleulations
In contrast to the situation with regard to the consequence metho-

dology, there appear to be very serious cuestions regarding the usefulness
of the "fault-tree," absolute probability approach used in WASH-1400.
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I will mention two outstarding issues in that connection: (1) the
difficulties involved in makin? the inclusive 1isting of failure seouences
which is essential to any absolute probability approach; and (ii) the
necessity for estimating "common-mode," interactive failure probabilities.

There are a number of fundamental barriers to meking a realistic
inclusive listing of potential sub-system or component failure sequences
leading to a catastrophic accident:

(1) For any reasonable choice of sub-systems, there are a very
large number of potentially significant failure mechanisms. Those
mechanisms involving man-machine relationships are particularly difficult
to individually enumerate and analyvze.

(2) The number of significant failure mechanisms would be expected

to expand enormously as uncertainties, statistical and scientific, increase.

The primary difficulty here is that one knows relatively little about very
low probability events involving long chains of individual component and
interactive failures. While the median failure probabilities associated
with such sequences are low, there are in general expected to be very
many such seouerces, as a pure result of the combinatorics of a many-
component system, The low median prcbabilities, the large number of such
sequences, and the considerable uncertainties in the associated failure
rates may very well combine to give important aggrescate e¢ffects. Such
effects were excluded from appearing in the WASH-1400 calculations by
virtue of essentially arbitrary choices of small uncertainty ranges for
common-mode failure rates, as 1 will discuss later.

(3) There is no plausible way to make an a priori check that a
listing of failure seauences is inclusive. In the Aeactor Safety Study,
the 1isting was in fact incomplete, as dramatically demonstrated by the
occurrence of the Browns Ferry, Alabama fire, which involved interactive
failures of two reactor units during construction of a third. Though
certain specific shared systems at the Surrey and Peach Bottom sites were
considered in the course of the Reactor Safety Study, the WASH-1400 fault-
tree analysis does not include general consideration of interactive
failures of several reactor units, such as occurred at Browns Ferry.

(4) The results of calculations based on such an inclusive 1isting
would be expected to depend sensitively on the precise nature of the
division into sub-systems on which the analysis is based. In other words,
the systemic behavicr predicted by a stochastic model such as the one
employed in WASH-1400 in qeneral depends on the degree of descriptive
detail incorporated in the mode!. For example, an important step in the
WASH-1400 probability estimation process involves the use of "event trees"
formed out of sub-systems containing many individual components. Event-
tree logic is used to reduce the number of failure seouences analyzed in
detail to manageable proportions, It is by no means clear that the same
short 1ist of Jominant failure seauences as follows from the use of event
trees would also result from an alternative, admittedly much more tedious,
analysis entirely based on individual components.

(§) The basic assumption implicit in making an inclusive 1isting -
of failure sequences--that the dynanic fzilure characteristics of a man-
machine system can be reasonably approximated in terms of a series of
transitions between well-defined, previcusly enumerated, states--is at
best implausible, The transition rates between states and the character-
istics of individual components would ba experted to change markedly
during the course of an accident, and significant changes must also occur
during an ordinary service cycle. The presence of such time-dependent
effects greatly increases the degree of difficulty of an absolute
probability calculation.
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A number of passive mechanisms for potential mitigation of potential
accident conseauences are available, includirg containment design for
controlled overpressure failyres, inert containment atmospheres, more
remote or underqound sitino of nuclear olants and the mandated use of
siliceous rather than limestone aggregate in containment construction.
Given the potential serious consequences of nuclear accidents, these
possibilities deserve serious study and evaluation.

Use of the comparative approach would necessitate detailed comparisons
between 811 similar safety-relevant procedures and equipment in the energy
industry generally, including analvses of refinery operation and
reliability, of the reliability of coal and oil based energy production
equipment, of procedures (welding, testing, inspecting, repairing, etc.)
used in constructing neavy enuipment (boilers, 0i] tanker hulls, reactors,
etc.), and of personnel training and related matters. One would supplemen*
studies of that kind with in-depth comparisons of nuclear reactor safety
features and practices now in use in Europe, Japan and the United States.

In the absence of such 8nalyses, and in view of the inherent
difficulties in the ahsolute probability approach, we are thrown back
on using availahle commercial power reactor experience as a worst case
bound for reactor reliability. The current experience bound of roughly
one percent per reactor-vear for the occurrence of core-melt accidents
is not reassuring, and this again emphasizes that further efforts should
be made to improve our understanding of accident Tikelihood,
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Notes for Discussica with ACRS Working Group on the N.R.C.'s Reactor

Safety Study

Frank von Hippel
Program on Nuclear Policy Alternatives
Center for Environmental Studies
Princeton University

(January 4, 1977)
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I. Introduction

It may be useful to you for me to indicate the nature of the back-
ground on whick 1 will base my comments on Reactor Safety Study:
i) 1 participated in the A.P.S. Light Water Reactor Safety Study during
the course of which my subcommittee reviewed the treatment in the RSS of
the long term consequences of reactor accidents.
ii) 1 discussed the usefulness of the final Reactor Safety Study report
in my testimony before the Subcommittee on Energy and Environment of the
House Interior Committee on June 11, 1976.
iii) More recently in response to requests for advice f-om the New Jersey
Department of Environmental Protection, the New York City Commission on
Public Health, and the California Energy Resources Conservation and De-
velopment Commission my colleague, Dr. Beyea, and I have reviewed the
treatment of the short term consequences of reactor accid nts in the final
RSS study.

The organization of my remarks reflects this chronological develop-
ment of my involvement with the RSS study.

II. The Long Term Consequences of Reactor Accidents

The A.P.S. review identified certain errors in the treatment in the
Draft RSS report of the long term consequences of reactor accidents. AJ—
though I am not fully satisfied with the corrections which were made in
some cases and have not been able to adequately review the new and much
expanded analysis in the final report, 1 think that the numbets in the
final report are probably now of the wight order of magnitude.
Figure 1 is my summary of the major errors identified in the Draft

RSS report and the corresponding changes in the final report. T made this




transparency to demonstrate in my Congressional testimony the importance

of peer review to studies of this type.

I11. The Usefulness of the RSS Report for Policy Purposes

The primary purpose of the RSS report was to put the reactor safety
issue intc perspective. Here I believe that it failed for a number of

reasons:

1) It Made Misleading Comparisons of Nuclear Accident Risks to Other Risks:

In Figure 2 I show the famous comparison of reactor
hazards with natural events in the Executive Summary. This comparison ap-
pears to show that the hazard to the U.S. population from 100 reactors is of
the same order of magnitude as that from metecrs.

Unfortunately the comparison made here excludes from consideration
all consequences of reactor accidents other than short term fatalities. 1In
Figure 3 1 show for the same probability level where
Figure 2 shows 10 fatalities what some of the other consequences of reactor
accidents were calculated to be in the RSS report. It appears to me that
to say that 10 people died would be to inadequately report such events.

2) 1t Did Not Adequately Acknowledge the Creat Uncertainties of the Prob-

ability Calculations:

My work in reviewing this aspect of the RSS report is rather thin.
There are other people at this meeting who have examined these.questions
in wreater depth than 1. 1 wculd like, however, to make a few remarks:

i) For a system as complex as a nuclear power plant it is difficult to

believe that the probabilities of certain accident consequences can be
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Ir the final RSS report* the graph shown in Figure 4

is offered in substantiation of the factor of 5 error.

It shows the ratio of observed failure rates to predictions for about 45
systems as compiled by A.E. Green and A.J. Bourne >f the National Centre
of Systems Reliability in England. One of the members of our group, Mr.
Robert Weatherwax, is a reliability engineer and was interested in this
graph so he wrote to Mr. Green and asked him for a list of the systems

to which these points correspond. Dr. Bourne wrote back providing ref-
erences to those cases where the numbers had been published. Figure 5
shows a compilation of this data.** It will be seen that the

systems are mostly simple pieces of electronic or mechanical equipment
wvhere the failure rates range from 0.13 to 220 per year. It would appear
to me that it is hardly justified to take success within a factor of five
in predicting the failures of a system which is expected to fail of

the order of once a year and expect the same success for events involving

systems containing thousands of components of this type in intinate
interactions with human beings and each other and which are predicted

to have probabilities of failure of the crder of once in ten thousand years.

i1) There appears to be areas in which the RSS group decided that a par-
ticular accident initiator would contribute little to the total probability
of melt-down accidents without adequate analysis. let me give as an example
the case of earthquakes. The estimates made in the RSS report*ﬁ* of the
probability of failing two safety systems were caleulated on the basis of

numbers given in a paper written by N.M. Nemark. This paper was not

e et .

*Appendix XI, p. XI 3-4.

**References: (1) A.J. Bourne, "Reliability Assessment of Technological
Systems," 1971; (2) A.R. Eames, Nuclear Engineering, March 1976; (3) G. Hensley,
Measurement and Control, April 1968; (4) A.J. Bourne, UKATA Report SRS/CR/S.

k**Main report, Section 5.4.1, pp., 66-68.




published so I wrote to the RSS group to get a copy. The paper turned

out to be draft of a report prepared for the N.R.C. Office of Regulatory
Research but apparently not completed. The draft is 24 pages long -~ 12
pages of text. The first 9 pages of the text contains general discussion
of such matters as the seismic responses of a building in Los Angeles,

the response to an underground nuclear test of two small reinforced
concrete buildings, the damage to various buildings and a brick chimmey
observed in some recent California earthquakes, the relationship between
ground accelerations and the Mercalli earthquake-intensity scale, and the appropri
ateness of the N.R.C. design response spectrum. Finally in the last

three pages there is the analysis from which the RSS drew its numbers.

It turns out not to be an analysis at all but a "guesstimate" based on
judgements of the relative conservativism of the seismic designs of con-
ventional structures and nuclear power plants. To reproduce these three
pages would have taken up about one page in 2400 of the final RSS report.
By not publishing it the RSS made the basis of its conclusions on accident
initiation by earthquakes relatively inaccessible to peer review. I would be in-
terested to learn the judgement of the ACRS as to whether these three p:ges
of Nemark's report provide an adequate basis for the RSS conclusion that
earthquakes are not important as accident initiators.

iii) 1In some analyses the RSS study has not addressed obvious questions.

An example here is the analysis of the implications of the Brown's Ferry

* ; ¢ . : .
fire, The purpose of this discussion was to justify the
neglect of fires as accident initiators. The analysis is extremely
narrowly defined, however, and ignores many of the complexities and po-

tentialities of the real event. For example, when the possiblity is

*Appendix XI, pp. XI 3-50 through XI 3-58,



considered that control over the pressure relief valves could have been lost
valves earlier in the accident than actually occurred, rendering it im-
possible to maintain the water level over the core with the single operational
high pressure injection system, it was assumed that the operators would

know of four possible repairs that they could make and that they would

work on them all efficiently and simultaneously. In this way 1t was

possible to calculate that, although each of the repairs would take a time

of the same order as the two hours before the water level could have

fallen below acceptable levels, the probability of failing to make all of

these repairs in this time was only one in three hundred although in the

actual event it took four hours before the first system was repaired. This
efficiency effort was assumed to occur despite the fact that a fire was raging
and that, at one stage during the accident, the control room was filled with
smoke to the point where respirators were required. These assumptions would
appear to fly in the face of the conclusions of the discussion of human re-
liability in Section 6 of Appendix III - yet there is no discussion of these
questions. There is also the question of wvhether, at a reactor where con-
struction of neighboring units was not in progress - ar at night - whether

all the expertise assumed to be present would in fact have been.

It is for such reasons that I am extremely skeptical about the
accuracy of the probability calculations made in the RSS report and that
I have not changed my subscription to the conclusion in the APS Study
report that "based or our experience with problems of this nature in-
volving very low probabilities, we do not no. have confidence in the
preseatly calculated absolute values of the probabilitics."

So I would say that, while the information in the RSS report could
be used to help put the veactor safety controversy into perspective, the
actual effort by the RSS group to do so is so misleading in terms of its

comparisons to other hazards and the certainty which it claims for its



probability calculations as to make the report useless for policy-making

purposes in its present form.

IV. Information for Siting Decisions and Contingency Planning

Recently Dr. Beyea and I have been asked to provide advice to the
State of New Jersey and California, which are trying to develop nuclear

reactor siting policies, and the City of New York, which is trying to

develop contingency plans in case of a reactor accident at Indian Point. '
A constant question has been: "How far awvay from a major nuclear
reactor accident would the population be in danger?" This information
is at the core of the RSS group's calculations so we started by seeing if 1
we could extract it from the report. All we found was three figures in |
Appendix VI which are reproduced in Figures 6, 7 and §, Figures g and 7
show the one day doses to different organs of the population downwind for
an unspecified accident for two different weather conditions. Figure 8
shows the corresponding probabilities of death for different distances
downwind. Under the worse of the two weather conditions (F type weather)
the lethal distance is about eight miles.
Does this mean that the population is safe beyond this distance?
To find out we had to reproduce the RSS consequence compurer program and
test the sensitivity of its results to the various parameters. The following
figures show results obtained by Dr. Beyea. As the curves in Figure 9 show,
the reuslts arc quite sensitive to these parva-
meters within the range of their uncertainties as given in the RSS report
and, for particularly unfortunate combinations of initial plume height and
deposition velocity, seven day bone marrow doses can reach 250 rem up to

40 miles downwind. Figure 10 shows the upper limit envelope to the one day

and seven day doses calculated for time invariant weather. It will be



seen that evacuation beyond 20 miles could be important. Figure 11 shows
a contour plot in the deposition plume height parameter space for the 1
day bone marrow dose at 17 miles. The horizontal limits of the box are
defined by the limits on the deposition velocity given in the RSS study.
The vertical scale assumes plume rises of 0 to 250 meters. In the RSS
study the plume rise was calculated from the heat content of the released
gases using a smoke-stack formula but we are doubtful about the applic~
ability of this formula - as was the RSS group in the first draft of
their report - so we treat plume rise as a parameter.

If we treat every point within the parameter box as equally prob-
able, F.gure 12 shows the 10 percent probability limit curves and the
median curve for che seven day dose for F type weather. 1t will be seen
that the accidrat consequences are not adequately represented by the
median curve ~ the full parameter space has to be explored.

V. Recommendations

In conclusion I think that it is evident that I believe that the
RSS is provocative but not yet truely useful for policy-making purposes.

In the short term 1 think that the most useful thing which could be
done would be to withdraw the Executive Summary and to write a new one
which more accurately reflects the findings of the Reactor Safety Study and
their uncertainties, and which puts them into a more balanced perspective.

Then 1 think that outside reviews should be commissioned of certain
parts of the analysis. 1T would include on the 1lict: the treatment of
earthquakes, the treatment of the Brown's Ferry fire, the handling of un-

certainties, the inhalation exposure - dose coefficient, the treatment of

the special hazards associated with accidents at sites such as Tndian Point



and Zion, the treatment of radioactive contamination of water bodies, the
assumptions made concerning the possibilities for decontamination of large

areas, the assumptions made councerring the evacuation of people 10 to 40

miles away, the treatment of the degradation of the performance of emergency

equipment under accident conditions, and the relevance of the findings for
the two reactors which were studied to the other 98 reactors to which they
were extended. I am sure that other people would have other items to add
to this list - as would I if I had more time.

Finally I think that there are a number of areas where additional
work will have to be done. These would include: studiez of the type that
Jan Beyea has done to facilitate the development of siting criteria and
contingency plans, comparing the long term effects of reactor accidents to
those of potential accidents involving chemical carcinogens and mutagens,
developing oz ..derstanding of the problems which would be encountered if
it were necessary to decontaninate large areas, a detailed study c€f the
vulnerability of a plant such as Diablo Canyon to earthquake damage, cal-
culating strong upper bounds on the probubilities of large consequence
accidents, and examination if there are any design changes such as a

filtered pressure release system on containments which could substantially

reduce these upper bouws.




EFFECT

WhoLe Bopy Rapiation Dose
70 PopULATION DOWRWIND
(CAUSE OF CANCER AND
GENETIC DEFECTS)

RapiaTion Dose
TO LUKGS OF POPULATION
DOWNWIND (OMITTED IR
DRAFT AS CAUSE OF CANCER)

THYrROID TUMORS

NATURAL DURATION OF RADIOACTIVE
Lanp CONTAMINATIOR

WATER CONTAMINATION
BY STrONTIUM-G0

Ficure & 4

INCREASED TENFOLD

Now LArGEST CAUSE OF CANCER

JRCREASED THREEFOLD

INCREASED: TERFOLD

IKCREASEL ONE 1HOUSANDFOLD



Frequency (Events/Year)

1/100,000 =4— — — “—“-T—“"—]L_'—_”
Meteors ' l
| !
1/1,000,000 et — —— = — —. -—— -—; ~~-_._+.....__.__4
l | | '
’ | | |
/ | |
1/10,000,000 l T - ] T .
10 100 1000 10.000 100,000 1,000,000
Fatalities

FIGURE 1-2 Frequency of Fatalities

Events

F:‘av"é z

due to Natural



W&Mﬂﬂ‘ : EAR PEACTOR ACCIDENTS WHicH

Have THE SAME 1 1kE11H00D AS 10 SHorY TeeM  FATAL 1T1ES

7,000 Cancer DeaTHs
4,900 Genetic DeFects
60,000 Thyroin Tumor Cases
3,000 Scusre MILES OF LAND CONTAMINATED
WITH RADIOACTIVITY ABOVE KCCEPTABLE
LEVELS

MassIVE WATER CONTAMINATION

(BAsep oN AppenDIcES VI anp VII oF THE Rasmusser REPORT)

Ficure 3



T wmrrTYTYTYT :
5 =
. §
-
&
. ll”
-2
—— l”
e -3 }
- —-p ”
& - > _
lw +:
| mp : #
Eo s
- .a rMI: ﬁ
g |
4 3 W
E i
o~ - ) W
he ot 14
— -
- -
. -
11111 r.r 1 S AAS LS RS ‘4 2 .
geanen w ~ ~aare 8 T A N -4

(Oirrringe) Paidipasd)/jaiesainyie) peassane) jo ' ‘opay




Paeuratic transmitting flowmeter
Przssure switch

Oxygen analyser

Ring balance controller
Preupatic valve

Temrerature trip amplifier, Type A.
Temperature trip amplifier, Type B
Criticality monitor, Type B
Criticality monitor, Type C

Pulse amplifier

Pulse discriminator

Camma monitor

Radiation monitor

Pulse chanonel

Log-perjiod meter

Differential pressure amplifier
Three-term controller

Pneumatic relay

Ring balance meter

Variable area flowmeter

Gas analyser

Criticality monitor

ﬁdocasting machine:

Tool system

Tool cloging and locking system
Metal injecting system
Operating control system

Ancillary systems




FIGURL V1 136 Total rogat Joti versus distance from roactor for hypothotical weother;
stability A, wind speed of 0.5 m/sec. Thyrcld dose = l-day ground +
external cloud dosa + 30-day inhalation dose; Lung dose = l-day ground +
external cloud dowe + l-year Inhalation dose; GI tract dose = l-day
ground + external clowd dose + 7-day inhalation dose (the GI tract dose
is the dose to the ragenarative cells of the lower large intestine);
bone marrow dose » l-day ground + axternal cloud dose + N(7-day inhalation

4 30-day inhalation dose)
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ground ¢ external clowd doss + 7-day inhalatiocu douse (the GI tract dose
is the dose to the regensrative cells of the lower largs intestine))
bone marrow dose = l-day ground + extermal clowd dose + h{T-day iahalatic
+ 30-day inhalatiom doka)
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PYGURE Vi 137 Mortality probability for an affected population versus distance from
reactor for two hypothetical weathers: stability category A, wind
speed = 0.5 m/sec; stadility categery F, wind speed = 2.0 a/sec.
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:i‘g the January 4, 1977, Meeting*
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Estimate of the Cancer Risk Due to Nurlear-Electric Power
Generation, Octover 1976, U,S, Environmental Protection
Agency, Office of Radiation Programs, Washington, D.C. 20460
(ORP/CS0-76-2)

40 CFR 190 Environmental Radiation Protection Requirements
for Normal Operations of Activities in the Uranium Fuel
Cycle, Final Environmental Statement, Volumes I & II, U.S.
Environmentai Protection Agency, Office of Radiation Programs
(CPA 520/4-76-016)

Transmittal ot Comments on the Nuclear Regulatory Commission's
revised draft environmental impact statement for the Atlantic
Generating Station, Units 1 & 2 (Construction Stage), Ocean
and Atlantic Counties, New Jersey, from the United States
Department of the Interior, December 29, 1976 (ER 76/1025)

Transmittal of Comments on the Nuclear Regulatory Commission's
Part III of the draft environmental statement and dratt liquid
pathway generic study on the proposed manufacture of floating
nuclear power plants (8TN 50-437), Duval County, Florida, from
the United Stated Department ot the Interior, December 23, 1976
(ER 76/1010)

Yellin, J. "The Nuclear Regulatory Commission's Reactor Safety"*

Study: reply." The Bell Journal of Economics,

Wilson, R. '"Yellin's Review of the Reactor Satety Study." The

Bell Journal of Economics, Vol. 7, No. 2, (Autumn 1976), pp. 701-710.
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