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FOREWORD

The International Conference on Nuclear Power Experience, organized by 
the International Atomic Energy Agency, was held at the Hofburg Conference 
Centre, Vienna, Austria, from 13 to 17 September 1982. The Conference was 
opened by Dr. H. Blix, Director General of the Agency.

The objective of the Conference was to highlight the primary areas of 
experience from almost three decades of industrial use of nuclear power and to 
give a critical and constructive review o f three major questions:

(1) What have been the main lines o f  past experience with regard to the 
industrial-scale realization, reliability, economics and safety of nuclear 
power plants as well as o f fuel cycle operations?

(2) What are the main lessons to be learned?
(3) What are the implications for the future?

Almost 1200 participants and observers from 63 countries and 20 organiza
tions attended the Conference. The 239 papers presented were grouped under 
the following seven main topics:

Planning and development o f nuclear power programmes
Technical and economic experience o f nuclear power production
The nuclear fuel cycle
Nuclear safety experience
Advanced systems
International safeguards
International co-operation.

Two special evening sessions were devoted to “Nuclear power, energy and 
environmental health” and “TMI-2 -  Resulting impacts and improvements” .

The proceedings are published in six volumes. The first five volumes contain 
the opening address by Dr. Blix, the papers presented at the Conference, sum
maries o f discussions and panels, and the summary of the Conference given by 
the Director General Emeritus, Dr. S. Eklund. The papers appear in the original 
language o f submission, either English, French, Russian or Spanish, and all 
have abstracts in English. Discussions are published in English. The sixth 
volume contains an Author Index, a Paper Number Index, a complete Contents 
List o f all volumes, and a List o f  Participants.

The holding of the Conference appeared to be well timed, judged from 
the interest it met from participants and as reflected in a number of reviews in



professional journals. In his summary, Dr. Eklund stated that “the presentation 
of a lot o f useful information on the status o f nuclear energy and on the 
behaviour o f nuclear installations in a number o f countries ... in the future 
will contribute to the economic viability of nuclear power and the safety of 
nuclear installations everywhere” .

The International Atomic Energy Agency wishes to record its sincere 
thanks to the Federal Government of Austria and to the authorities o f the 
City o f Vienna for the facilities made available and substantial support pro
vided. These contributed greatly to the smooth running and success o f the 
Conference.
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United Kingdom

Abstract

INTERNATIONAL RADIATION PROTECTION RECOMMENDATIONS. FIV E YEARS 
EXPERIENCE OF ICRP PUBLICATION 26.

The In ternational Commission on Radiological Protection has issued radiation protection  
recom m endations since 1928. The latest set of basic recom m endations was adopted by the 
Commission on 17 January 1977, and subsequently published as ICRP Publication 26. This 
docum ent has m et with a wider interest than  any of the previous ICRP recom m endations. It 
has been considered to mark a radical change in the p ro tection  policy advocated by ICRP.
It is not often  appreciated that recom m endations w hich are believed to be ‘new’ in ICRP 
Publication 26 had already been made in ICRP Publication 9 m ore than ten years earlier. In 
any event, ICRP Publication 26 has had a substantial im pact on regulatory work in countries 
all over the world. It form s the  basis for the Basic Safety Standards o f the international 
organizations IAEA, ILO, OECD/NEA and WHO. The paper refers to  the experience gained 
in using the  new ICRP recom m endations over the five years that have passed since ICRP 
Publication 26 was adopted and discusses some of the problem s th a t have arisen in the 
practical application of the new recom m endations in various countries.

INTRODUCTION
This paper will describe the impact that the recent ICRP recommen
dations have had on radiation protection administration, and the 
experience gained in their practical application over the last few 
years. Although the authors are closely linked to the ICRP, the 
presentation is personal and must not be taken necessarily to re
flect official positions of the Commission.
THE "NEW" POLICY OF ICRP
ICRP issued basic recommendations in 1955, 1959, 1966 and 1977. 
Partly because of the nuclear debate, it is not surprising that 
the 1977 recommendations met with considerably more interest than 
any previous ICRP Publication. They were also considered to intro
duce a startling new protection policy. Many readers did not rea
lize that major parts of this "new" policy had been already recom
mended in 1965, in ICRP Publication 9. In fact, the development 
was not sudden but gradual.

3



4 LINDELL et al.

MAIN FEATURES OF THE "NEW" POLICY 
Basic assumptions
Until the mid-1950s, the main objective of radiation protection 
was to prevent high exposures that could cause obvious and harm
ful biological effects. Such effects, ( e . g . skin erythema and mal
functioning of the blood-forming organs) are the result of massive 
cell killing that can only occur at doses exceeding a threshold 
value. The first aim of radiation protection was to keep doses be
low the threshold. One could then talk about absolute protection 
without any reservation.
On this basis, the detriment from any given radiation source or 
practice would depend on the extent to which other sources and 
practices had already contributed doses. It was, therefore, not 
easy to specify any source-related restrictions, specific to a par
ticular source. It was natural to set i n d i v i d u a l - r e l a t e d , limits, 
designed to guarantee that dose thresholds for harmful effects 
would never be exceeded, irrespective of source.
At the beginning, such limits mainly related to the working envi
ronment, in that d a i l y  or w e e k ly exposure limits were set. It was 
understood that the dose accumulated over a long period of time 
might also exceed a threshold for harmful effects, in spite of the 
body’s capacity of recovery and repair. However, limits over lon
ger periods of time, such as one year, were not introduced until 
in the mid-1950s.
Even earlier, however, there was a growing concern that radiation 
might also cause hereditary harm. In that case, no dose threshold 
was expected. It was feared that sufficiently large c o l l e c t i v e  
doses, delivered to interbreeding reproductive populations, might 
cause irrevocable hereditary harm in future generations. This con
cern was inflated by the general fear of radiation provoked by the 
use of the atomic bombs in Japan and the subsequent nuclear weapons 
testing.
In parallel, there was also some concern about indications of an 
unexplained increase in the leukaemia incidence in some countries, 
at the same time as studies of the survivors of Hiroshima and Naga
saki revealed higher leukaemia rates after the bombing. Since one 
of the theories of cancer induction is initiation caused by genetic 
changes in the cells (somatic mutations), it could not be ruled 
out that even very small doses of radiation might also cause can
cer. The risk of cancer and hereditary harm would be very small 
and the effects would therefore occur, seemingly, at random. These 
effects are therefore called "stochastic" effects. Since the ef
fects of cell killing, on the other hand, are inevitable at high 
doses, there is no element of randomness in their appearance. They 
are, therefore, called "non-stochastic" effects.
Postulation of proportionality between dose and response
If each increment of the probability of stochastic effects is pro
portional to the causative dose increment, independent of previous
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or later exposures, the dose-response relationship is linear with 
no threshold. If this is the case, each exposure can be assessed 
on its own merits alone. It also follows that the overall harm, 
caused by a given source or practice, would be proportional to the 
total collective dose (the product of the number of exposed persons 
and their average dose) caused by that source or practice. An ave
rage dose of one unit to 10 000 persons would be assumed to give 
the same mathematical expectation of number of individuals showing 
stochastic effects as a dose of 100 units to 100 persons, p r o v i d e d  
t h a t  no  i n d i v i d u a l  d o s e  e x c e e d s  t h e  t h r e s h o l d  f o r  n o n - s t o c h a s t i c  
e f f e c t s .

The alternative possibility is that the probability of harm from a 
dose increment might depend upon the magnitude of the previously 
accumulated dose and therefore also on each previous dose distribu
tion. If, eventually, the total dose becomes high enough to cause 
concern, each component of that dose has contributed to this re
sult, even if it would not have sufficed to cause any significant 
effect by itself. For equity reasons, it may therefore seem reason
able to let each dose increment be "responsible" for some part of 
the ultimate detriment. This calls for the same precautions as if 
the dose-response curve were linear from the origin. Protection 
authorities may therefore wish to p o s t u l a t e  a linear dose-response 
relation without threshold, even if this is not necessarily reflec
ting the biological truth.
The biological proportionality assumption has been challenged as 
regards the induction of cancer by low-LET radiation, such as gamma 
and beta radiation. It is more accepted for high-LET radiation in 
respect to cancer, and for hereditary effects, independently of the 
type of radiation. Since the hereditary detriment may amount to 
about one half of the total detriment in the case of whole body 
exposure, assuming proportionality, the degree of overestimation 
of the total risk may not be substantial, even if the cancer in
duction by low-LET radiation were shown to be grossly non-linear 
with dose.

Particular new points in ICRP Publication 26
Of the concepts and ideas presented in Publication 26, the follo
wing seem to have attracted most attention:
(1) The definition of the radiation health d e t r i m e n t as the stoch

astic expectation value of harm, considering also the seve
rity of each harmful effect;

(2) The quantification of detriment, in close connection with the 
work of the United Nations Scientific Committee on the Effects 
of Atomic Radiation (UNSCEAR), the expectation of severe 
(lethal) stochastic harm per unit collective dose assumed to 
be about 2xl0-  ̂per man-sievert;

(3) The reassessment of the "maximum permissible dose" concept and 
the recognition of dose limits indicating the beginning of in
disputable unacceptability rather than the end of the accepted 
region;
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(4) The iteration of the three basic principles:
- Justification of the practice;
- Keeping all doses as low as reasonably achievable;
- Individual risk (dose) limitation;

(5) The strong emphasis on optimization of protection by differen
tial cost-benefit methods as the means of satisfying the second 
basic principle;

(6) The use of c o l l e c t i v e  d o s e  c o m m itm e n t in assessing source-rela
ted detriment;

(7) The introduction of the e f f e c t i v e  dose equivalent and the aban
donment of the concept of "critical organ";

(8) The abandonment of "maximum permissible concentrations" (MPC) 
and "maximum permissible body burdens" of radioactive substan
ces and the introduction of the "annual limit of intake" (ALI);

(9) The advice that it may be prudent to avoid continued exposure 
over many years near the dose limits, since the individual risk 
might otherwise not necessarily be considered acceptable.

The following sections will discuss the impact of these statements 
on national and international radiation protection administration 
over the last few years.

IMMEDIATE REACTION
In general, the reaction to ICRP Publication 26 was sympathetic, 
which is perhaps not surprising, considering the many influential 
radiation protection experts that had been involved in the prepara
tion of the report. To those for whom the recommendations seemed 
new and different, the main reactions related to the following key 
questions:

(a) ICRP Publication 26 is difficult to read and the recommenda
tions were considered too abstract and theoretical, with little 
guidance on how they should be applied in practice;

(b) The dose limits were no longer presented as "safe" in them
selves: radiation work would compare favourable to so-called 
"safe" occupations only if the average annual dose were an or
der of magnitude below the limit. Those who repeatedly receive 
annual doses near the limit would be in the same position as 
those subgroups in "safe" industries that are exposed to a 
higher-than-average risk. This idea disturbed many who were 
still living with the impression that any work below the limits 
is absolutely safe. The validity of the risk assumptions them
selves was therefore questioned;

(c) Abandoning the critical organ system and introducing annual 
limits of intake based upon a limit for the e f f e c t i v e  dose 
equivalent resulted in higher permissible doses for some or-
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gans when exposed singly. The most obvious example was the thy
roid exposed by radioactive iodine;

(d) If the risk assumptions were really valid, would this not mean 
that the recommended dose limits are too high?;

(e) The weighting procedure to derive the effective dose equiva
lent does not include a l l  health detriment: non-lethal cancer 
and hereditary harm in later generations are not considered;

(f) Are "optimization of protection" and "keeping all exposures as 
low as reasonably achievable" identical concepts?;

(g) Is it reasonable to'expect that the practising radiation pro
tection officer will be able to carry out involved optimization 
assessments in his daily operation: can optimization really re
place the simple guidance that dose limits have offered?;

(h) How should one decide upon the amount of money that it is rea
sonable to pay, marginally, for the elimination of a unit col
lective dose (the value of "a")? Who gives that value and on 
what grounds?;

(i) Is it really reasonable to let the collective dose include:
(i) extremely small individual doses, although to 

large populations, and
(ii) doses expected only in the distant future?

Should not such doses be given less weight?
(j) Limiting the c o m m i t te d  dose in a year rather than the a c t u a l  

dose that year will cause problems with nuclides with a long 
effective life time in the body, e . g .  plutonium-239.

Some of these questions were not new. For example, the recommenda
tion mentioned in (j) was given also in ICRP Publication-9, ten 
years earlier. Some problems arouse from inadequate information and 
obscure drafting and have later been better explained. Other prob
lems involve policy questions which are still under debate because 
of widely different views { e . g . (d) and (i)).

ADMINISTRATIVE ACTION
The most important test of the viability of the recommendations in 
ICRP Publication 26 was the attitude of other international organi
zations, such as IAEA, ILO, OECD/NEA and WHO. An immediate obstacle 
was the difficulties described in (a) and (g) above: There was not 
enough guidance from ICRP on the practical application. The various 
ICRP Committee reports that had so far been published with practi
cal guidance were all based on Publication 9. The Commission had 
not yet been able to revise these documents and there was some un
certainty as regards the direction such revision might take.
In particular, all previous practical guidance on the protection 
against i n t e r n a l exposure had been based on the critical organ concept



8 LINDELL et al.

and on secondary limits, such as maximum permissible concent
rations and maximum permissible body burdens. The new recommenda
tions required limitation based on the effective dose equivalent, 
and the secondary limit for internal exposure was recommended to be 
the annual limit of intake. However, the calculation of ALI values 
to replace the MPC values was a difficult and time-consuming pro
ject. There was therefore, at first, considerable hesitation in 
accepting the effective dose equivalent before the missing infor
mation was available.
Thanks to the efforts of the experts in ICRP Committee 2 and assis
tance from the Oak Ridge National Laboratory and the United Kingdom 
Medical Research Council, a complete set of ALI values (and corres
ponding derived air concentrations, DAC) were produced in short 
time. This finally offered the basis for a definite judgment of the 
applicability of the new recommendations. It became possible for 
IAEA, ILO, OECD/NEA and WHO to agree upon joint Basic Safety Stan
dards based on ICRP Publication 26.
Also the European Community’s Council Directive of 1980 (on Basic 
Safety Standards for the Health Protection of the General Public 
and Workers against the Dangers of Ionizing Radiation) is in essen
tial agreement with the ICRP recommendations.
With the major international organizations and the European Commu
nity being positive to the basic policy recommended in ICRP Publi
cation 26, this policy began to penetrate into national legisla
tion, albeit not without problems and reservations. Particularly 
in the United States, the full acceptance of the ICRP recommenda
tions has been widely debated. However, concepts and terms which 
had, at first, been received with hesitation and scepticism gradu
ally became recognized and accepted. For example, it is interesting 
to note the natural way in which concepts such as "effective dose 
equivalent", "collective dose", "dose commitment" and "optimiza
tion of protection" have been used at seminars and conferences du
ring the last year, in a way that was inconceivable only a few 
years ago.

QUESTIONS RESOLVED AND UNRESOLVED
The questionable points (a) - (j) already listed seemed to be the 
most immediate obstacles to accepting ICRP Publication 26 without 
reservations. Some of these points have later been resolved, others 
remain as problems. The explanations and solutions that have been 
offered in the light of subsequent experience may be summarized as 
follows.
(a) Lack of practical guidance
It is perhaps not always understood that the primary readers of 
documents like ICRP Publication 26 are intended to be persons in
volved in national or international regulatory work. The recommen
dations deal with principles and will therefore be of doubtful value 
in the hands of somebody with direct operational functions. As with
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many other international documents, ICRP publications also reflect 
compromises on difficult issues, with alternative solutions left open 
Such ambiguity, naturally, cannot be tolerated in regulations or in 
codes for more direct application. It is therefore expected that 
other international organizations and national regulatory authorities 
will decide on how they wish to transform the basic principles to 
more definite rules. The international organizations’ Basic Safety 
Standards may be seen as a first step in this direction.
However, ICRP itself is also preparing additional guidance in the 
form of various reports from its expert committees. One topical 
example is a report with guidance on the practical application of 
the optimization principle. A number of previous committee reports 
that were based on ICRP Publication 9 are being revised and will be 
published within the next few years. The comprehensive list of ALI 
values and the supporting metabolic data have been published as ICRP 
Publication 30 (in three parts) with appendices.

(b) The risk at the dose limit
It is now generally recognized that the risk from life-long exposure 
near the ICRP dose limits cannot be considered to be insignificant. 
Attention should be paid to the warning in paragraph 102 of ICRP Pub
lication 26: "Long-continued exposure of a considerable proportion 
of the workers at or near the dose equivalent limits would only be 
acceptable if a careful cost-benefit analysis had shown that the 
higher resultant risk would be justified".
Some uncertainty still remains with regard to the actual level of
risk. However, even if the dose-response relationship for low-LET 
radiation is non-linear, the accumulated life-time dose from expo
sures near the limits is of the same order of magnitude as the doses 
for which there is epidemiological evidence of harmful effects. The 
risk estimate is therefore not based on any "extrapolation from high
doses", although the time distribution of the exposure may well in
fluence the risk.

(c) The effective dose equivalent versus the critical organ system
The overall effect of abandoning the critical organ system, in pre
ference to the effective dose equivalent approach, is improved pro
tection. The debated problem with higher organ doses at the limit in 
some cases, e . g .  in the thyroid from iodine-131, has been exaggerated 
Since the ICRP organ weighting factor for the thyroid is 0.03 and the 
occupational annual limit for the effective dose equivalent is 50 mSv 
(5 rem), it has, wrongly, been concluded that the thyroid could be 
permitted an organ dose of 50/0.03 1700 mSv (170 rem), which is
almost six times the previous critical organ dose limit of 30 rem.
But it needs to be pointed out that ICRP Publication 26 also recom
mends an organ dose limit in addition to the limit for the effective 
dose, for the purpose of preventing non-stochastic effects. Since, 
for the thyroid, this new organ dose limit is 500 mSv (50 rem) in a 
year, the increase in thyroid exposure could, at most, be by a factor
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of 1.7. This is a small change in comparison with the rather large 
changes, in either direction, in the annual limits of intake, caused 
by revised metabolic data. The effect of these changes influences the 
true organ doses at the secondary limit. It would seem to be a bad 
principle to correct for obviously erroneous data only if the correc
tion reduces the dose, but to keep incorrect values if the correction 
would have meant an increase in the true dose.
It should also be remembered that the ICRP system of dose limitation 
gives no excuse for increasing an intake of a radionuclide just be
cause new metabolic data imply that the higher intake would still be 
below the intake that corresponds to the primary dose limit. The 
basic recommendation, to keep all doses as low as reasonably achiev
able, always applies. If it was reasonable to keep intakes low with 
the previous system, the new system may call for the same intake limi
tation, just because it is reasonably achievable, even though higher 
intakes would not give doses exceeding the dose limits.

(d) Are the ICRP dose limits too high?
The present ICRP dose limits have been criticized on a number of 
grounds, for example:

( i )  The risk near the dose limit is unacceptably high;
(гг) It is unnecessarily complicated to keep two systems

of limits: one organ dose limit to prevent non
stochastic effects, and one limit of the effective 
dose equivalent to limit the detriment of stochastic 
effects ;

{ H i )  The limits are justified by ICRP with reference to
the a v e r a g e doses in exposed groups, yet there is no 
recommendation that this average should be controlled.

On this criticism the following has been said:
_(г_) Un^cceptably_high _risk_a_t _the _limit_s
Yes, the risk would probably have been considered unacceptably high, 
also by ICRP, if the limits had maintained their old meaning as the 
maximum doses that should be used for purposes of planning and de
sign. With the old meaning of the limits, it was always perfectly 
permissible to work up to the limit. The limits may now be seen too 
high f o r  t h a t  p u r p o s e .

However, with the new system it is never a  p r io r i - permissible to work 
up to the limit. The highest permissible exposure is that which can 
still be defended as being as low as reasonably achievable. It is 
not the intention that competent authorities should relinquish their 
right to impose authorized operational restrictions in order to keep 
doses considerably lower than the ICRP dose limit. On the contrary, 
in most circumstances it is reasonable to request a higher degree 
of safety. Only if all reasonable efforts do not suffice to keep the 
exposures substantially lower would it be permissible to allow ex
posures up to the limits. In that case, however, it must be recog
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nized that the exposed persons would run a higher-than-normal risk.
In other words: today the ICRP dose limits may be seen as an indica
tion of the lower boundary of an u n a c c e p ta b le region rather than as 
the demarcation of a region of unchallenged acceptability.

( i i ) _ComglexitY limitation_SYStem

The complexity of the dose limitation system recommended by ICRP is 
more apparent than real. There is no recommendation to assess the 
effective dose equivalent in normal practice. The complicated calcu
lations for assessments of each organ dose, and the contribution by 
that dose to the effective dose equivalent, have only been necessary 
in the initial derivation of the annual limits of intake by ICRP Com
mittee 2.
For the practical application, it is recommended that occupational 
e x t e r n a l exposures be assessed and recorded on the basis of the rea
dings of dose meters. Normally, no assessment of the actual effective 
dose equivalent needs to be made. For external exposures, therefore, 
the new system is not different from the previous one, except that 
the dose limit has a different meaning.
For i n t e r n a l exposures, it is the annual intakes that should be as
sessed and recorded. Since each ALI has been derived once and for all 
by ICRP from calculations of the effective dose equivalent per unit 
intake, such calculations need not come into the operational practice 
of occupational protection. The situation is somewhat more complica
ted as regards internal exposure of the public, since ICRP has not 
yet issued any guidance on how to deal with this situation. However, 
a provisional method, based on the occupational ALI values, and with
out any need for effective dose calculations, is recommended in the 
international organizations’ Basic Safety Standards.
Some ALIs have been derived on the basis of the effective dose equi
valent, and some on the basis of the non-stochastic dose limit for 
the most exposed organ, depending upon which limitation is the most 
stringent in each case. This means that in collective dose assess
ments for optimization purposes, effective doses are not unequivo
cally related to the annual intakes as implied by the ALI values and 
the effective dose equivalent limit. Some of the ALIs merely reflect 
the dose threshold for non-stochastic effects and therefore not the 
stochastic detriment at the limit. This may introduce an unnecessary 
bias unless the "stochastic ALIs" are used.
Apart from the skin, the lowest organ weighting factor recommended 
by ICRP is ŵ , = 0.03 for bone and thyroid. The effective dose limi
tation in the case of single organ exposure, therefore, gives a maxi
mum organ dose which is (50/0.03)/500 = 10/3 of the non-stochastic 
dose limit. This means that if the effective dose equivalent limit 
were reduced to 3/10 of its present value, there would be no need 
for the dual system with special organ dose limits for non-stochastic 
effects. Only the skin might still receive a high dose, at most 1500 
mSv (150 rem) in a year, unless skin exposures were to be limited 
by special requirements.
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k i i i \  No_limitation of_average_doses

It is true that one justification of the present stochastic dose 
limit recommended by ICRP is that the average life-time (or occu
pational life-time) annual dose is, in fact, less than 1/10 of the 
annual dose limit. It has been assumed that the life-time average 
of annual doses is likely to be much smaller than the maximum annu
al dose and that there is therefore no strong reason to limit any
thing but the annual maximum. The maximum can be controlled by con
ventional methods, while controlling the occupational average dose 
each year, or the total over a lifetime, is a much more complicated 
procedure, which might lead to heavy bureaucracy.
What then does recent operational experience tell us? Taking "occu
pation" in a wide sense, with examples such as "industrial radio
graphy", "medical diagnostic radiology", etc., not including nuclear 
power production, there is clear evidence that the ICRP assumption 
is valid. Average annual doses are less than 1/10 of the dose limit, 
usually between 0.5 and 5 per cent of the limit.
"Nuclear power production" is a rather heterogeneous occupation, 
extending from uranium mining and milling through reactor operation 
to fuel reprocessing and waste management. The average doses in each 
of these steps vary considerably from country to country. There are 
examples in each category indicating that the average may be less 
than 1/10 of the limit, but there are also examples where, in some 
countries, the average may exceed 1/10 of the limit, e.g. reach 40 
per cent or more, as for uranium mining in the United States and in 
some reactor operations.
Even so, however, there seems to be no valid reason to cause higher 
U f e —t im e  doses than what corresponds to 1/10 of the annual dose 
limit. On the contrary, it appears likely that such safety will be 
achieved by imposing the present dose limits a n d those restrictions 
which follow from the optimization principle.
There remains the problem with ambulatory maintenance workers who 
move from station to station and who might therefore receive high 
accumulated exposure. There have been a number of proposals for the 
solution of this problem, from "radiation passports" to operational 
limits which only permit a fraction of the dose limit for each ope
ration .
The question of principle still remains: Why not limit the life
time dose or the average dose, if these are the quantities on which 
the acceptability of the dose limitation system rests? The answer, 
so far, has been that such limitation is administratively complica
ted and calls for complete individual records also of minor exposu
res. Why then go into this complication if the desired result is 
achieved anyway?
There is still the possibility, within the present ICRP system, to 
set site- or work-specific operational limits much below the basic 
dose limits, if this is what optimization assessments suggest is
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reasonable. Alternatively, the desirable result might be indicated 
by reference levels rather than forced by limits. The basic limits 
would then only become operative in the few types of work where high 
exposures are unavoidable, and justified, in some years. For workers 
who are expected occasionally to receive doses approaching the limits 
a more complicated dose control and record system would be required. 
There are probably not many occupational groups for which large frac
tions of the basic dose limit would be needed. If these groups were 
forced to observe a much lower dose limit than the present one, for 
any one year, the result might be an unnecessary increase in the col
lective dose. The types of work which have attracted particular atten 
tion are uranium mining, some maintenance work in nuclear power sta
tions and some work in reprocessing plants.

(e) The effective dose does not express all health detriment
When ICRP derived the organ weighting factors w^ for calculation of 
effective dose equivalent, non-lethal cancers were not considered, 
nor hereditary harm later than in the first two generations of off
spring. In addition, since the individual detriment depends on age 
and sex, the weighting procedure would not be relevant to certain 
groups, e . g .  young women. There would also be a difference between 
occupational groups and the general public. Why then has ICRP given 
only one set of weighting factors?
There has been a widening use of the effective dose equivalent, not 
anticipated when ICRP Publication 26 was written. The original inten
tion with the organ weighting and the summation of weighted organ 
doses was an instruction on how to calculate ALI values for workers. 
The weighting was aimed at producing a single dose quantity, the ef
fective dose equivalent, for the sole purpose of comparison with the 
occupational dose limit. For this purpose the late hereditary harm 
was not relevant, but the hereditary harm in the first two genera
tions was included, because it might add to the adversity of the 
exposed individual.
Since the dose limits were justified by the comparison with the risk 
in non-radiological occupations usually considered "safe", it was 
felt that a comparison of the lethal risks would suffice. There is 
a higher ratio of lethal to non-lethal detriment from radiation than 
from other causes. A comparison on the basis of lethal effects would 
therefore be oversafe from the radiation protection point of view. 
This is why non-lethal effects were not included in the weighting 
procedure.
It is true that the risk will vary with age and sex, while the weigh
ting factors are the same for both sexes at any age. However, the 
differences due to age would be levelled out over a life-time, and 
since the ICRP recommendations do not permit trading low-risk expo
sures at high ages for higher-risk exposures at low ages, there 
would be no way in which exposures below the dose limits would give 
a life-time risk higher than that which justifies the limits. Also 
the differences in risk between the sexes would be insignificant
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over a life-time. This has been clearly illustrated in ICRP Publica
tion 27, which deals with the problems involved in developing an in
dex of harm.
On the same basis, however, the weighting factors might be expected 
to be somewhat different for members of the public, because of the 
different age distribution. In particular, the mean period of expo
sure of individuals of reproductive age would be 30 years (if 30 
years is the mean age of reproduction) for members of the public, 
but only 12 years (if 18 years is the age of entering radiological 
work) for radiation workers. The present weighting factor for the 
gonads overestimates the "individual" hereditary detriment for the 
radiation worker but is almost "right" for members of the public.
ICRP could have produced two sets of tables with ŵ , values, one for 
radiation workers and one for members of the public. Seeing how 
little different the values would be, however, the Commission felt 
that it would not be justified to imply this degree of precision, 
considering that the risk factors are only assessed with a large 
degree of uncertainty.
A new problem has arisen with the need of assessing collective 
doses for the purposes of justification of practice and optimiza
tion of protection. The easiest method is to calculate the collec
tive effective dose equivalent and to base the assessments on this. 
However, for both purposes, one would wish to have a collective 
quantity that reflects the total health detriment. It is then a 
disadvantage that neither non-lethal cancers, nor late hereditary 
harm are included in the risk factors related to the effective dose 
equivalent. The inclusion of the additional detriment would change 
the weighting factors somewhat, and if they were still to add up to 
unity, the overall risk factor would have to be somewhat increased 
to include the additional detriment. The new weighted dose sum would 
not differ much from the effective dose equivalent: in the extreme 
(single organ exposure of the skin or the thyroid) it might be twice 
as large. Again, it can be argued that this is not a large modifi
cation, considering all the uncertainties and the fact that the dosi
metric input and the optimization result are only some of the factors 
that would influence the final decision. It is a danger to imply a 
precision which has no foundation. Logic is commendable when it 
clarifies and helps. One must be careful not to pursue logic in a 
system to the extent that complication makes it useless.

(f) Are "optimization of protection" and "keeping all exposures as 
low as reasonably achievable" identical concepts?

In ICRP terminology, "keeping all exposures as low as reasonably 
achievable" and "optimizing radiation protection" are identical con
cepts. At doses below the basic dose limits, non-stochastic effects 
are excluded and the "objective" health detriment may be assigned a 
monetary value aS, where S is the collective effective dose equiva
lent from the source or practice under consideration and a is the
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monetary cost assigned by the decision maker to a unit of collective 
dose ( e . g .  in dollars per man-Sv).
In addition to this, the total health detriment may also include 
"non-objective" contributions which are not linearily related to the 
collective dose but which may be some function, f(H),of the indivi
dual effective dose equivalent, H. This function will depend on risk 
aversion attitudes and national or managerial regulations. If de
notes the number of individuals having an average dose H^, the cost 
of this additional detriment may be written

в i  »t f < v
к

where 3 is the monetary value that the decision maker would assign to 
a unit of this non-linear detriment. At low doses, however, OS would 
be a good approximation to the total detriment cost and some national 
authorities may prefer to make the optimization on this simple basis 
and then, if they so wish, modify the result in a more pragmatic man
ner ( e . g .  by deciding without formalism how much more they would 
wish to pay to achieve special goals such as improved public rela
tions and eliminated anxiety). In the extreme, the function f(H) 
might be said to define the dose limit if f(H . ) -* °° , but this in
terpretation would be contrary to the explicit^istinction made in 
ICRP Publication 26 between dose limitation and optimization of pro
tection .
The optimization policy recommended by ICRP is described in detail in 
a forthcoming report on "Cost Benefit Analysis in the Optimization of 
Radiation Protection".

(g) Is it reasonable to expect that the operating radiation protec
tion officer will carry out optimization assessments in the daily 
routine?

The answer is probably no. However, it must be remembered that ICRP 
Publication 26 is not a document written for the guidance of operating 
radiation protection officers but for national competent authorities 
and regulating bodies.
The general idea is that t h e s e  bodies should have gone through opti
mization assessments before they formulate the more concrete rules 
for the practical operation. If a certain shielding, under some assu
med typical conditions, is found to have an optimum thickness, the 
authorities should request that thickness instead of requesting that 
each operator reports his own optimization result. For a non-typical 
installation, however, the licensee may argue that the normal requi
rement is unfair for his particular situation; he may use the optimi
zation principle as an argument when he asks the authorities to make 
an exemption from the rule.
It must also be recognized that the optimization procedure gives 
only o n e input to the decision-making and that it would be unwise to 
follow the optimization result in uncompromising bureaucratic rigidity.
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"Optimization" is not only a quantitative method of assessment but it 
is also a basic principle which is helpful to have in mind in a qua
litative way. In that sense also operational procedures may be in
fluenced by optimization in a wider meaning.

(h) How should the value of "a" be determined?

( г ) Cost-effeetiveness_and_ogtimization

The two concepts, "cost-effectiveness" and "optimization (of protec
tion)" are sometimes confused. In cost-effectiveness, the purpose is 
to find the most efficient use of a given amount of money. This can 
be done without knowledge of any value of "a" (the cost assigned to 
the detriment of a unit collective dose). In this case, the availab
le money is always spent on radiation protection, irrespective of 
whether it is reasonable or not. The only objective is to obtain the 
maximum reduction of detriment that the allocated money can buy.
Optimization of protection, on the other hand, as recommended by ICRP 
is a way to find out how far it is reasonable to go in dose reduction 
At some stage, the additional reduction of dose and detriment that 
can be obtained at a high marginal cost may be seen to be too small 
to justify that cost. The purpose of optimization is to find the 
point where the sum of the cost of protection and the "cost" of the 
remaining detriment has a minimum. It can be shown that this is where 
the differential change in protection cost equals the resulting dif
ferential change in detriment "cost", although with the opposite 
sign - hence the alternative name d i f f e r e n t i a l  cost-benefit analysis. 
For this, it is necessary to express the cost of protection and the 
"cost" of radiation health detriment in one and the same unit, for 
example in a monetary unit. This necessitates a postulated value 
of a.

( i - i ) The value of a and _the ac_tual_cos_t of_e_limina_ting a unit col- 
J. e c ti.ve d оj; e_ a£ e_ some dme s_ с £ n.fus e_d.

Two alternative protection measures, A and B, each involving a change 
from the existing situation, may both prove to give a collective dose 
reduction of less than a monetary units per unit collective dose. 
Alternative dose reductions by measures C, D, E, etc., may cost more 
per unit collective dose and can therefore not compete. Both A and В 
satisfy the condition that the cost of protection should be reason
able. If also going from A to В means a dose reduction for less than 
a monetary units per unit collective dose, В is the optimum solution. 
However, the a c t u a l cost per unit collective dose going from the 
existing situation to В may be much less than a.
On the other hand, additional considerations ( e . g .  the requirement 
to keep all individual doses below the authorized limits, or the wish 
to maintain good public relations) may cause managements to chose, or 
authorities to demand, solution C, although it is not the optimum if 
the detriment cost is only supposed to be aS. It would then not be
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correct to call the actual cost of protection per unit collective 
dose eliminated " a " ,  a  should be the predetermined value given by the 
competent national authority as the basis for optimization. It is not 
the r e s u l t of the final decision. National authorities are therefore 
expected to indicate the appropriate value for a  for operations with
in their country.

( i i i \  Should_not_ICRP recommend a value for a ?

Since the value of a  should reflect the willingness and ability of 
national authorities to enforce a certain level of ambition for 
radiation protection, it will depend upon each country’s resources.
It is therefore difficult to find one value that would be appropri
ate for all. However, for collective dose contributions o u t s i d e  of 
national borders, it may be reasonable to reach agreement on a mini
mum value of a .  Since this is a matter of political agreement between 
countries, such agreements are better achieved through inter-govern
mental international organizations such as IAEA or OECD, than 
through ICRP.

( i v )_On what_basis_should the value for a  be_derived?

This is entirely a national matter to decide. However, there is yet 
rarely any attempt to form a consistent protection policy, covering 
all sectors of society. The way radiation protection is administered 
at present, it is probably sub-optimized, in that the value of a used 
by most authorities is selected without any consideration of whether 
society would accept the same ambition level in all areas of protec
tion against stochastic harm. On the other hand, the high ambition 
level in radiation protection may well coincide with a political wish 
not to underprotect in a field which is subject to much public debate 
and worry. Nevertheless, more crosschecking against other areas would 
be very appropriate.

(i) How should very small individual doses and doses in the distant 
future be handled?

( i )  The 3uestion_of a çut-off value of_dose or_a_"de jninimis" level
The ICRP policy on the inclusion of small individual contributions to 
the collective dose is indicated in paragraph 23 of ICRP Publication 
26: "It is often not necessary to assess the contributions from small 
values of (dose) accurately, provided that they would not add signi
ficantly to the total integral". However, with the assumption of pro
portionality between dose increment and risk increment, a microsie- 
vert to a large population is postulated to have the same detriment 
as a millisievert to a population which has a size of only 1/1000 of 
the large one.
There have been many proposals to ignore completely very small doses 
in the calculation of collective dose, with the argument that they 
carry a completely negligible risk to the exposed individuals. The
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assumption is certainly correct, but the conclusion is false. The 
only true conclusion is that the very small dose contributions can 
be ignored by each exposed individual. They may not be ignored in the 
assessment of collective dose unless, as ICRP says, they also contri
bute a negligible amount to the collective quantity as well. If a 
large number of individuals each have a very small dose, they may 
still contribute a significant amount to the collective dose.
The problem may be compared with that from the air pollution from 
many chimneys. Each chimney may contribute a negligible amount, but 
the total effect may still be objectionable.
Any "de minimis" concept should therefore relate to collective doses 
rather than to the individual dose contributions. However, any opti
mization effort which involves measurements or calculations would 
itself cost at least of the order of 100 - 1000 US $. With the values 
of a often considered (about 100 $ per man-rem), this is equivalent 
to the detriment cost of a collective dose of at least 0.01 - 0.1 
man.sievert (1 - 10 man-rem). This collective dose would have to be 
eliminated to make even the assessment as such justified.
Very small individual doses are often found at large distances from 
the release point of radioactive pollutants, e . g .  outside the border
lines of the primary jurisdiction. If it is argued that they can be 
neglected a  p r i o r i - in optimization assessments, the obvious solution 
would be to build high chimneys and dilute the pollution, thus elimi
nating high individual doses. This may cause a higher collective 
dose, but by very small individual doses to large populations far 
away, perhaps in other countries. If all releases were made "accep
table" by such means, we know from the experience of non-radioactive 
pollutants that, in the long run, there may be a widespread general 
contamination from many sources, which is not desirable. This would 
only be prevented if the small doses were given a proportional weight, 
i . e .  by using an а-value for these contributions a t  l e a s t equal to 
that applied to doses near the release point, and not neglecting any 
small individual contributions ( c f .  paragraph 131 of ICRP Publica
tion 26) .

("£i)_Dose distributions in_the_distant_future

The previous discussion defends the view that each unit of collec
tive dose should be given the same weight irrespective of w h e re it 
occurs. This may be defended on equity grounds but also by common 
sense: if everyone neglected harm to neighbours, everyone would also 
be caused harm by neighbours.
Dose contributions in the distant future are more an ethical issue 
than something that can easily be handled with common sense: future 
generations cannot retaliate and bring their own pollution back on 
us. Many would say that in the choice between a dose today and a 
dose a thousand years from now, the latter would be preferable (to 
us). However, others say the opposite and the matter is controver
sial. This problem has been extensively discussed in relation to 
releases of long-lived radionuclides such as tritium, krypton-85
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and iodine-129, in relation to high-level waste disposal, and in 
relation to uranium mining and milling (because of sustained emis
sion of radon from tailings).
An OECD/NEA study of the releases of long-lived radionuclides from 
reactors and reprocessing plants approached the problem in a logical 
way, considering the following two main purposes of collective dose 
calculation :
F o r j u s t i f i c a t i o n  p u r p o s e s : The accumulation of collective dose over
time may be presented in tables or diagrams. Decision makers can then 
see when the major part of the exposure is expected to occur and how 
large the collective dose will be in the immediate future. No infor
mation should be omitted and it will be up to the decision maker - not 
to those presenting the data - to decide how concerned he is about 
exposures in the distant future.
F o r o p t i m i z a t i o n  p u r p o s e s  : In assessing the usefulness of retention 
systems, it should be recognized that, in the very distant future, 
any remaining radioactive material will eventually escape containment 
and reach the biosphere. The collective dose actually eliminated is 
that which would have occurred without retention over the period when 
the retention is effective. This is likely to be a much shorter pe
riod than the millions of years over which, for example, iodine-129 
will exist. The extreme time periods are therefore not relevant in 
these assessments.

(j) How should monitoring results for nuclides with very long effec
tive half-lives be interpreted?

There is a practical problem in monitoring for internal exposure, in 
that the annual intakes cannot easily be measured but only be infer
red from monitoring. Yet, the secondary limit recommended by ICRP 
for practical application is the annual limit of intake (ALI). The 
sensitivity of monitoring is not always good enough to verify that 
ALIs have not been exceeded. In the old system, on the other hand, 
maximum permissible body burdens could be measured. The question has 
therefore been raised: Why not continue to measure body burdens and 
assess a c t u a l annual doses, rather than bother about annually com 
m i t t e d  doses?
The answer is that, even with the old system, a maximum permissible 
body burden of a long-lived radionuclide, such as plutonium-239, 
would really only have been permissible a t  t h e  en d  o f  t h e  w o r k in g  
l i f e .  The limitation of the committed dose rather than the actual 
dose each year is nothing new with ICRP Publication 26. It was also 
recommended in ICRP Publication 9 in 1965 (see paragraph 54). The 
monitoring problem is real, but not new.
The reason why the annually committed dose rather than the annually 
received dose is limited is that the main objective is to limit the 
life-time detriment. This can be done by controlling the annual "ex
posures". An e x t e r n a l exposure will commit a worker to a dose in 
the same year he is exposed, while i n t e r n a l exposure, in the sense
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of an intake of radioactive material, will commit the worker to a 
dose which may be delivered over years to come. The detriment is the 
expectation of stochastic harm, most of which will appear not only 
long after the dose is committed but also long after the dose is re
ceived. The formalism by which ICRP recommends this to be controlled, 
is to limit the sum of the actual dose from a year of external ex
posure and the dose committed the same year from intake of radio
active substances. It may well be that, in some years, this system 
could cause actual annual doses somewhat higher than the annual dose 
limit, but the actual annual doses are not subject to the limit.
These higher doses are compensated by much lower doses during previ
ous years, so that the life-time detriment is still within the inten
ded limit. The system is logical and in the interest of the worker, 
but it is not easy to explain. This causes the problem that (to quote 
from one international report) "the ALI application is excellent for 
control of the exposure to radiation workers, but less acceptable for 
dose assessment purposes". Quite so, but the question remains: What 
is the purpose of the assessment? If it is to check that no unexpec
ted or excessive exposures have occurred, the checking is difficult 
but relevant to radiation protection. If someone wishes to assess 
actual annual doses for some other purposes, e . g .  for epidemiological 
studies, this is no part of a control program.

NEW PROBLEMS

After the appearance of ICRP Publication 26, radiation protection 
authorities have experienced some new problems which ICRP had not 
discussed or at least not commented upon. Some of these problems are 
now given high priority, both by ICRP and by other international 
organizations and national authorities. It would go too far in this 
report to discuss these problems in any detail, but some will be 
briefly mentioned:

(1) The quality factor for neutrons and other high-LET radiation
With the report of the US National Academy of Sciences’ Committee on 
the Biological Effects of Ionizing Radiations (the BEIR III report, 
1980), the debate about the true shape of the dose-response curve 
for low-dose exposures was again stimulated. If the dose-response 
curve for high-LET radiation is linear, but the curve for low-LET 
radiation quadratic, as some experts believe, then the relative 
biological efficiency (RBE) of high-LET radiation in relation to 
low-LET radiation will obviously increase at low doses.
On this basis, there has been some concern about the ICRP quality 
factor, Q = 10, for neutrons. The quality factor may be seen as a 
crude approximation of RBE for protection purposes. Would not the 
ICRP value for Q grossly underestimate the risk from neutrons and 
other high-LET radiations at low doses?
The answer is no. The quality factor used by ICRP does not relate the 
high-LET curve to a possible quadratic low-LET curve but to a pos-
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t u t a t e d  linear curve for low-LET radiation. The value of Q, there
fore, does not depend upon the validity of the biological assump
tion for low-LET radiation. If the dose-response curve for low-LET 
radiation is non-linear, it merely means that ICRP has o v e r e s t i m a t e d  
the risk from low-LET radiation at low doses, not that the risk from 
high-LET radiation has been under-estimated.
(2) The revised risk estimates from Hiroshima and Nagasaki-
The observations of the frequency of various types of cancer among 
the survivors from the bombings of Hiroshima and Nagasaki are an 
important basis for our present stochastic risk estimates. The quan
titative risk estimates have mainly been based on dose assessments, 
referred to as the "Tentative 1965 Dose" or T65D, made at the Oak 
Ridge National Laboratory. With more reliable information about the 
neutron spectrum, emission, transmission and build-up, and other fac
tors influencing the dose, these dose estimates have recently been 
revised at the Lawrence Livermore National Laboratory, with unexpec
ted results. It seems that the neutron doses were much lower than 
earlier assumed and that there is therefore now no basis for infor
mation on the carcinogenic effect of neutrons on humans.
It has been suggested that the decrease in the neutron dose estimate 
would make the gamma radiation alone responsible for the observed in
crease in the cancer incidence among the Japanese survivors, and 
that the risk factor for gamma radiation would have to be revised 
upwards to account for this. However, the Lawrence Livermore study 
indicates that the gamma dose was probably earlier u n d e r e s t im a te d  
so that any revision of the risk factor for gamma radiation would 
probably be minor. The situation is under continued review and the 
last words have not yet been said.
(3) The risk of developmental effects

The risk of foetal damage from radiation depends upon the stage of 
pregnancy during which the irradiation occurs. The most sensitive 
period is assumed to be the period of organogenesis, which is usually 
stated to be within the first two months after conception. It is now 
believed that this risk is mainly during the weeks after the first 
missed menstrual period. However, a "new" risk has been recognized 
in that the forebrain, which is particularly critical for humans, 
does not develop until after other organogenesis is completed, at 
about 10-18 weeks after conception. Exposure during this period may 
give an additional risk of mental retardation. For the sensitive 
period, that risk would appear to be an order of magnitude higher 
than the risk that has earlier been considered.
These new conclusions will have to be verified and may have a con
siderable practical impact on future recommendations on protection 
relating to pregnant women and women of reproductive age.
(4) Genetic detriment

The traditional way of presenting genetic risk estimates is to refer 
to changes in the mutation rate. Geneticists often draw conclusions
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from equilibrium situations, where many generations of experimental 
animals have been exposed to mutagenic agents. From this there is a 
difficult step to an estimate of the actual total harm that would 
ensue over all future generations of humans (or over any specified 
number of generations) from single exposures that are not repeated 
over many generations. Nevertheless, such estimates of "harm commit
ments" would be needed for comparisons between hereditary harm and 
cancer. For this purpose, it would also be necessary to find some 
way, if even crude, to indicate the severity of various types of 
hereditary harm. This problem is now being studied by both ICRP and 
UNSCEAR.

(5) Exposure from natural sources of radiation

Doses from natural radiation are usually not included in the assess
ment of doses to be compared with the ICRP dose limits or with any 
authorized operational dose limits. Natural radiation has been con
sidered both as unavoidable and as insignificant from the point of 
view of radiation protection.
During the last years, however, our estimates of the dose that we 
receive from natural sources have been repeatedly increased. In par
ticular, the lung exposure indoors from radon daughter products has 
been found to be much higher than previously believed. The source of 
radon may be building materials or tap water, but is perhaps mainly 
the ground. The problem grows because of the efforts of energy con
servation and new building techniques, which have led to decreased 
ventilation rates in countries with a cold climate. The average an
nual dose from natural sources, which used to be assessed at about 
1 millisievert, is now believed to be more than 2 millisieverts (ef
fective dose equivalent) in many industrialized countries.
In many countries, the lung doses from radon daughter products in
doors are frequently found to exceed values which would have been 
dose limits if the source had been artificial. It happens that some 
people receive, in their homes, doses that would not be permitted 
to workers in a mine. There is a growing interest to find regulatory 
means of dealing with this situation, which is not easily solved.
In several countries, measurements in dwellings have revealed radon 
equilibrium equivalent concentrations of radon daughter products ex
ceeding 10 000 becquerels per cubic meter. This may give an effective 
dose equivalent of several hundred millisievert ( i . e .  tens of rems) 
per year, and annual lung doses of several sieverts (hundreds of 
rems), clearly unacceptable. Still, remedial action is complicated 
and difficult because of the large number of houses involved. The 
cost of protection may be difficult to cover, since there is usually 
no one that can be claimed to be legally responsible for the situa
tion. Because of the long latent period for lung cancer and the 
likely importance of smoking as a contributing factor, it is also 
very difficult to verify the risk estimates by epidemiological studi
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Abstract

CURRENT NUCLEAR SAFETY ISSUES. THE IAEA RESPONSE.
The role of the In ternational A tom ic Energy Agenty in the  field o f nuclear power 

safety is growing. New emphasis is being placed on the m ajor effort to establish and foster the 
use o f a comprehensive set o f in ternationally  agreed standards for nuclear power plants. New 
initiatives are in progress to  intensify in ternational co-operative safety efforts through the 
exchange of inform ation on safety-related operating occurrences, and through a greater 
sharing of safety research results. Emergency accident assistance lends itself to  international 
co-operation and in addition  to  several new publications an im portant initiative is under 
way to encourage a program m e of m utual emergency assistence betw een countries. To 
report on nuclear power p lant safety world-wide, the Agency is planning to  issue a regular 
annual publication.

1. INTRODUCTION

There is no need to remind a conference on nuclear power experience that 
the Three Mile Island accident focused world-wide attention on the adequacy of 
nuclear safety, and that it led to extensive re-examinations of national and inter
national safety programmes. In the ensuing 3 years, new safety issues and tasks 
have emerged. Some deal with improved design features, some with improved 
safety analysis methodology and others with operational safety. The International 
Atomic Energy Agency is dealing with those o f particular relevance to the interna
tional community.

With many reactors having been in operation for more than 15 years, and 
some for as long as 25 years, it is clear that there is a wealth of operational data 
ready to be collected, evaluated and disseminated. These data provide an indispen
sable tool for recognizing the causes o f accidents and the methods o f avoiding and 
dealing with them. To make use o f this tool, the Agency is organizing a world
wide incident reporting system, the success of which will depend on the willingness 
of governments to open their operating data archives to other participating countries.

23
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The more diverse sources we have, the more useful the system will be. Thus, a 
truly comprehensive data base must include input from all nations, including those 
in the OECD, the countries o f the Council for Mutual Economic Assistance (CMEA) 
and the developing countries.

It is clear, too, that adequate emergency preparedness is an important part 
of nuclear safety. A major nuclear power plant accident would require a substantial 
response effort which could tax the resources of any country and be beyond the 
national capabilities of some. There are special concerns presented by plants 
located in border areas, particularly in cases where the neighbouring countries 
are without nuclear installations. Thus, while national planning is basic, bilateral 
and multilateral agreements for mutual assistance are indispensable.

It is clear also that safety would be enhanced if technical and budgetary 
resources were shared. This applies particularly to safety research, where specialized 
regional organizations already foster close collaboration between their respective 
member countries. But these activities must somehow be integrated so that the 
benefits o f pooled technical expertise will be supplemented by a sharing also of 
approaches and outlooks.

The IAEA continues to play an important role in setting safety standards, but 
it is placing increased emphasis on fostering their use. Some, like the internationally 
agreed safety standards for nuclear power plants, have particular relevance for the 
developing countries. Others, like those for radiation protection and for the 
transport o f radioactive materials, have world-wide application. The use of a 
consistent set o f standards world-wide will promote a common level o f nuclear 
safety and encourage public confidence.

Finally, to regularly report on the progress of IAEA programmes, as well 
as on world-wide safety efforts, we plan to publish an annual Nuclear Safety 
Review. It will become a regular annual publication, designed to provide Member 
States, news media and the interested public with an overview o f the main trends 
and developments in the field.

With its broad membership, the International Atomic Energy Agency is 
ideally suited to act as the centre for contact and exchange between East and 
West, North and South, and to make available to each the knowledge gained 
from the experience o f the others. Through its Division o f Nuclear Safety, which 
has a professional staff o f about 30 persons, supplemented by experts seconded 
by Member States, the Agency provides information and assistance on many 
aspects o f safety. It sponsors conferences, seminars, training courses and advisory 
missions to individual countries. It develops standards, sponsors research and 
participates in the analysis o f the risks and benefits o f nuclear power, including 
comparisons with other methods of generating electricity. A number of these 
activities are supported through the Agency’s Technical Assistance and Co
operation programme.
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This paper deals with the IAEA’s response to current issues, and with the 
new initiatives it is undertaking to ensure the safe operation o f nuclear facilities 
through world-wide co-operation.

2. INCIDENT REPORTING SYSTEM

Since the Three Mile Island accident there has been a growing awareness 
of the need to utilize operation experience. It is apparent that if  reactor operators 
were aware of incidents that had occurred elsewhere, many abnormal events 
could be avoided or their consequences mitigated. Operating experience is not 
limited to one reactor or one country, and the information on abnormal events 
should be available to be used by all.

Table I shows that seven countries have commercial nuclear power plants 
which have been in operation for more than 15 years; six others have plants 
which have been in operation at least 10 years. As o f mid-1982, 250 plants in 
23 countries had accumulated almost 3000 reactor-years o f operating experience, 
an average o f 12 years per plant. Moreover, eight additional countries have 
commercial nuclear power plants under construction, and in the next decade 
these should become operative (see Table II).

The pooling o f information on the combined experience o f these plants 
would be a valuable asset. To accomplish this, the IAEA as an international 
organization can facilitate compatible national reporting systems and encourage 
the fullest international exchange. The Agency is developing this activity along 
two lines:

(1 ) By preparing guidelines for national incident reporting systems so that
systems organized in different countries will be compatible and information 
may be more easily exchanged

(2) By organizing an international Incident Reporting System that will include 
all the countries with nuclear power programmes.

Features o f an effective incident reporting system should include the 
reporting, assessing and evaluating o f events to identify those significant for 
safety and to establish the corrective actions which could be taken to avoid 
accidents or mitigate their consequences. The system must also ensure an 
appropriate dissemination o f results. Recognizing that guidance is needed to 
facilitate the organization of individual national systems for incident reporting and 
to ensure their compatibility, the IAEA has already developed a draft guide which 
is being made available to Member States for a 2-year trial period. Comments will 
be incorporated into a final document for world-wide use which will probably 
be published in the Agency’s Safety Series.
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TABLE I. OPERATING COMMERCIAL NUCLEAR POWER PLANTS, 
DECEMBER 1981

С nuntrv
Number o f Plants

Total MW(e) 
Capacity

v u u i hi у
Less than 
5 years

5 to  10 
years

10 to  15 
years

More than 
15 years

Argentina 1 335

Belgium 3 1 664

Bulgaria 1 2 1 224

Canada 3 3 4 1 5 472

Czechoslovakia 2 800

Finland 4 2 160

France 21 2 3 2 21 485

German Democratic 2 2 1 632
Republic

Germany, Fed. Republic o f 3 5 2 8 509

India 1 1 2 809

Ita ly 1 3 1 417

Japan 10 9 3 1 14 984

Korea, Republic o f 1 564

Netherlands 1 450

Pakistan 1 125

Spain 1 1 2 1 973

Sweden 4 4 1 6 4 1 5

Switzerland 1 3 1 940

Taiwan 3 2 160

United Kingdom 2 2 4 22 6 9 1 0

United States o f America 14 44 12 2 56 825

U.S.S.R. 9 8 3 8 13 926

Yugoslavia 1 632

The draft document now available lists eight categories of events to be 
reported (see Table III). Each of these is explained in detail in order to facilitate 
the identification and classification of events actually or potentially significant to 
safety. The list o f categories begins with exposure to radiation or release of 
radioactive materials. It continues with degradation of items important to safety — 
structures, systems or components. The last item on the list covers events which 
in themselves have no safety significance, but are noteworthy because they attract 
public interest.
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TABLE II. ADDITIONAL COUNTRIES WITH COMMERCIAL NUCLEAR 
POWER PLANTS UNDER CONSTRUCTION

C ountry Num ber o f Plants T o ta l MW(e) C apacity

Austria 1 692

Brazil 3 3116

Cuba 1 408

Hungary 4 1632

Mexico 2 1308

Philippines 1 620

Romania 1 660

South A frica 2 1842

The draft guide also describes the collection and storage procedures necessary 
for easy data retrieval, and gives guidance on screening large numbers o f events 
so as to identify those most significant for safety. The document then elaborates 
on the necessary analysis to identify the proper preventive and corrective actions.

The second component o f the Agency’s activity to encourage sharing of 
information on abnormal events is an international Incident Reporting System 
(IAEA-IRS). Currently, the only such system is the one which the Nuclear 
Energy Agency operates for the OECD countries. The IAEA’s aim is to organize 
a system that also includes the CMEA countries, as well as the developing countries. 
This broader incident reporting system with a world-wide data base would offer 
an expanded opportunity to identify a wide variety o f potential accident precursors.

In co-operation with the NEA, the development o f the IAEA-IRS has reached 
an advanced stage. Draft procedures for establishing the system have been reviewed 
by a technical committee and will be sent shortly to those Member States which 
have nuclear power programmes. These procedures discuss items such as the 
number of events to be reported and the requirements for confidentiality and 
participation. Within a year, the draft will be revised and reissued in final form 
so that initial operation o f the system can begin in the latter months of 1983.
When the system is in full operation, there will be regular periodic meetings to 
discuss the more significnat reports. A few developing countries have already 
reported some details o f abnormal events to the Agency and it is anticipated that 
other countries, including some CMEA countries, will also furnish reports shortly. 
The first meeting is to be held in Spain later this year.

An important feature o f the IAEA-IRS system is the assurance to participating 
countries that there would be reciprocity in the exchange o f information and 
that adequate arrangements would be made for judicious handling o f information.
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TABLE III. CATEGORIES FOR A REPORTING SYSTEM ON SAFETY- 
RELATED EVENTS

(1) Exposure to radiation or release of radioactive material

(2) Degradation of items important to safety (structures, systems, 
components)

(3) Deficiencies in design, construction, operation and quality 
assurance

(4) Generic problems (recurring events which, taken together, have 
implications for other similar plants)

(5) Significant consequential actions (actions taken by the 
regulatory body as a result of reported events)

(6) Events of potential significance to safety (those during which 
a protection system operates unnecessarily, or fails to actuate 
when required)

(7) Unusual events, either of man-made or natural origin, that 
directly or indirectly threaten the ability of the plant to 
operate safety

(8) Events which, although they have no safety significance, 
attract significant public interest

The system will depend on the willingness o f governments to open their operating 
data archives to other participating countries. While this may present some initial 
difficulties, nevertheless international recognition o f the need to pool the ever 
increasing volumes o f  information on operating experience into a resource available 
to all should serve as an incentive to the resolution of any problems.
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3. EMERGENCY PREPAREDNESS ACTIVITIES

Since early 1981, the IAEA has pursued the development and implementation 
of an accelerated and expanded programme in emergency preparedness consisting 
of four main parts:

(1 ) Upgrading o f the international response capability to answer a request for
assistance in the event o f a serious nuclear accident

(2) Development o f new technical guidance documents
(3) Development of training programmes
(4) Provision o f Special Assistance Missions to requesting Member States.

3.1. Mutual emergency assistance

The most recent activity in the expanded programme deals with the need for 
mutual emergency assistance between countries. A nuclear power accident with 
potential serious radiological consequences would require a substantial response effort 
to effect the recovery o f  both the plant and off-site conditions. This effort could 
tax the resources o f any country and in many cases might well be beyond national 
capabilities.

Additionally, a nuclear accident in border areas could have serious radiological 
effects on neighbouring countries; in countries having no nuclear installations the 
capability for dealing with the situation would be limited. External assistance 
to enhance response capabilities would therefore be required. There are already 
a number o f bilateral assistance agreements. As far back as the 1960s the Agency 
concluded with Denmark, Finland, Norway and Sweden the Nordic Mutual 
Emergency Assistance Agreement.

In February 1982, the Agency Board o f Govemos renewed its efforts 
concerning accidents with potential trans-boundary effects when it adopted a 
resolution submitted by the Netherlands, Sweden and the United States of 
America calling for a group of experts to study the most appropriate means of 
responding to the need for mutual assistance. In response, 54 participants from 
31 Member States and two international organizations met in June 1982.

Their report highlights the constraints to co-operative efforts. The list o f 
possible constraints is not a short one, and some items pose fundamental obstacles 
which would preclude co-operation if not overcome through multinational arrange
ments. Among the fundamental constraints identified are financial problems 
(such as how to arrange payment for services), legal liability, commercial 
secrecy, political considerations and unavailability o f resources. Examples of 
other constraints include such items as logistics, customs, immigration and 
personnel immunity, security matters, national and local laws and regulations 
and bureaucracy.
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The expert group concluded that an international convention regulating in 
advance the legal framework to be applied in the event o f an emergency was 
advisable. However, since such an agreement would take a considerable 
time to be developed and accepted, the report recommends the prompt develop
ment of an information document that sets forth the terms and conditions that 
could be applied when mutual emergency assistance was needed. Such a model 
would be issued as an IAEA/INFCIRC document and would have two purposes.

First, its provisions could serve as a model for the negotiation of bilateral 
or regional agreements, which are to be encouraged. Second, it would serve 
as a readily available basis for agreement between a requesting and an assisting 
country at the time o f a nuclear emergency if no prior agreement existed.

The report also notes that in cases where serious accidents at nuclear power 
plants may have significant radiological impact on other states, special planning 
considerations need to be recognized and resolved. Issues such as establishment 
of a threshold o f reportable events, integrated planning and information exchange 
all need prior arrangements. The appropriateness of IAEA efforts to negotiate 
a multilateral agreement or convention might be considered, after an INFCIRC 
document has been developed as a first step. In the report, which will be submitted 
to the Board for consideration in September 1982, the group of experts advises 
the Agency to convene a special body to deal with these concerns.

3.2. Guidance and implementation

In the area of technical guidance, the Agency published in 1981 and 1982 
three publications dealing with nuclear power plants, and a fourth concerning 
emergency planning for transport accidents involving radioactive material. An 
important emergency planning concept identified in these documents involves 
the establishment of Emergency Planning Zones (EPZs). This concept of  
delineating regions surrounding nuclear power plants in terms o f possible evacua
tion criteria was developed quite independently in the United States of America 
and in several European countries, and is considered to have significant validity 
and credibility for other countries as well.

To complement these publications, the Agency intends publishing two new 
handbooks: the first dealing with the conduct o f emergency preparedness exercises 
and the second dealing with the practical aspects o f  assessing off-site consequences. 
In addition, the Agency is conducting a series o f training courses, the first o f  which 
was held in February 1982 at the Argonne National Laboratories. A second 
course is planned in the spring o f 1983, also at Argonne, which will have a new 
added teaching module concerning the latest development in Computerized Aids 
for Accident Assessment. Further, to aid countries in the development and 
improvement of their emergency plans and response capabilities, special assistance 
missions were sent to Yugoslavia and Brazil in 1981. Additional missions are 
planned in 1982 and 1983 to other countries.
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4. CO-OPERATION IN SAFETY RESEARCH

The potential advantage o f international co-operation through shared 
technical and budgetary resources is obvious for nuclear safety research 
undertakings. Co-operation also opens the door for a small country to participate 
in research which it could not possibly undertake otherwise. The Agency’s 
efforts can best be described by discussing three recent meetings.

To explore areas for future co-operation, a Technical Committee on Thermal 
Reactor Safety Research met in Moscow in December 1981. It strongly supported 
closer world-wide co-operation and stressed the value of routine exchanges.
Topics identified as o f particular interest were containment integrity, early failure 
diagnostics, hydrogen problems, fuel behaviour under accident conditions and 
fission product releases. As a result o f the Moscow meeting a Specialists’ Meeting 
on Early Diagnosis o f Failures in Primary System Components o f  Nuclear Power 
Plants was held in June 1982 in Prague, Czechoslovakia, with strong participation 
from countries o f the CMEA. Of the 48 participants, 29 were from Czechoslovakia, 
Hungary, the German Democratic Republic, Poland and the Soviet Union; 16 of 
the 25 papers were presented by experts from these CMEA countries. Those 
papers that were presented in Russian are being translated into English and will 
be distributed to all participants.

A second meeting in October 1982, to which representatives from 22 countries 
and 3 international organizations have been invited, will further identify subjects 
of interest and recommend the topics o f two specialists’ meetings planned for 1983. 
The topics, selected from those identified at the Moscow meeting, are likely to 
relate to the containment area (hydrogen generation, release, behaviour, control) 
and structural aspects (dynamic and thermal loads, internal missiles, leak tightness). 
The October meeting will also discuss other means of exchange, possibly through 
co-operation in research projects and the possibility o f  establishing a Research 
Project Index similar to those of NEA and CEC, but including CMEA and other 
countries.

5. SAFETY STANDARDS AND REGULATIONS

The IAEA’s Statute requires it to establish safety standards. A recent 
feature has been the strong emphasis on encouraging their use in the three 
major areas o f this activity:

(a) Nuclear Safety Standards Programme (NUSS) for power reactors
(b) Basic Safety Standards for Radiation Protection
(c) Regulations for the Safe Transport o f Radioactive Materials.
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TABLE IV. DEVELOPING COUNTRIES WITH NUCLEAR POWER 
PROGRAMMES

IN OPERATION

A R G E N T IN A
B U LG A R IA

CSSR
IN D IA

KOREA, REP. OF

PAKISTAN
Y U G O S LA V IA

UNDER CONSTRUCTION

B R A Z IL
CUBA
H UN G AR Y

MEXICO
PHILIPPINES
R O M A N IA

STUDY AND PROCUREMENT

BANGLADESH
EGYPT
IN DO NESIA
IRAQ

L IB Y A N  A.J.
PO LAND
TU R K E Y

5.1. Nuclear Safety Standards Programme

In 1974 an ambitious programme, NUSS (the letters being an acronym for 
Nuclear Safety Standards), was initiated to establish internationally agreed 
safety standards for nuclear power plants in the five subject areas o f  governmental 
organization, siting, design, operation and quality assurance. Preparation o f the 
basic NUSS documents is now nearing completion; all five Codes o f Practice 
have been published in the Agency’s four working languages (English, French, 
Russian and Spanish) and by September 1982, 37 o f the 55 planned companion 
Safety Guides were completed (29 of them already published in English and many 
of those in the other working languages as well).

A principal goal o f the NUSS codes and guides is to make available to 
developing countries starting a nuclear power programme a cohesive set of  
nuclear safety standards. Many developing countries are now involved with 
the nuclear power option. At this time there are six with nuclear power plants 
under construction, seven with projects in an advanced planning phase or already 
in the plant procurement stage and about ten others which are considering 
nuclear power programmes (see Table IV). Regulations developed to meet the
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needs o f one country may not always be suitable for another, and the preparation 
of comprehensive new technical regulations is an undertaking that a developing 
country cannot perform itself.

These documents have potential use when an internationally agreed approach 
to safety is indicated. For example, when nuclear power plants are located near 
national borders, the NUSS standards can be a useful reference in determining 
an agreed upon level o f safety and they can serve as a basis for organizing an 
emergency plan for the countries involved.

Although at present there are no plans for formalizing the acceptance of 
the NUSS standards by means o f an international convention, considerable 
effort is now under way to encourage their use. Training courses and seminars 
are being organized to promote them as the basis for preparing relevant national 
regulations, for the domestic development o f nuclear industries and for use in 
international commerce. The Agency is arranging visits to Member States of 
special missions consisting o f experts directly involved in the preparation of 
these documents. During such missions, discussions can be held with regulatory, 
utility and other appropriate personnel, which should be particularly useful 
to countries in the early stages o f nuclear power programmes. Fourteen countries 
have already requested missions and five visits were completed by year end 1981.

5.2. Basic Safety Standards for Radiation Protection

An important step to reduce the risks resulting from the use o f ionizing 
radiation has been taken with the international acceptance o f the revised Basic 
Safety Standards for Radiation Protection 1982 edition which was published 
this year. The revision was a joint project undertaken by the Agency with the 
World Health Organization, the International Labour Organization and the 
Nuclear Energy Agency o f the OECD.

These new standards represent the culmination o f efforts under way since 
1977 to provide a world-wide basis for harmonized and up to date radiation 
protection standards. They reflect a considerable advancement over the previous 
Basic Safety Standards and they will in many circumstances substantially increase 
radiation protection for workers and for the general public. It is the first instance 
where a consistent safety system has been developed for hazards where no 
threshold to risk can be demonstrated and where the ultimate goal o f  absolute 
protection with zero risk can only be approached. They can serve as an example 
to other industrial activities which involve hazards to man.

The standards are based on the latest recommendations o f  the International 
Commission on Radiological Protection (ICRP), contained in its Publication No. 26. 
One o f the main features o f the ICRP publication is the formulation of a dose 
limitation system which requires as its first element that no source or practice 
involving exposure to radiation or radioactivity can be authorized unless the
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resulting benefits are sufficient to justify the detriments resulting from the 
exposure. The second element o f the system, optimization o f protection, 
requires that justifiable sources and practices ensure that radiation protection is 
optimized so that economic and social factors are taken into account. The 
third element establishes dose limits beyond which no individual should be 
exposed.

In the practical application o f the standards, questions still remain. One 
area where further clarification is needed is in the application of the principle 
that all radioactive exposures be ‘as low as reasonably achievable’ (ALARA).

Guidance is also needed in evaluating the trade-off between various competing 
factors such as between doses to workers and doses to the public, between doses 
to critical groups (i.e. persons most likely to receive the highest dose) and doses 
to the remainder o f the population, and between doses received now and those 
received in the future.

The Agency is developing extensive recommendations to provide guidance 
in the application of the revised Basic Safety Standards for Radiation Protection; 
it will also continue to provide a forum for continued explanation and clarification.

5.3. Regulations for the Safe Transport of Radioactive Materials

One o f the first areas in which the Agency worked to develop internationally 
acceptable standards was the transportation o f fuel and waste. Work on safety 
standards based on the Agency’s Regulations for the Safe Transport o f  Radioactive 
Materials began in the 1950s. Today, the standards are applicable almost every
where in the world. Although there is no international convention, standards 
based on the regulations are applied by more than 50 countries and by all relevant 
international transport organizations. A comprehensive review o f the regulations 
is under way for a new revision probably to be published in 1984.

In 1977 a programme to offer assistance in implementing the standards was 
undertaken. A standing Advisory Group for the Safe Transport o f  Radioactive 
Materials was established in 1978. In November 1982 a group representing 
16 countries and several international organizations will meet to identify and 
discuss operational problems encountered in applying the transport standards.
The meeting will provide an opportunity to exchange views on programmes to 
ensure implementation including package design review, inspection, enforcement 
and quality assurance.

Data on hundreds o f transport package designs in use in the world are being 
compiled in a computer program established in 1980. A similar program 
already in operation by the United States Department of Transportation will 
be co-ordinated with the Agency’s data bank. Reports are issued annually and in 
the next few months a computer link will facilitate ready access to data on all 
designs.
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6. CONCLUSIONS

Recognizing that nuclear safety is an international issue, the IAEA is planning 
to publish an annual Nuclear Safety Review to describe the current status in 
this area, to describe world-wide developments and to report on initiatives under
taken by international organizations and by the IAEA. New trends in safety 
policy will be elaborated. This critical review o f developments will provide 
Member States, the news media and the public with an overview of the important 
trends and developments in nuclear safety.

Safety problems can more easily be solved if there is international co
operation. Certainly, for emergency preparedness, countries must work together; 
a radiation release would not respect national boundaries. Certainly, the likelihood 
of serious accidents can be decreased if we furnish information on abnormal 
events to all countries with nuclear programmes. Certainly, the interchange of 
highly technical and costly research between countries will help us all. Certainly, 
the knowledge that standards have been developed and are being used on a world
wide basis will increase the confidence o f the public in the nuclear power option. 
The Agency will do its part to make this co-operation possible.
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DESIGN PROVISIONS FOR SAFETY

A. BIRKHOFER 
Gesellschaft für Reaktorsicherheit mbH, 
Garching, 
Federal Republic o f Germany 

Abstract

DESIGN PROVISIONS FOR SAFETY.
Design provisions for safety o f nuclear power plants are based on a well balanced concept: 

the public is pro tected  against a release o f radioactive material by m ultiple barriers. These 
barriers are protected  according to a ‘defence-in-depth’ principle. The reactor safety concept 
is primarily aimed at the prevention of accidents, especially fuel damage. A dditionally, measures 
for consequence lim itation are provided in order to prevent a severe release o f radioactivity 
to  the environm ent. However, it is difficult to  judge the overall effectiveness of such devices.
In a comprehensive safety analysis it has to  be shown that the p ro tection  systems and safeguards 
work w ith sufficient reliability in the event o f an accident. For the reliability assessment 
determ inistic criteria (single failure, redundancy, fail-safe, demand for diversity) play an 
im portant role. Increasing efforts have been made to  assess reliability quantitatively by means 
of probabilistic m ethods. It is now usual to perform  reliability analyses o f essential systems 
of nuclear power plants in the course o f licensing procedures. As an additional level of 
emergency measures for a fu rther reduction  of hazards a reasonable am ount o f accident 
inform ation has to  be transferred. O perational experience may be considered as an im portant 
feedback to the  design of p lant safety features. O perator training has to include, besides 
skill in perform ing of operating procedures, the training of a flexible response to different 
accident situations. Experience has shown that the design provisions for safety could prevent 
dangerous release of the radioactive m aterial to  the environm ent after an accident has occurred. 
For future developm ents o f reactor safety, extensive analyses o f operating experience are of 
great im portance. The main goal should be to  enhance the reliability o f measures for accident 
prevention, which prevent the core from  m eltdow n or o ther damages. To ensure that all 
measures of the safety concept are well balanced, probabilistic risk assessment m ay be an 
im portan t guide. A broadly accepted safety goal has to  be developed in order to  compare 
nuclear technology w ith o ther potential hazardous technologies.

1 . INTRO DUCTIO N

The principal goal of reactor safety is to prevent the  
dangerous release of radioactive material resulting from reactor 
operation. Radiation exposure to the public and plant personnel 
should be kept as low as reasonably achievable in all operating  
states and accident conditions. There fo re , the design,
construction and operation of nuclear power plants have to be 
carried out on a very  high quality  level.

37
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The safety philosophy of nuclear power plants in the  
Federal Republic of Germany is, as in other countries, realized  
by the concept of physical barriers  and the concept of defence- 
in -d ep th . A more detailed description has been given on several 
occasions (e .g .  see Ref. 1 ). There fo re , more recent 
developments and improvements related to reactor safety in the 
FRG are covered here.

During the recent years additional safety requirements that 
have been introduced affected to some extent plants under 
construction. This caused some concern about construction  
delays fo r these plants. Parties involved in the authorization  
considered possibilities in order to streamline the licensing 
process. One step was to standardize as fa r  as possible fu tu re  
nuclear power plants.

Therefore , manufacturers and utilities created the so-called 
tandem project, also known as the Convoy Project. This means 
th a t a number of projects have the same plant design, except 
fo r site-dependent factors. Another characteristic is the 
intended co-operation among the parties involved in the 
licensing procedures, especially the safety experts . A t present, 
four plants are integrated within this Convoy Project: lsar-2  in 
B avaria, Emsland in Lower Saxony, Neckarwestheim-2 in Baden- 
W ürttem berg, and B iblis-C  in Hessen. The firs t-phase  
construction permits fo r lsar-2  and Emsland were issued very  
recently .

The present design of the Convoy plants reflects 
experience from licensing procedures, construction and 
operation and results of R&D activ ities. There  are no major 
differences in the design provisions fo r safety between the 
Convoy plants and those plants which are already under 
construction.

Further recent conceptual improvements and experience 
from operation and design analyses will be discussed, as well as 
fu tu re  aspects of reactor safety.

О High -  grade material characteristics 

О Minimization ot the number ot welding seams 

О Optimization of the material strength design 

О  Limitation of operational loads and conditions 

О  Leakage control and recurrent inspections

FIG.l. Principles o f  the concept o f  basic safety.
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2. CONCEPTUAL IMPROVEMENTS

2 .1 . Concept of basic safety

Comprehensive theoretical and experimental investigations 
on material behaviour resulted in the concept of basic safety fo r 
components of the pressure-reta in ing  boundary of the reactor 
coolant and other safety related systems (see Ref. 2 ) . This was 
laid down fo r the f irs t  time in the guidelines fo r PWRs of the 
Reactor Safety Commission (R S K ) in January 1979. The  
following key principles describe the concept of basic safety 
(see also Fig. 1 ):

(a )  H igh-grade material characteristics; particu larly  by 
limitation of the content of certain metal impurities and 
trace elements, and by application of optimized 
manufacturing techniques (m elting, converting, welding 
and heat tre a tin g ) high toughness, high homogeneity, few  
deficiencies and improved testab ility  are achieved

(b )  Minimization of the number of welding seams and location 
of such welding seams outside areas of increased stress by 
measures such as use of forged bends and other forged 
parts with integrated welding ends

(c )  Optimization of the material strength design, e .g . 
avoidance of local unfavourable stress conditions by 
constructive improvements such as narrow tolerances of the  
alignment of piping parts

(d )  Limitation of operational loads by system processing 
measures such as avoidance of loads by tem perature  
change

(e )  Control of operational conditions by d irect measurements on 
the components

( f )  Operational control and recu rren t inspections fo r abnormal 
leakages.

It must be particu larly  emphasized that limitation of metal 
impurities and trace elements in structural steel for pipings 
such as 20 MnMoNi55 with lowered carbon content and 
constructive design will certa in ly  lead to increased safety of the 
pipes against leaks. Furtherm ore, tes tab ility  and resistance of 
the piping are improved against un like ly , yet undiscovered, 
cracks producing long-term operating influences. With this  
tough material large breaks should no longer be postulated.

The influence of material d u ctility  on the safety of main 
coolant pipes against larger breaks was proved by large 
component experiments on representative piping components, 
testing break initiation and opening under LWR conditions.

The basic safety concept includes not only the prim ary  
coolant and connected systems, but also the pressure retaining
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walls of pipes, fitt in g s , valves, pressurizers and pumps of 
external systems, which are important to safety.

F irst acceptance tests have shown that the criteria  of basic 
safety concerning the material and its manufacturing are 
generally well met. This applies particu larly  well to the 
toughness of the piping steel, its manufacturing and forming 
q u a lity , and the thereby resulting easy realizability  of quality  
assurance.

The basic safety concept has been applied to several 
mechanical systems under construction and for the f irs t  time to 
the Philippsburg-2 nuclear power p lant. Therefore , 
Philippsburg-2 can serve as a reference plant fo r the Convoy 
plants on order.

2 .2 . Postulated leak cross section in the main coolant pipe

Owing to the basic safety of the main coolant pipes a 
considerable improvement in the safety of the pressure-reta in ing  
boundary has been achieved. Consequently, the consistent 
design (in  all aspects) against a double-ended guillotine break  
(2 -A )  is no longer required.

As a maximum value a 0 .1 -A  leak cross section in the main 
coolant pipe has been chosen. On the one hand this break size 
represents approximately the cross section of the largest 
connected pipe of the pressure-reta in ing boundary. On the  
other hand it covers by fa r  all conceivable sub-critical flaws of 
the pressure-re ta in ing  boundary.

Concerning the design analyses of reaction and je t forces 
on pipes, components, component internals and building  
structures , a small leak cross section of 0 .1 -A  has to be 
considered. For example, a 0 .1 -A  leak cross section has to be 
assumed to determine the strength of the whipping of leaking 
pipes or the dynamic loads on pressure vessel internals.

From fundamental safety considerations, especially to 
maintain the independence of safety b a rrie rs , the double-ended  
break postulate (2 -A )  was kept for the design of the emergency 
core cooling system, the containment and its in ternals , and the 
stability  of large components of the pressure-reta in ing  
boundary.

However, owing to improvements and results from R&D 
projects, in accident analyses a reduction of the conservative  
assumptions within certain areas in performing the analyses 
should be considered.

As a consequence of the basic safety, pipe whip 
res tra in ts , orig inally  necessary to cope with reaction forces 
resulting from a 2-A  loss-of-coolant accident, can be dropped. 
Therefo re , the accessibility to the pipes and th e ir neighbouring  
components becomes much easier. Inspection and repair will be
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easier and radiation exposure of personnel will become less for 
this type of w ork.

The new design requirements fo r the main coolant pipe 
were laid down in the 3rd edition of the guidelines fo r PWRs of 
the RSK in October 1981 (see Ref. 3 ).

2 .3 . Raising of the set-po in t pressure of the main steam safety 
valve for control of a steam generator tube break__________

In the event of a steam generator tube break of a PWR an 
automatic switching-on of the high pressure injection system 
cannot be precluded. Contaminated steam could be released fo r  
some time via the main steam safety valve, even if the defective  
steam generator has been isolated.

The reason is that the set-point pressure of the safety 
valve (about 86 b a r) - in the range of saturation pressure of 
the prim ary side - is lower than the maximum pump head of the 
high pressure injection system (110 b a r).

To limit the release of radioactivity through this path, 
high pressure injection pumps would have to be sw itched-off by 
the operator during the fast reduction of the prim ary system 
pressure. These measures are part of the normal emergency 
procedure.

To control a steam generator tube break, even if the high 
pressure injection system is turned on, and to avoid short-term  
operator actions raising of the set-point pressure of the main 
steam safety valve of the defective steam generator is proposed. 
The set-point pressure would be somewhat higher (116 bar) 
than the maximum pump head of the high pressure injection 
system (110 b a r ) . The accident control would become simpler.

3. EXPERIENCE FROM OPERATION AND DESIGN ANALYSES

Worldwide operating experience has been in existence for 
more than 20 years, with a summarized operating time of more 
than 2000 years. A t present, over 250 nuclear power plants are 
in operation.

Overall operating experience has shown that the design
provisions fo r safety were able to prevent the dangerous
release of radioactive material into the environment in all
situations. However, incidents and accidents have occurred in 
the past and have led to improvements. But no spectacular 
changes in the safety philosophy have resulted or are to be
expected.

Investigations have indicated that engineered safeguards of 
nuclear power plants give an effective protection even during  
accident sequences, which exceed the design of those systems.
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Phenomena during the sequence of the TMI accident show the  
same directions. In order to make better use of this system 
behaviour additional requirements and measures have been 
proposed, e .g . improvement of measures to monitor and control 
hydrogen generation a fter a LOCA, the measurement of coolant 
temperatures in the pressure vessel up to 1000°C, a remotely 
controlled degasification of the reactor pressure vessel or an 
improvement of information fo r the operating personnel.

Furtherm ore, improvements of the reactor safety concept 
can be derived from design analyses. In this connection risk  
analyses and other probabilistic investigations are certain ly  
advantageous. This has been experienced by the German Risk 
Study ( F R G ).

Within the scope of design analyses the question arises as 
to what extent the safety systems and thereby the physical 
barriers  limit the consequences of severe accidents. Here, to a 
large exten t, probabilistic analyses contribute to an assessment 
of the value of measures fo r consequence limitation.

An important piece of information about operating  
experience is the documentation and evaluation of safety related  
events. Analysis of accumulated data allows fo r the detection of 
component déficiences in a particu lar p lant. In addition, lessons 
can be learned fo r the protection of other plants against similar 
fau lts , and the experience gained can be incorporated into the  
design of new plants.

In the following sections typical examples, mostly
concerning PWR design, are given. They are arranged in three  
categories representing quality  assurance and early detection of 
fa ilu res , operating re liab ility  of components and systems, and 
the human factor. The examples show a list of individual
improvements with the aim of reducing the probability of 
incidents and accidents and improving the fle x ib ility  fo r  
mitigating against certain accidents.

3 .1 . Quality assurance and early  detection of failures

3 .1 .1 . Exchange of the main steam and feedwater pipes in BWRs
of the Federal Republic of Germany________________________

As a typical example of quality  assurance, exchange of the
main steam and feedwater pipes in Federal German BWRs should
be mentioned. In 1978 inspections in the BWR Philippsburg-1  
und subsequently in other BWRs in the FRG revealed material 
déficiences on the main steam and feedwater pipes. 
Consequently, questions have arisen about the pipe quality  for 
long-term  operation. These deficiencies were mainly hardness 
bells due to negligence of fabrication requirem ents, insufficient 
preparation of welding work and edge displacements, as well as 
too little  circum ferential s trength .
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For affected parts of the main steam and feedwater pipes 
an exchange schedule was established. Up to now, exchange 
has been accomplished fo r Philippsburg-1 and ls a r-1 , while 
work on Würgassen and Brunsbüttel started very  recently.

It was fe lt th a t these precautionary measures, even if very  
costly, were necessary in order to improve fu rth e r  the in teg rity  
of the piping system for long-term operation.

3 .1 .2 . Systems for early  detection of failures based on noise 
diagnostic techniques

Operational experience showed that vibration and loose 
p art detection could be a potential tool fo r early diagnosis of 
fa ilu res . There fo re , detection systems based on noise diagnostic 
techniques have been developed during the last ten years.

Surveillance and diagnosis is performed by comparison of 
actual signatures of stochastic signals with reference patterns  
known for the 'healthy' status of prim ary system components or 
the therm ohydraulic process.

Meanwhile, vibration monitoring and loose parts monitoring 
systems have been developed and are installed in nearly all 
Federal German nuclear power plants. The operating  
experiencies showed th a t mechanical fa ilures and loose parts can 
be predicted and located with a high degree of confidence. 
Examples of such predictions are loose parts in the prim ary  
system or defective bearings in feedwater valves.

3 .2 . Operating re liab ility  of components and systems

There is a general e ffo rt to increase the re liab ility  of 
components and systems, as well as to reduce the response 
frequency of the reactor protection system. G enerally, reactor 
protection signals override operating systems, although these 
systems can provide a significant contribution to an accident 
control because of th e ir high availab ility .

3 .2 .1 . Defence-in-depth  concept by the instrumentation  
and control system

To reduce the action of the reactor protection system a 
concept of defence-in -depth  has been applied to the  
instrumentation and control system of modern Federal German 
nuclear power plants. A hierarchical s tructure  of counter
measures represented by automatic controls, limitation systems 
and the reactor protection system has been designed (see 
Fig. 2 ).

The automatic control systems are designed to keep 
systems within th e ir operational limits and to cope with small 
disturbances.
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3. Level Reactor Protection 
System

t
2. Level Lim itation Systems

t
1. Level A u tom a tic  Controls

FIG.2, Defence-in-depth philosophy realized by the instrumentation and control system.

The next level of this concept of defence-in-depth is 
realized by the so-called limitation systems, of which there are 
two d iffe ren t types. One is the condition limitation, which 
ensures that process values in the related systems do not 
exceed the limits specified in the safety analysis. The other is 
protection lim itation, which is designed fo r protective counter
measures fo r certain events.

The last level is the reactor protection system, which
automatically shuts down the plant to bring it to a safe 
shutdown state. The reactor protection system itself responds 
only in the event of incidents or accidents which cannot be 
handled by the other described countermeasures.

With this defence-in -depth  concept a more appropriate  
response of the reactor protection system can be achieved.

3 .2 .2 . Inappropriate reactor protection system actions

The design of the reactor protection system was orig inally  
oriented by the design basis accidents. As a resu lt, in the past 
the reactor protection system was called upon even in the event 
of re la tive ly  small occurrences. Operating systems were
frequen tly  eliminated unnecessarily.

Some examples show that technical improvements could 
optimize actions of the reactor protection system.

3 .2 .2 .1 .  Reliable heat sink

A fte r a postulated main steam pipe break release of
radioactive material into the environment is possible. Therefore , 
the affected steam generator has to be isolated by the reactor 
protection signal 'pressure gradient greater max' (d p /d t )  in the 
secondary steam system.
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In the event of a large main steam pipe break the pressure  
in the four steam generators drops very  qu ick ly . The d p /d t-  
criterion initiates the following actions: reactor scram, turb ine  
tr ip , shu t-o ff of the secondary steam system by means of main 
steam isolation valves and interruption of the main feedwater 
pumps.

It  transpired  that even during operating transients the 
reactor protection signal d p /d t had been unnecessarily released 
by increased steam removal. A typical example is too rapid an 
opening of the main steam bypass.

During initial introduction of the d p /d t signal, it was 
released unnecessarily several times. This signal caused 
separation of the main heat sink from the reactor and the steam 
generator from the main feedwater supply. Since then, the 
frequency of release of the d p /d t signal has been essentially 
reduced by proper setting.

Additionally, the availab ility  of feedwater supply has been 
improved. As fa r as possible the steam generators are fed by 
the operating systems. These are the main feedwater system as 
well as the auxiliary  feedwater system for plant s tart up and 
shutdown, which can operate on emergency power. In addition 
to operating systems there is a completely independent 
emergency feedwater system (so-called bunkered system, i .e .  
protected against external events) separated into four 
redundant tra in s .

This design suggests that a feed and bleed mode of 
operation need not to be considered.

3 .2 .2 .2 .  Primary system isolation

In the Federal German PWR design there are two types of 
isolation. On the one hand there is containment isolation, which 
is activated together with the preparatory signals fo r emergency 
cooling, and on the other hand there is isolation of the reactor 
coolant system.

In the event of a small LOCA, via the interfacing systems, 
the prim ary system has to be isolated. This isolation, together 
with the reactor scram, is activated by a low pressurizer level.

Isolation of the prim ary system has been activated several 
times unneccessarily with cold water transients. Because the 
main coolant pumps are tripped by the isolation signal, the 
decay heat removal is only based on natural c irculation. This  
mode is undesired, especially when the plant is cooled down. A 
more flexib le response of the protection system to transients  
would improve the situation.

3 .2 .2 .3 .  Containment isolation

In BWRs the flow rate through the four main steam pipes 
is controlled by the reactor protection system. If ,  in one of the
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four main steam pipes, the flow rate exceeds a limiting value of 
120% of the nominal flow rate , the reactor protection system 
activates isolation of the four main steam pipe penetrations  
through the containment.

If erroneous closure of one main steam isolation valve or a 
tu rb ine  control valve or a tu rb ine  tr ip  valve occurs, the flow 
rate in the three other main steam pipes increases and exceeds 
the limiting value of 120%. This leads to penetration isolation of 
the three main steam pipes, causing loss of the main heat sink.

Experience with BWR plants in the FRG showed a
frequency of about 0 .5 /a  fo r an erroneous closure of one main 
steam isolation valve.

Adjustment of the flow rate limit to a higher value could 
reduce the frequency of 'loss of heat sink' transients.

3 .2 .3 . Component fa ilu re

Surveillance of component fa ilu re  can be used to monitor 
the quality  of d iffe ren t components.

Continuous e ffo rt is being made to improve the data basis
for component fa ilu re  rates by field experience. To a large
extent component fa ilure  rates used in the German Risk Study  
were based on published data.
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In Fig. 3 data fo r motor-operated valves and pumps 
(including motor starters  and control devices), as used in the 
German Risk S tudy, are compared with those from operating  
experience in the Biblis nuclear power p lant. The data are mean 
values. As a result of this comparison it can be seen that the 
received operating data f i t  well into the e rro r bands of the data 
of the German Risk S tudy.

3 .3 . Human factor

It  is well recognized that operators play an important role 
in the safe operation of nuclear power plants. On the one hand 
they can, for example, aggravate the situation a fter 
disturbances, and on the other hand they can return  the 
reactor back into a safe state, even if the disturbance has 
already begun.

3 .3 .1 . Operator behaviour

Considering the safety related importance of actions by 
operator personnel, these actions can be divided into two 
categories, i .e . in planned and unplanned actions.

(a )  Planned _ actjons are required by operational procedures. 
They are necessary during normal and abnormal operation, and 
after an accident has occurred. If  planned actions are 
performed as required they are safety oriented. I f  planned 
actions are not co rrectly , or not, perform ed, one can imagine 
situations, especially if the plant is not under normal operation, 
where the reactor protection system cannot cope with the 
results of those erroneous actions. To increase the reliable 
performance of planned actions, automatic systèms are provided  
in Federal German plants. They control the plant even under 
accident situations fo r at least 30 minutes, before action by the 
operator is requ ired .
(b )  Unpjanned__actiiqns by the operator cannot be predicted.
However, such unplanned actions should certain ly be detected
by the reactor protection system, which brings the reactor into
a safe shutdown condition. Operating experience indicates and 
results from re liab ility  analyses show that in almost all
investigated cases such unplanned actions have been covered by 
the reactor protection system. However, a systematic review of 
this type of operator e rro r has not yet been performed.

In fu rth e r  analyses, one can therefore reduce erroneous 
operator actions, which could impair plant safety , to improperly 
performed planned actions.

A special case is operator action during maintenance and 
repa ir. In this case one has to rely f irs t  of all on the
performance of adm inistrative measures such as release for 
repair and check lists. To reduce erroneous operator actions
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here two additional measures are perform ed. These are position 
monitoring of the main manual valves of the fro n t-lin e  systems 
and control signals to all motor-operated valves by the reactor 
protection system.

Situations still remain 30 minutes a fter an accident where 
one has to rely on the experience and knowledge of responsible 
plant personnel. Here, successful action requires reliable, 
unambiguous and adequate information to be given to the  
control room. Various improvements in this direction have been 
made or are being made.

If clear information on the plant state is available fu rth e r  
action of the operating personnel can be considered.

Although human intervention in the reactor protection  
system is normally not allowed by Federal German regulations 
fo r accident control, it should be permitted in special cases, 
such as unforeseen courses of severe accidents, in order to 
limit possible severe consequences. But even here a basic 
requirem ent fo r any operator action has to be clear and 
unmistakable information on the plant state.

3 .3 .2 . Control room developments

Man/machine interface plays an important role in improving 
reactor safety. A relevant investigation was made in the FRG 
(see Ref. 4 ) . The concept of modern control rooms of nuclear 
power plants is mainly characterized by automation of
protection, control and closed loop control functions;
organization in d iffe ren t functional control areas; computer 
based information processing; ergonomical-technical design.

Automation reduces the human workload. Concentration of 
sub-areas permits clear organization in the control room. There  
are areas fo r specific power operation, e .g . power operation, 
start up and shut down operation, areas fo r operation of 
auxiliary  systems, and areas fo r fau lt c larification, operational 
optim ization, documentation, and intercommunication.

The computer-based information process offers new
possiblities of concentration and presentation of information, 
e .g . reduction of messages, a disturbance analysis system, a 
safety parameter d isp lay, an operating manual, and a coloured 
video display system. In this connection an improvement of the  
concentrated information display to the operator and a decrease 
of stress situations can be expected.

The design based on ergonomical-technical principles
ensures the re liab ility  of interactions between the operator and 
the equipment.

A survey of a modern control room concept is shown in
Fig. 4. It  represents a model fo r a Convoy plant. In the fro n t
the main control area with integrated CRTs can be seen.
Arrangem ent of the indicators and operating switches on the
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FIG .4. M odern control room  model.

control desks will be well structured  in clearly arranged mimic 
diagrams. So fa r , in this model control room only the mimic 
diagrams are indicated. The auxiliary  control areas and sections 
fo r fau lt clarification and operating optimization are placed in 
the background. On top of the auxiliary  control area 
instruments of important safety parameters, such as steam 
generator level, pressurizer level, and main coolant pressure  
and tem perature, are situated.

4. FUTURE ASPECTS

Development of reactor safety in the past has shown that 
the safety concept must be implemented in a more d ifferentiated  
way. Optimizations have to be performed in various system 
areas in order to enhance the operating fle x ib ility  of the plant 
and to reduce unnecessary intervention of the reactor 
protection system.
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Systems important for reactor safety should be activated 
only in cases where they are absolutely necessary to bring the 
plant into a safe shutdown state. The tasks of the reactor 
protection system should be brought back to its original 
function, i .e . prevention of the dangerous release of radioactive 
material into the environment. O ther protection measures can be 
performed by control equipment and operating systems.

Implementation of modern communication methods results in 
basic changes in the control room design. In connection with 
computer-based information processing they permit an 
appropriate and clear presentation of information on the plant 
state. Further developments of the man/machine interface will 
increase operating re liab ility  and therefore plant safety.

Further improvements of the safety concept can be derived  
from R&D activ ities. The paper IA EA -C N -42/136 by M r. Seipel 
(FR G ) shows some examples.

Investigations of severe accidents with an extrem ely low 
probability indicate that the present design provisions for 
safety are able to reduce, to a great ex ten t, release of 
radioactive material into the environment. The consequences of 
severe accidents will presumably be lower than predicted up to 
now, e .g . in WASH-1400 and the German Risk S tudy. However, 
it is d ifficu lt to judge the overall effectiveness of measures for 
consequence lim itation. On the one hand they are only effective  
under definite accident courses, on the other hand complete 
analysis and verification are hard ly possible. Entire protection 
against all conceivable severe accidents is hard ly to be 
expected. For investigations of in itiating events and event 
sequences of severe accidents probabilistic analysis is a useful 
tool. In addition, fo r assessment of measures fo r consequence 
lim itation, cost-benefit analysis should play an appropriate role.

5. CONCLUSIONS

Finally, it can be stated that operating experiences confirm  
the reactor safety concept. The design provisions fo r safety 
have proved th e ir overall effectiveness. This certain ly does not 
exclude continual examination of safety questions, as is also 
usual and necessary in other fields of technology. Further  
developments should be directed to improve the re liab ility  of 
measures fo r accident prevention and to enhance the flex ib ility  
of engineered safeguards.
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Abstract

BIG NUCLEAR ACCIDENTS.
Much o f the debate on the safety o f nuclear pow er focuses on the  large num ber of 

fatalities th a t could, in theory , be caused by extrem ely unlikely but imaginable reac to r accidents. 
This, along w ith the nuclear industry ’s inappropriate  use o f vocabulary during public debate, 
has given the general public a d istorted impression o f the safety o f nuclear power. The way in 
which the probability  and consequences o f big nuclear accidents have been presented in th e  past 
is reviewed and recom m endations for the fu ture  are m ade including the p resentation  o f the long
term  consequences o f such accidents in term s of ‘reduction in life expectancy’, ‘increased 
chance of fatal cancer’ and the equivalent p a tte rn  o f com pulsory cigarette smoking.

1. Introduction

The British novelist C.P. Snow, who later became Lord Snow 
and a Minister in the British Government, used to lecture 
frequently about the danger he saw of "two cultures" growing 
up in WOGA^. One culture was scientific, technical and 
numerate and the other was non-scientific, artistic and non- 
numerate. He was concerned that the people in the large non- 
scientific culture knew less and less about the technological 
innovations upon which our civilised world has come to depend.
He argued that each day people used electronics, semi
conductors, engines, advanced metallurgy, advanced chemical 
preparations and all this without having any sense of 
appreciation of their scientific foundation.

As a young man I can remember listening to these lectures 
from C.P. Snow with a great sense of inner complacency and self- 
satisfaction because I knew I was a member of the numerate and 
scientific culture and he was plainly expressing regrets about 
the abilities of the other one. It is only in recent years that
I have come to realise that his ideas can be applied with equal 
force in the reverse direction. We scientists develop the habit

1 World outside centrally planned econom ies area.
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of speaking to one another in our own jargon which is 
incomprehensible to the general public or the educated layman. 
Indeed, we use ordinary everyday words in a way which is mis
leading unless one has grown up with their use in a narrow, 
technical way. In my opinion the nuclear power industry is 
guilty of this use of jargon and I believe this fault is a 
significant contribution to the mis-understanding and fear which 
the general public has about nuclear power. To illustrate this 
general point I shall in this lecture concentrate exclusively on 
a single topic; the hypothetical, very unlikely, gigantic 
nuclear accident. I shall develop the thought that the public’s 
emotional fear of this is partly caused by the nuclear 
industry's incorrect use of language within its own professional 
discussions. Of necessity the arguments in this paper relate to 
the presentation of the safety of nuclear power in English but a 
great deal of what I have to say is relevant to presentations in 
French and German, and perhaps even in Japanese.

2. Big Nuclear Accidents

One of the main concerns people have about nuclear power 
is the risk to the general public from big nuclear accidents. 
People are frightened by the very large number of fatalities 
that they have heard could be caused by such accidents. This is 
not surprising because these large numbers have tended to be the 
focal point of the media's interest in nuclear safety.

'EARTHQUAKE KILLS 10 000'

'CIGARETTE SMOKING KILLS' 

50 000 ll\l 1981

'REACTOR ACCIDENT COULD' 

KILL 104 000

FIG. I. Newspaper headlines.
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Figure 1 shows newspaper headlines; the first headline - 
"Earthquake Kills 10 000" - is immediately understood by 
everybody. It means that there are 10 000 people killed at the 
time of, or immediately after, an earthquake. The second 
headline - "Cigarette Smoking Kills 50 000 in 1981" - is also 
understood; nobody imagines that 50 000 people fell down dead 
after smoking a cigarette, rather it is understood that in 1981 
smoking had adversely affected the health of 50 000 people and 
led to their death from cancer, heart disease or bronchitis 
earlier than would have been the case had they not smoked. The 
meaning of these two fatality figures is obvious to the general 
public because of the context in which they appear. In these 
two headlines the word "kills" is being used in two entirely 
different ways. In the first it is describing sudden death and 
in the second it is describing an adverse health effect leading 
to eventual death. Because the general public has an 
appreciation of earthquakes, especially in today's era of 
instant television reporting, and because they know that smoking 
a cigarette does not kill you in the same way as a drink of 
cyanide would, they are immediately able to appreciate the 
meaning of these headlines. Indeed the public would probably be 
irritated if somebody made this meticulous point to them.

In contrast, it is clear to me that the third headline - 
"Reactor Accident Could Kill 104 000" - is not understood by the 
general public. This number is one of the biggest numbers I 
have ever seen for possible fatalities following a big nuclear 
accident. The figure comes from the German Risk Study (FRG) and 
it is true to say that one can calculate consequences of this 
magnitude by taking the most pessimistic assumptions on the 
dose/cancer relationship and considering the consequences for a 
very large population (in this case 800 million). When the 
public read headlines like this they assume that 104 000 people 
could die immediately following a reactor accident, as if they 
were killed by an earthquake. This is not the case; in fact, 
this very large figure represents the number of people who could 
die prematurely from the adverse health affects which could 
result from exposure to radiation following a big reactor 
accident. These fatalities are analogous to premature deaths 
caused by smoking and they occur during a 30 year period 
starting some ten years after the accident. This explanation 
creates a completely different image from that created by the 
newspaper headline which puts into the public's mind the idea 
that it is reasonable to expect that there could be such an 
accident and large numbers could die immediately. I argue that 
some of the responsibility for this false image rests with the 
nuclear industry, so now I want to consider how this situation 
has come about.
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When the nuclear community first discussed these large 
hypothetical accidents we measured the size of the accident in 
terms of the radioactivity release, expressed in curies, but for 
our own professional discussions that was not really 
satisfactory because a release in curies could not be directly 
translated into an effect on the population. The curie release 
was therefore converted into the radiation dose to members of 
the affected population in "rem" and from that point it was a 
small step to multiply by a risk factor (1.25 x 10-¿>) to 
convert the total man-rem dose from a hypothetical accident to 
the potential number of fatalities to be expected in the long 
term. Depending on the assumptions made in the calculations, 
this final answer could be quite large. I have already referred 
to a figure of 104 000 In the German Risk Study. The media has 
broadcast these fatality figures and quite understandably the 
general public have expressed their alarm at the size of the 
numbers. Since then representatives of the nuclear industry 
have tended to respond to these numbers in one of three ways:

Either; they talk about the very low probability of 
accidents occurring, pointing out that the 
probability of large numbers of fatalities resulting 
from an accident is less than 10“6 per year. 
Unfortunately, very few members of the public - and 
many scientists - do not have an instinctive feeling 
for what this 10“^, or one in one million chance 
each year, actually means. This recourse to 
probability is therefore not a successful way of 
explaining matters, since it is not understood by 
the people to whom it is directed.

Or; they point out that other hazards of everyday 
life are greater, such as those of travelling by 
railway, or death in a road accident. This second 
approach is more easily understood by the public 
but, taken alone, it still leaves people worried 
because It leads them to connect the frequency of 
these everyday accidents (and the immediate or short
term death of those involved) with the large number 
of fatalities often talked about in connection with 
big nuclear accidents. Therefore this approach also 
fails, which simply leads one to conclude that the 
public are less tolerant of large involuntary risks 
than they are of small voluntary risks which they 
perceive, perhaps incorrectly, that they can control.
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- Or; like Rasmussen they compare risks from nuclear 
accidents to other remote risks such as those of 
earthquakes, aircraft crashes, dam bursts, fires, 
etc. and, although this comparison is favourable to 
nuclear power, it is self-defeating because it 
reinforces the idea that the large numbers quoted 
for hypothetical reactor accidents are all sudden 
deaths just as they were for earthquakes, aircraft 
crashes, dam bursts, etc.

Because of the limitations of these three approaches there 
is still widespread fear of the consequences of big nuclear 
accidents. The nuclear industry therefore has to make a more 
realistic and readily understood comparison between the risks 
from big accidents and risks which are accepted daily by members 
of the public. In doing this it is essential to make a very 
clear distinction between:

(a) short-term deaths at the time of, or immediately
following, an accident, and

(b) adverse health effects possibly leading to premature
death many years after the accident.

It is also essential to give a non-numerical explanation of the 
extremely low probability of there being a big reactor accident. 
In the remainder of this lecture I will set out my proposals for 
accomplishing these objectives.

3. The Probability of Big Nuclear Accidents

It is important that the nuclear industry gives the public 
a true perspective of the extremely small chance of there being 
a big nuclear accident. There are those who argue that if a big 
nuclear accident, which could cause harm to the public, is even 
remotely possible then we should not have nuclear power 
stations. It is possible to see the fallacy of this argument by 
taking a parallel in some other field, say, civil aviation. Let 
us ask, "In view of the possibility of serious flying accidents, 
should civil aviation be allowed?"

Most serious aircraft accidents have involved deaths to 
people, so we must start by acknowledging that aeroplanes do 
crash, and people are killed when flying in aircraft. We accept 
that every so often a jumbo jet will crash and, say, 300 people 
will be killed. This is not a remote possibility, it is 
expected to happen, and it does happen. Similarly we know that 
a collision of two jumbo jets is possible. This is a
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practicable accident that would kill 600 people; but, although 
it is possible and practicable it is not likely to feature often 
in accident statistics because the chance of it actually
happening is much more remote than the crash of a single
aeroplane.

Let us now imagine even worse accidents. We could imagine 
that a jumbo jet full of passengers and with full fuel tanks, 
crashed onto London's Wembley Stadium when it was packed with 
people for a sporting event. The probability of this can be 
calculated to be 10“° per year or, putting it another way, an 
event we would expect only once in every 100 million years; an
extremely remote possibility, but one which cannot be dismissed 
as impossible. If this accident happened then many of the 
people in the stadium, say, 10 000 might be killed. No one 
could say that this could not happen but, on the other hand, no 
one expects it to happen. No one argues that because this 
terrible accident is possible, we should stop flying or even 
stop flying over football stadiums.

There is indeed no limit to the human imagination. We can 
imagine even worse disasters resulting from aircraft crashes - 
it is only necessary to compound unlucky circumstances on 
unlucky circumstances to conceive really gigantic disasters.
Thus we are forced to admit to the possibility, the very remote 
possibility, that an aeroplane accident could lead to the death 
of 50 000 people or more, but the event is so hypothetical and 
beyond the limits of plausibility - though still possible - that 
no one would argue that it should figure in discussions about 
aircraft safety. What we are saying here is that for flying we 
can imagine a single gigantic accident killing very large 
numbers of people and the size of the number is limited solely 
by the ingenuity of our imagination. But these very large 
numbers, while not actually impossible, are so remotely likely 
in practice that a discussion on the safety of flying which 
starts by quoting this enormous number of fatalities would be 
generally accepted as unrealistic and misleading. It is far 
more realistic to talk about the numbers of deaths one might 
expect as a result of aircraft accidents. This is very much 
less than the extremely large number of deaths that are 
conceivable and, in the UK, is thirty or so each year rather 
than tens of thousands.

In exactly the same way in the nuclear industry, it is 
misleading to focus discussions about safety on the possibility 
of extremely large reactor accidents, which are imaginable but 
are extremely unlikely to happen. It is necessary, in order to 
get a more realistic appreciation of the safety of the nuclear
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industry to make a practical judgement of what is likely to 
happen if there is a reactor accident, and also a practical and 
realistic judgement of the remote possibility of that accident 
happening in the first place.

The aircraft analogy enables us to establish some helpful 
vocabulary. I suggest that we should draw the distinction 
between those accidents that are expected, for example the crash 
of a jumbo jet, and those accidents that are imaginable, such as 
the crash of a jumbo jet into a crowded sports stadium. Nuclear 
power stations are designed so that expected accidents have no 
consequences for the public; it is the extremely unlikely 
Imaginable reactor accidents, which give the large numbers of 
fatalities that are so often quoted. Although nobody would 
claim that such imaginable reactor accidents are impossible, we 
should certainly not expect them to happen and indeed, using 
everyday language, they will not actually happen.

My first proposal is therefore that the nuclear industry 
should use this analogy with civil aviation and the adjectives 
"expected" and "imaginable" to give the general public a concept 
of the low probability of reactor accidents. This does not 
imply any change in our own way of working, the numerical 
presentation of 10“^, 10~^ etc.is, of course, entirely proper 
and correct for our own professional discussions.

Having put the probability, or chance, of there being a 
big reactor accident into perspective, I now want to consider 
how the nuclear industry can best convey a true impression of 
the consequences of an imaginable reactor accident if we 
hypothesise that one were actually to happen.

4. Short-Term Consequences of Imaginable Reactor Accidents

Following gigantic reactor accidents, which require an 
extremely unlikely and a highly imaginative sequence of events 
to take place before they can happen, there is a chance that 
exposure to radiation could cause deaths immediately after the 
event. It gives the correct impression to talk about these 
short-term deaths as, "deaths”. The people concerned would be 
identifiable and they would know they were victims of the 
reactor accident. However, the number of short-term deaths 
following such an accident would be very much lower than the 
number of long-term cancer deaths; the latter being the basis of 
the misleadingly large numbers so often quoted in newspaper 
headlines.
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F IG .2. Comparison o f  short-term  deaths from  imaginable big nuclear accidents with fatalities 
fro m  non-nuclear man-caused accidents.

When we are talking about short-term deaths it is entirely 
fair and proper to follow Rasmussen and compare the consequences 
and frequency of reactor accidents to those from earthquakes, 
dam bursts, etc. I think the comparison is useful, it exposes 
to the public that we are not arguing that nuclear power Is risk 
free, only that it is very, very safe. I therefore commend the 
type of comparison presented in Figure 2 which shows the 
frequency with which more than a certain number of people are 
killed each year in some non-nuclear man-caused accidents in the 
UK. For larger accidents, with more serious consequences, the 
lines have been extrapolated using world-wide data. On the same 
figure I show a Rasmussen type plot for a WASH-1400 reactor 
located at Sizewell.

It is important when presentating such graphs to explain 
that they are not the end point of a reactor safety assessment; 
they are simply one step in the never-ending duty of the nuclear
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industry to provide cheap nuclear power with all reasonable 
safety. Risk assessments leading to graphs of this type 
therefore automatically lead to re-consideration of reactor 
design and operation. This re-consideration produces a further 
favourable change in the risks of nuclear power compared with 
other man-caused risks. For this reason the actual reactor to 
be built at Sizewell will have a risk curve at a lower level 
than that shown for a WASH-1400 reactor in Figure 2. Whilst I 
commend this presentation for conveying the low risks of short
term death from imaginable reactor accidents, in my opinion it 
is essential that its use is restricted to consideration of 
short-term deaths; it is not appropriate to add to the figure 
the potential number of long-term cancer deaths because they are 
more appropriately expressed in terms of an adverse health 
effect leading to premature death and, therefore, require 
separate presentation and discussion.

5. Long-Term Consequences of Imaginable Reactor Accidents

As I explained earlier, the very large numbers of 
fatalities which are so often quoted for hypothetical accidents, 
such as 104 000 deaths from the German Risk Study, could more 
accurately be described as adverse health effects leading to 
premature deaths from radiation induced cancer, over a period of 
30 years starting some 10 years after the imaginable big reactor 
accident. It is misleading to quote potential long-term deaths 
and the immediate short-term deaths as though they were the same 
thing. It is exceptionally misleading to put them on the same 
graph but, that said, how then should we discuss long-term 
effects? In my opinion we should first explain that 
hypothetical, although imaginable, reactor accidents could cause 
adverse health effects leading to premature deaths and we should 
then discuss these adverse health effects in three separate 
ways. Each of them, taken individually, has a weakness but, 
collectively, these three ways give a precise and fair method of 
discussing the risks amongst ourselves and explaining them to 
the public. The three ways which, in my opinion, are most 
meaningful are to calculate the loss of life expectancy to the 
exposed population; to calculate their increased chance of dying 
of cancer and, finally, to express the adverse health effects 
they suffer in terms of the equivalent pattern of compulsory 
cigarette smoking. Let us discuss each of these concepts in turn.

6. Reduction in Life Expectancy

If we consider a hypothetical accident in which a dose of 
D rems is given to a member of the public, then there is general
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FIG.3. Comparison o f  the long-term risks fo llow ing a big nuclear accident with a pattern o f  
com pulsory smoking.

agreement that he runs an extra risk of the form shown in 
Figure 3. This figure shows an increased risk of death of 
4.2D x 10“6 for each year of his life commencing 10 years after 
he received the dose and ending 30 years later. This figure has 
assumed the usual linear relationship between risk and radiation 
dose. We have, therefore, conservatively assumed no cut-off to 
the risk at low dose and, of course, that the dose is not large 
enough to cause short-term death as discussed earlier in this 
paper. Given that this additional risk has to be superimposed 
upon the normal risk against age curve, it is now possible in a 
straightforward way to calculate the resulting reduction in life 
expectancy for a man aged, say 'a', as a function of 'a1. It is 
probably most straightforward to average over the whole exposed 
population and simply to quote the average loss of life 
expectancy averaged over all ages. If we anticipate the results
I shall give later in this paper, such a calculation for a 
typical population would tell us that a dose of 1 rem Is 
equivalent to a loss of life expectancy of 20 hours. It is
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therefore fair and proper to explain that the consequence of a 
hypothetical but imaginable accident is to reduce the life span 
of a person who could have been affected, ON AVERAGE, from 
something like 70 years to something like 70 years less a few 
hours or, for an extreme accident, less a few days. It is 
therefore fair to explain to the public that we do not expect 
big reactor accidents to happen, the chance of them happening is 
extremely remote and that, even if one did happen, then ON 
AVERAGE their life expectancy would be reduced by this small 
amount due to the adverse health effects of the radiation 
released during the accident. In my opinion this presentation, 
which is quite precise and correct, gives the public a better 
appreciation of the risks they might run from a hypothetical 
nuclear accident and, I believe, should be reassuring to them.

However, the use of the expression, "reduction in life 
expectancy" has one big weakness. I have used the words "ON 
AVERAGE" in the previous paragraph because the expression 
"reduction in life expectancy" does not properly describe the 
stochastic nature of the risk. This average value is arrived at 
by taking a mean between the very large number of people in the 
exposed population who will not be affected at all and the small 
number of people who have their life span decreased by one or 
two decades. Therefore, although the use of the expression is 
helpful, it cannot stand alone because it does not convey the 
stochastic nature of the risk - and the public certainly will 
not understand the word stochastic.

7. Increased Probability of Cancer

The increased risk of the form shown in Figure 3 can also 
be used to calculate the increased chance of a cancer death and, 
again anticipating the typical results to be described later, we 
would find the following. Over the average population an 
individual's chance of dying of cancer is of the order of one in 
five. For every rem an individual receives from a hypothetical 
accident, this cancer probability is increased by l/30th of 1%. 
In other words, even if a gigantic hypothetical but imaginable 
accident were to happen, the adverse health effects are an 
imperceptible increase in an individual's normal chance of dying 
of cancer. The chance of dying at all from any cause is, of 
course, 100% and to the degree that a person's chance of dying 
of cancer is slightly increased, their chance of dying of 
anything else is decreased. This method of describing the risk 
of a hypothetical accident has considerable merit because it 
correctly implies the stochastic nature of the risk and 
correctly gives an appreciation of the magnitude of the risk 
against a norm which the public can appreciate. However, it
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also suffers from a disadvantage; even If our gigantic 
hypothetical accident happens it would produce such a small 
change in the chance of an individual's death from cancer that 
we have only correctly conveyed an appreciation of the risk to a 
numerate person who has a feeling for the smallness of the 
number 3.3 x 10-^ or, alternatively, l/30th of 1%. This method 
of presentation therefore, although excellent for discussions 
between professional scientists, has its limitations for 
presentation to the public.

8. Compulsory Cigarette Smoking

It is now almost routine to compare the risks from nuclear 
power with the risks from cigarette smoking. However, the 
comparison as it is done normally loses its impact for two 
reasons. First, in most comparisons I have seen, it is 
customary to compare the risks of cigarette smoking with the 
risks from nuclear power in normal operation. This is not what 
concerns the public, they are concerned about the dangers from 
very large accidents. Secondly, the public make a clear 
distinction between involuntary risks which they might run as a 
result of a reactor accident and voluntary risks which some 
people run by choosing to smoke. Nevertheless I see great merit 
in comparing the risks from radiation with the risks from a 
compulsory smoking pattern because the risks are similar in 
type and both carry a risk of death from cancer. Because 
Governments, certainly the UK Government, have Invested such an 
enormous effort in educating the general public about the nature 
of risks from cigarette smoking, people do understand that if 
they smoke they have an increased chance of dying of cancer, 
they do understand that they have an increased chance of dying 
earlier and they do understand the stochastic nature of the 
risk. However, they will not use the word "stochastic", they 
will simply say that perhaps they will be lucky and perahps they 
will be unlucky as a result of their smoking pattern. Nowadays 
the public has such an instinctive understanding of the risk of 
smoking cigarettes that it must surely be sensible to explain 
the risks from radiation in terms of the equivalent compulsory 
smoking pattern. This should be done as carefully and precisely 
as possible to emphasise the directness of the analogy between 
the two risks. We should therefore not simply compare the risks 
from a hypothetical accident with the risks from smoking a 
single cigarette, we should describe the smoking pattern that 
most precisely reproduces the risk from the nuclear accident.

Referring again to Figure 3, we see that the risk from a 
radiation dose given to an individual at any age is best 
simulated by supposing that the individual is obliged to smoke
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cigarettes regularly starting 10 years after the incident and 
ending AO years after the incident. We therefore compare the 
risk from a dose of D rems delivered at one instant in time with 
a pattern of cigarette smoking of, say, С cigarettes per week 
over a 30 year time interval starting 10 years after the 
incident. This is illustrated very simply in the second part of 
Figure 3. The equivalence of the two risks is best expressed by 
saying that a dose of 1 rem is equivalent to this pattern of 
cigarette smoking at a rate of 1/20 of a cigarette per week. We 
are now able to explain to the population that the risk from a 
radiation dose of 1 rem is the same as the risk from being 
obliged to smoke 1/20 of a cigarette every Sunday. This level 
of cigarette smoking is so low, it must be less than the 
involuntary level of cigarette smoking forced on them because 
other people smoke alongside them in the office, in the 
underground or in the theatre.

Because the public now have a good appreciation of the 
risk of cigarette smoking and because this appreciation does not 
depend on a precise numerate expression, I think it is this 
method of presentation rather than the reference to reduced life 
expectancy or the increased chance of cancer which most 
accurately conveys a measure of the risk to the general public 
were a big nuclear accident to actually happen. However I must 
stress again that all three methods are equally accurate for our 
own internal professional discussions.

9. An Example

Let us now examine the impact that these various 
presentations have in describing the consequences of a gigantic 
hypothetical but imaginable accident. Let us imagine a gigantic 
accident that distributed radioactivity leading to a dose of
1 rem to everyone in London. (We will assume the population of 
London is 10 million people). The short-term death toll from 
this hypothetical accident will be zero. The potential long
term death toll is 1 250 people and if that is the only figure 
we quote the general public immediately infer an accident 
meaning "sudden death" involving 1 250 people. They are 
suitably appalled by the prospects and they are not reassured to 
be told that an earthquake in London would kill many more 
people. However this presentation, whilst accurate and 
appropriate for communication within the nuclear industry, is 
not appropriate for communication with the public because they 
are unable to appreciate the nature of the risk represented by 
this simple number. We should instead explain that the effect 
of this accident, if it occurs at all, is to reduce the life 
expectancy of Londoners by less than one day. We should explain
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that their chance of dying of cancer is imperceptibly different 
from that which it would be anyway. Finally, we should explain 
that the adverse health effects of this accident can best be 
imagined by supposing that everyone in London, as a compulsory 
matter, smoked 1/20 of a cigarette every Sunday. In doing this 
we should stress that these risks, which most people would 
consider acceptable, will only be relevant IF THE ACCIDENT 
HAPPENS.

It is, of course, important to explain that in addition to 
these adverse health effects, for even bigger imaginable 
accidents there is also a chance of deaths in the short term but
that they will be very much smaller in number and much more
directly comparable with other man-made or natural disasters.

10. Extended Analogies

So far, we have considered the risk from radiation 
administered a a result of a single accident. It is also 
relevant to consider the risks from a steady exposure to 
radiation spread over many years, for example the risks from the 
natural background radiation. For this, the pattern of 
radiation exposure is shown in Figure 4a and the corresponding 
addition to an individual's risk is shown in Figure 4b. The 
equivalent pattern of cigarette smoking now needs to be amended 
to the form shown in Figure 4c. We are then able to say that if
a person is exposed continuously to radiation at a level of
d rem per year from birth it is equivalent to a compulsory 
cigarette smoking pattern which builds up from zero at the age 
of 10 to a rate of 2d per week at age 40.

This line of thought could be used to give an interesting 
comparison between the risks of cancer deaths from nuclear 
reactor accidents and from energy conservation. Energy 
conservation in houses, offices and factories usually involves 
draught- proofing because stopping draughts is an effective 
method of saving energy used for space heating. However, any 
attempt at draught-proofing reduces the rate of air change per 
hour inside a building and therefore increases the exposure of 
the occupants to radon gas which is continuously emitted from 
building materials and the ground beneath the buildings. Recent 
estimates from the UK's National Radiological Protection Board 
suggest that exposure to radon gas is the largest single 
contribution on average to our background exposure and, although 
the risks from this phenomenon are not yet precisely quantified, 
we might reasonably guess that an effective draught-proofing 
programme might change our total background exposure by, say, 
10%. The normal average background of 240 millirem per year is
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FIG.4. The risk fro m  a steady exposure to radiation.

equivalent to a cigarette smoking pattern as shown in Figure 4c 
building up to h of a cigarette a week. A 10% change in that 
number is equivalent to 1/20 of a cigarette per week. This 
clearly represents a ludicrously low level of risk and I suspect 
that nobody would argue against energy conservation on these 
grounds. People instinctively understand that all human 
activities contain some risks and the benefits of energy 
conservation by draught-proofing are well worth a risk 
equivalent to 1/20 of a cigarette per week. This level of risk 
is the same as the risk to Londoners were our example imaginable 
big reactor accident to actually happen. However the radon risk 
from energy conservation would be ever present, whilst we



68 MARSHALL
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FIG.5. Mean m ortality  statistics and population-age distribution in Great Britain.

do not expect a big nuclear accident with equivalent adverse 
health effects to occur more than once in a million reactor years.

11. A Population Model

In this lecture I have advocated the use of the 
expressions "reduction in life expectancy", "increased chance of 
cancer death" and "compulsory cigarette smoking" to describe the 
risks from hypothetical but imaginable reactor accidents. I 
have explained that these concepts are precise and quantitative, 
not merely qualitative and I have indicated how they may be 
calculated in a simple way. I would like now to make one



IAEA-CN-42/18 69

further suggestion to assist in the clarification of public 
presentation on these matters. The precise calculation of these 
quantities over an actual population involves a knowledge of the 
total risk function plotted against age, the cancer risk 
function plotted against age, (as shown by the typical curves in 
Figure 5a) and, in addition, it involves a knowledge of the 
distribution of the population by age (Figure 5b). Finally it 
involves the use of a sizeable computer to perform the sums but 
for our purposes the precision of this is self-defeating.
Numbers that come out of large computer programmes tend to be 
unconvincing. Therefore there is great merit in presenting the 
results in a mathematical form, providing this can be done 
without unacceptable loss of accuracy.

We can accomplish this by making a simple and innocent 
hypothesis. For our purposes it is enough to examine the 
effects of these radiation risks or cigarette risks on a model 
population which is in a steady state where births and deaths 
are sensibly in balance and the population is simply reproducing 
itself. For this model population, the population distribution 
as a function of age 'a', is goverened by the risk functions 
shown in Figure 5a. The formulae giving all the expressions I 
have referred to in this paper then amount to very simple 
integrals involving the risk functions in Figure 5a. The 
simplicity of this is worth emphasising because it will permit 
those members of the public who are numerate and who have a 
knowledge of such calculations to satisfy themselves about the 
analogy I have made. However, this is not the appropriate point 
at which to describe this model and the associated algebra in 
detail and therefore, for the derivation of the results used in 
this lecture, I refer the reader to Harwell Report Number R10532.
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Abstract-Résumé

FEEDBACK OF EXPERIENCE AND OPERATOR TRAINING.
The French nuclear power program m e is based on a policy of standardization o f pro

duction equipm ent w ith the result th a t it has been possible to  concentrate the  resources in the 
fields o f design, m anufacture and operation. This has had a very favourable effect on the safety, 
availability and econom ic aspects o f the m atter. W ithout such a policy the program m e would 
no t have developed as it has. The policy of advanced standardization covering a large num ber 
o f item s pu t in to  operation over a short period of tim e may create problem s of availability if 
they are affected by a generic incident. This is the first challenge which the  French nuclear 
program m e poses to  the  operator: how to  detect sufficiently in advance and to  analyse opera
tional events which are forerunners o f generic faults so th a t facility availability would never be 
affected appreciably for any length o f tim e. The second challenge to  the operator is to  recruit 
and train every year 2000—3000 persons in the operation of new equipm ent, an essential part 
o f reacto r safety being the  operato r’s capacity to  deal correctly w ith incidents which may occur. 
The paper describes the organization established by the operator in collaboration w ith the  safety 
bodies in order to  find a safe and reliable solution to  these tw o problem s.

RETOUR DE L’EXPERIENCE ET FORMATION DES OPERATEURS.
Le program m e électro-nucléaire français est basé sur une politique de standardisation des 

équipem ents de p roduction  qui a permis une concentration  des m oyens dans les domaines de 
la conception, de la fabrication et de l’exploitation , très favorable sur le plan de la sûreté, de 
la disponibilité et sur le plan économ ique. Sans une telle politique, le program m e électro
nucléaire français ne se serait pas développé comm e il l’a fait. Cette politique de standardisation 
poussée, po rtan t sur un nom bre im portan t d’équipem ents mis en service sur un court laps de 
tem ps, peut poser un  problèm e de disponibilité si un incident à caractère générique affecte ces 
équipem ents. Ceci constitue un prem ier défi posé par le program m e nucléaire français à 
l’exploitant: com m ent détecter suffisam m ent tô t  et analyser les événements d’exploitation 
annonciateurs de défauts à caractère générique pour que la disponibilité des installations ne 
soit jamais notablem ent et durablem ent affectée. Le deuxièm e défi posé à l’exploitant porte  
sur le recrutem ent et la form ation des 2000 à 3000 agents nécessaires chaque année à l’exploitation 
des équipem ents nouveaux. La capacité des opérateurs à faire face correctem ent aux incidents 
qui peuvent se produire constitue en effet un  élém ent essentiel de la sûreté des réacteurs 
nucléaires. Ce mém oire décrit l’organisation mise en place par l ’exploitant en liaison avec les 
organismes de sûreté pour apporter une solution sûre et fiable à ces deux problèmes.
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1. INTRODUCTION

Le programme électro-nucléaire français est basé sur 
une politique de standardisation poussée qui consiste à créer 
des séries de tranches équipées identiquement. Il y a ainsi 
actuellement deux paliers :

- le palier 900 MW comportant 34 tranches dont les 
mises en service s'échelonnent entre 1976 et 1985,

- le 1300 MW dont 24 tranches sont actuellement en 
construction ou prévues et dont les mises en service s'échelon
neront entre 1983 et 1990.

Cette politique présente l'énorme avantage de réduire 
considérablement l'ampleur des problèmes que le développement 
d'un tel programme ne manque pas de soulever par la reconduc
tion possible, sur l'ensemble des tranches, d'une décision 
prise pour l'une d'entre elles, que cette décision porte sur 
les études, l'analyse des incidents, les procédures d'exploi
tation ou la formation du personnel.

Deux remarques sont à faire.

L'une concerne l'aspect que l'on peut considérer 
comme négatif de l'effet palier. Il s'agit du risque d'incident 
à caractère générique lié à la conception ou à la fabrication 
des matériels pouvant affecter toute une série de tranches 
équipées de façon identique. La prise en considération de ce 
risque, qui bien entendu ne peut mettre en cause directement la 
sûreté mais peut affecter durablement la disponibilité, doit 
inciter l'exploitant à scruter attentivement l'exploitation de 
ses tranches afin de déceler tout événement annonciateur de 
tels défauts.

L'autre remarque concerne la formation du personnel : 
si l'effet palier est bénéfique en ce qui concerne les program
mes et l'organisation de la formation, il est bien entendu sans 
influence sur le volume du personnel à former. Et ceci consti
tue le défi sans doute le plus important que l'exploitant ait 
à relever pour la réussite du programme nucléaire.

Ces deux points — formation du personnel et analyse 
des incidents d'exploitation—  sont l'objet de cette 
communication.
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2. L’ANALYSE DES INCIDENTS D’EXPLOITATION -  LE RETOUR 
DE L’EXPERIENCE

2.1. Objectifs du retour de l’expérience

Les objectifs respectivement poursuivis par les 
Organismes de Sûreté et E.D.F. dans la mise en oeuvre du retour 
d'expérience découlent des responsabilités propres de ces deux 
organismes :

- Les Organismes de Sûreté s 'intéressent aux 
aspects sûreté de l'expérience acquise,

- E.D.F. s'intéresse en plus à la disponibilité des 
installations, à leur optimisation sur les plans techniques et 
économiques, à l'amélioration des conditions de travail, etc.

Dans le. domaine de la sûreté, les objectifs pour
suivis par les deux organismes sont identiques. Il s'agit :

- de vérifier le bien fondé des règles de concep
tion et d'exploitation,

- d'améliorer ces règles par la prise en compte 
d'hypothèses sanctionnées par l'expérience. Il convient de sou
ligner à ce propos l'effort consenti par l'exploitant pour re
cueillir un ensemble de données de fiabilité pour les systèmes 
et les composants importants pour la sûreté. Ces données ali
menteront les études probabilistes sur lesquelles se fondent de 
plus en plus les concepts de sûreté,

- de détecter d'éventuelles situations de mode com
mun d'ordre humain ou matériel,

- de déceler et identifier les incidents précur
seurs : d'une façon générale, tout incident qui place ou aurait 
pu placer l'installation dans une situation qui sort des limi
tes imposées par la conception doit être considéré comme un in
cident précurseur et faire l'objet d'un examen approfondi,

- de remédier aux défaillances qui se produisent 
sur les tranches et de les prévenir sur les autres,

- de déceler et de remédier aux incidents bénins à 
caractère répétitif qui créent une situation dégradée d'exploi
tation susceptible d'induire chez l'exploitant, par sa quasi 
permanence, de mauvaises habitudes,

- de réfléchir à l'influence des défaillances sur 
la sûreté des systèmes et aux possibilités de dégradation des
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situations incidentelles et de proposer des parades pour en 
limiter les conséquences,

- d'assurer une retombée de l'expérience :
. sur l'ensemble des exploitants de façon à 

mettre à la disposition de tous l'expérience de chacun,
. sur les concepteurs et les constructeurs de 

façon à améliorer la sûreté et la disponibilité des installa
tions à venir.

2.2. Principes de l’analyse des incidents et du retour de l’expérience

Tous les incidents considérés comme significatifs 
font l'objet d'une analyse approfondie.

2.2.1. Sélection des incidents significatifs

Ceci constitue une des principales difficultés, les 
exploitants n'ayant pas toujours dans ce domaine une homogé
néité d'appréciation suffisante. Afin de réduire la part de 
subjectivité des exploitants, des critères de sélection des 
incidents significatifs ont été définis par les Organismes de 
Sûreté en liaison avec E.D.F.

2.2.2. R ecueil des incidents significatifs

L'expérience d'exploitation est constituée à la
fois :

- par les incidents de toute nature rencontrés sur les 
tranches en exploitation,

- par les résultats du fonctionnement normal qui 
constituent une source d'informations permettant de vérifier 
le dimensionnement, d'améliorer les conditions d'exploitation, 
de valider les critères de conception, de déceler les surdi- 
mensionnements, les redondances inutiles, etc.

Les supports de l'information sont :
- les documents périodiques émis par les centrales

. donnant les statistiques et l'historique de fonctionnement de 
la centrale,

- les rapports d'incidents,

- les rapports d'expertises, d'essais.
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En ce qui concerne les deux derniers types de rap
ports, une analyse au premier niveau est effectuée en centra
le et est suivie d'une analyse au second niveau effectuée par 
un département technique du Service Central du Service de la 
Production Thermique, si nécessaire en collaboration avec les 
équipes de conception. A partir de cette analyse enrichie de 
l'expérience de toutes les autres centrales mémorisées dans les 
départements techniques, des actions sont engagées pour tirer 
profit des enseignements retirés de l'analyse de l'événement.

Parmi les événements analysés, ceux répondant aux 
critères de définition des incidents significatifs font l'objet 
d'une analyse plus approfondie et sont communiqués aux Organis
mes de Sûreté sous un délai de 1 mois.

2.2.3. Traitem ent des incidents significatifs

Ce traitement comporte plusieurs phases :

- recherche de la cause ou des causes profondes et véri
tables de l'incident en mettant en relief la part due au sys
tème et la part due aux hommes de conduite,

- recherche des corrections à apporter sur le plan des 
systèmes (modification, aménagement des consignes) ou des 
hommes (complément de formation, meilleure présentation des 
consignes) pour éviter le renouvellement de l'incident,

- évaluation du caractère générique ou non de l'incident. 
Proposition de modification pour les autres tranches en ex
ploitation. Retour de l'information vers les concepteurs,

- recherche dans le fichier d'incidents identiques ou si
milaires : le caractère répétitif d'un incident est souvent 
l'indice d'un point faible dans la conception ou dans
1'exploitation,

- extrapolation de l'incident : il s'agit d'évaluer la 
façon dont se serait déroulé l'incident dans des circonstances 
plus critiques et de comparer les résultats de cette extrapo
lation avec les résultats d'études de conception.

Le traitement des événements significatifs est
effectué :

- par les Organismes de Sûreté d'une part,

- par E.D.F. d'autre part au sein de Groupes de Travail 
auxquels participent des représentants de l'exploitant et des
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représentants du concepteur. Afin de sauvegarder durant leur 
vie l'identité des tranches appartenant à un même palier, toute 
modification considérée comme nécessaire à la suite de l'ana
lyse d'un événement significatif est décidée au niveau du 
Service Central du Service de la Production Thermique. De plus, 
si cette modification concerne la sûreté, l'accord du concep
teur est préalablement requis.

La confrontation des points de vue entre E.D.F. et 
les Organismes de Sûreté sur les actions à engager se fait à 
l'occasion de réunions spécialisées.

2.2.4. Gestion des événem ents significatifs

Depuis 1973, les Organismes de Sûreté disposent 
d'un fichier d'incidents couvrant l'ensemble des réacteurs 
nucléaires, qu'ils soient de recherche ou de puissance. Au 
premier mai 1982, 3875 incidents étaient répertoriés.

Parallèlement, E.D.F. a mis en oeuvre une organisa
tion permettant :

- de collationner les événements survenant dans les cen
trales nucléaires françaises et les incidents les plus signi
ficatifs des centrales nucléaires étrangères,

- d'assurer l'historique du suivi des analyses, des 
études, des décisions et des modifications à engager,

- de faciliter la gestion des actions.

Cette organisation s'appuie sur un outil de gestion 
informatique auquel ont accès tous les Services E.D.F. (exploi
tant et concepteur) concernés par le retour d'expérience, ainsi 
que les Organismes de Sûreté.

Ce fichier commun et l'accès très large qui en a 
été fait montrent bien le souci de l'exploitant de mettre à 
disposition de chacun les informations qu'il a à connaître pour 
juger de la sûreté des installations et proposer les améliora
tions qu'il estime souhaitables.

2.2.5. R e tou r d ’expérience

Le retour d'expérience vers le concepteur et les 
Organismes de Sûreté se fait à partir du fichier centralisé.
Les principaux constructeurs et leurs sous-traitants sont tenus 
informés des problèmes rencontrés en exploitation sur les sys
tèmes dont ils sont les concepteurs ou sur leur matériel par
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communication des rapports d'incidents significatifs. L'avis du 
constructeur est sollicité.

2.3. Enseignements tirés de l’analyse des incidents d’exploitation

Ces enseignements peuvent être regroupés autour de
6 thèmes :

2.3.1. L ’e ffe t palier

Quelques incidents (en nombre limité) ont bien mis 
en évidence le "revers de la médaille" de l'effet palier et 
ont confirmé la nécessité d'une très grande rigueur, tant de la 
part des exploitants que des Organismes de Sûreté, dans l'ana
lyse des incidents d'exploitation de façon à mettre très tôt en 
évidence les éléments annonciateurs d'incidents à caractère 
générique pouvant mettre en cause la disponibilité des 
installations.

2.3.2. La qualité des procédures e t  d e là  com m unication

Certains incidents peuvent être attribués à l'uti
lisation de procédures incomplètes ou périmées ou insuffisam
ment compréhensibles par la personne chargée de l'appliquer.

Un effort important de réécriture des procédures 
d'accident et d'incident a été entrepris à la suite de l'acci
dent de T.M.I. Un effort important de réécriture des procédu
res d'essais périodiques reste à faire : de trop nombreux 
arrêts sont actuellement imputables à des erreurs de manipula
tion lors des essais périodiques.

Quelques incidents ont mis en évidence l'importance 
de la communication entre exploitants. L'utilisation de sigles, 
trop fréquemment répandue, est souvent à l'origine de confusion 
ou d'erreur.

2.3.3. L ’im portance des systèm es auxiliaires

A quelques exceptions près, très peu d'incidents 
significatifs concernent le circuit primaire ou les systèmes 
directement connectés.

Par contre, certains incidents qui, par les consé
quences qu'ils auraient pu avoir dans d'autres circonstances, 
ont été classés comme incidents significatifs ont leur origine 
dans des systèmes considérés comme peu importants pour la 
sûreté.
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2.3.4. Le problèm e particulier de la robinetterie

Des matériels considérés souvent comme "sans pro
blème" dans l'industrie classique se sont révélés parfois 
inaptes, dans leur conception initiale, à assurer la mission 
pour laquelle ils étaient prévus sur une chaudière nucléaire.

Le cas des soupapes à ressort est typique. Dans 
l'industrie classique, on s'attache essentiellement à obtenir 
leur ouverture correcte à une pression déterminée sans faire 
preuve d'une grande exigence en ce qui concerne la valeur de 
la pression de refermeture. Sur une chaudière nucléaire, la 
qualité de la fermeture est aussi importante que celle de 
l'ouverture. Ceci a conduit à revoir assez fondamentalement la 
conception du système de protection contre les surpressions du 
circuit primaire.

2.3.5. L ’accoutum ance du personnel

Certains incidents illustrent parfaitement le phé
nomène d'accoutumance au risque, d'accoutumance à l'exploita
tion de routine, d 'accoutumance aux incidents de fonctionnement.

Ce phénomène n'est pas encore d'actualité sur les 
tranches P.W.R., mais il est bien connu sur les installations 
plus anciennes. Un effort permanent doit être entrepris par 
l'exploitant pour lutter contre la routine et conserver de 
"bonnes habitudes".

2.3.6. Le vieillissem ent des installations

Les problèmes qui se posent peuvent résulter :

- du vieillissement technologique des installations :

La connaissance par l'exploitant de l'état de ses 
matériels est fondamentale pour prévenir les incidents dus à 
leur vieillissement. Pour ce faire, des programmes de surveil
lance doivent être engagés suffisamment tôt et les résultats 
interprétés chaque fois que cela est possible par référence à 
un "point zéro".

- de dispositions de sûreté archaïques :

Il peut être parfois nécessaire de réactualiser 
certaines données de conception en matière de sûreté pour 
resituer une installation par rapport aux règles modernes de 
sûreté. Cette analyse peut conduire à certaines modifications 
pour mieux prendre en compte les problèmes réels de sûreté qui 
se posent.
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3. LA FORMATION DU PERSONNEL DE CONDUITE

3.1. L’importance du facteur humain

Le rythme soutenu de mise en service des tranches 
nucléaires P.W.R. 900 MW a conduit et conduit toujours à des 
flux très importants d'embauches de personnel destiné à la 
conduite et à l'entretien.

C'est ainsi que le Service de la Production 
Thermique a vu passer ses effectifs de 10 000 agents en 1974 
à 18 000 début 1982 et devraient atteindre 27 000 en 1985 pour 
dépasser 31 000 en 1993. Compte tenu par ailleurs des mises en 
inactivité, ce Service devra faire face chaque année et 
jusqu'en 1984/85 :

- à une embauche massive d'environ 2 500 agents,

- à la reconversion ou à la promotion d'environ
2 500 agents,

et par conséquent doit assurer la formation chaque année de 
5 000 agents, dont un tiers environ de personnel de conduite. 
Depuis plusieurs années et de manière plus formalisée à partir 
du lancement du programme nucléaire français, Electricité de 
France a mis en place une organisation de la formation qui per 
met aux nouveaux embauchés (recrutés à partir de critères de 
sélection parfaitement définis) et aux agents changeant de 
fonction :

- de s'adapter à leur fonction et à leur nouvel environ
nement technologique,

- de se perfectionner dans sa spécialité,

- de maintenir les connaissances acquises pour garantir 
un fonctionnement sûr des installations.

C'est ainsi qu'un plan de formation du personnel 
des centrales P.W.R. a été mis en place dès 1975 prévoyant :

- des actions de formation obligatoires pour permettre 
l'habilitation des agents à des fonctions mettant en jeu la 
sûreté nucléaire,

- un système d'appréciation destiné à contrôler la for
mation reçue,

- la mise en oeuvre de moyens nouveaux de formation.
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Le comportement surprenant des opérateurs dans le 
déroulement de l'accident de Three Mile Island a mis en lumière 
la part prépondérante que pouvait avoir l'élément humain dans 
le déroulement des incidents d'exploitation. Aussi, quel qu'ait 
pu être l'effort important accompli par Electricité de France 
en matière de formation du personnel, il est apparu indispensa
ble, en liaison avec les autorités de sûreté, de développer une 
réflexion et d'engager des actions selon les axes suivants :

- organisation des équipes de quart : recrutement, 
formation et habilitation,

- recherche de nouvelles méthodes et de nouveaux moyens 
de formation et d'entretien des connaissances (en particulier 
développement des moyens techniques et prise en compte des 
incidents survenus sur des tranches nucléaires semblables),

- amélioration de la fiabilité du personnel de conduite.

Nous allons examiner plus en détail ces diffé
rents points.

3.2. L’organisation et le recrutement des équipes de conduite

3.2.1. Organisation

Six équipes assurent le roulement en exploitation. 
Chaque équipe de quart comporte pour deux tranches jumelées de 
900 MW :

- un chef de quart,
- un adjoint chef de quart,
- deux chefs de bloc,
- deux assistants chefs de bloc,
- deux agents techniques d'exploitation,
- trois rondiers.

A la suite de l'accident de T.M.I., le potentiel 
des équipes de quart a été renforcé par la présence auprès de 
chaque équipe d'un Ingénieur sûreté-radioprotection sans 
fonction hiérarchique dans l'équipe, mais ayant pour mission 
d'être le conseiller technique du chef de quart dans les 
situations exceptionnelles et l'animateur de la formation per
manente du personnel de l'équipe en période normale. La mise 
en place de ces ingénieurs est en cours dans les centrales 
P.W.R. en exploitation.
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L'entrée en exploitation des candidats s'effectue :

- soit par la voie de la mutation interne,

- soit par le recrutement externe.

Les candidats de la première catégorie sont person
nellement connus en raison de leur expérience d'exploitant 
acquise dans une centrale E.D.F. conventionnelle ou nucléaire.

Pour les candidats de la deuxième catégorie par 
contre, seul peut être pris en compte le critère "niveau de 
formation scolaire". A l'issue d'une première sélection basée 
sur l'origine des candidats et les critères de formation sco
laire et d'expérience, les postulants sont soumis à un examen 
complémentaire écrit et oral mené par deux cadres de la 
centrale. Cet examen, qui a pour but d'évaluer les connaissan
ces générales des candidats, est complété, pour les agents de
maîtrise, par des tests psychotechniques permettant de s'assu
rer de leur adaptation au métier et de leurs possibilités 
d 'évolution.

Les ingénieurs quant à eux sont recrutés au plan 
national en fonction de leur formation universitaire, mais 
également après une série de tests.

Il n'est pas rare, après cette sélection en deux 
étapes, que seuls 5 à 10 % des candidats soient retenus, ce 
qui explique en partie le faible pourcentage d'échecs à 
l'issue de la formation.

3.2.2. Recrutement

3.3. Formation et habilitation du personnel de conduite

3.3.1. Principes directeurs

Un agent qui a été retenu pour occuper une fonc
tion de conduite n'est reconnu apte à tenir ce poste qu'après 
une formation spécifique préalable. En fonction du profil de 
l'agent et du poste qu'il occupera, un plan de formation est 
établi par la hiérarchie et soumis à l'approbation du chef de 
centrale. Ce plan de formation détermine les stages que l'agent 
devra obligatoirement suivre avant de pouvoir être habilité à 
occuper le poste pour lequel il a été choisi.
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3.3.2.1. Programme

Les programmes de formation mis en oeuvre sont 
organisés pour assurer :

- la préadaptation à l'environnement du métier (unique
ment pour les nouveaux embauchés),

- l'adaptation à la technique des centrales P.W.R.,

- la formation spécifique à la fonction,

- le maintien des connaissances et le perfectionnement.

Les actions de formation sont faites pour une part 
dans des centres de formation spécialisés nationaux ou régio
naux et d'autre part localement dans la centrale ; la formation 
étant dans ce dernier cas assurée par l'encadrement de la 
centrale.

3.3.2.2. Contenu

A titre d'exemple, la formation donnée à un opéra
teur comporte :

- une formation générale de 3 mois donnée dans un centre 
de formation (école du BUGEY),

- une formation spécialisée sur le fonctionnement normal 
d'une tranche à la centrale d'affectation (apprentissage des 
consignes de fonctionnement),

- deux semaines d'entraînement sur simulateur pour étude 
du fonctionnement normal de la tranche,

- formation spécialisée sur l'étude des incidents 
"courants" à la centrale d'affectation,

- deux semaines d'entraînement sur simulateur pour 
l'étude de ces incidents,

- formation spécialisée sur l'étude des accidents de 
faible probabilité d'occurrence à la centrale d'affectation,

- deux semaines d'entraînement sur simulateur pour 
l'étude de ces accidents,

3.3.2. La formation
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- ultérieurement, recyclage périodique avec stage d'une 
semaine tous les ans sur simulateur de conduite.

3.3.3. L 'habilitation

A l'issue de la formation et après une période de 
travail en double de durée variable, le chef de centrale pro
nonce l'habilitation des agents.

Cette habilitation, qui engage le chef de centrale, 
est valable pour une durée de deux ans. Elle est donnée sur 
proposition du chef de service et repose sur un contrôle des 
connaissances exercé tout au long de la formation par les ins
tructeurs et sur le comportement de l'agent en situation réelle 
d 'exploitation.

A l'expiration de la durée de validité de l'habili
tation, le chef de centrale procède à son renouvellement sur 
proposition du chef de service de l'agent. Cette habilitation 
peut être suspendue à tout instant.

3.4. Les moyens utilisés pour la formation

Les moyens mis en oeuvre concernent soit des struc
tures de formation organisées à l'extérieur des centrales, soit 
des moyens pédagogiques mis à la disposition de l'encadrement 
des centrales pour la formation locale.

3.4.1. Structures de form ation

Les stages structurés peuvent être réalisés soit 
dans des écoles nationales dépendant de la Direction du 
Personnel d 'Electricité de France, soit dans des bases régiona
les de formation pilotées par la Division Formation du Service 
de la Production Thermique.

Actuellement, l'école principalement utilisée pour 
la formation du personnel de conduite des centrales P.W.R. est 
le centre de formation du BUGEY qui possède, en particulier, 
deux simulateurs de centrale P.W.R. 900 MW et recevra, en
1983, un troisième simulateur 900 MW.

Une autre école est en construction à PALUEL. Elle 
recevra, en 1983, deux simulateurs de centrale P.W.R. 1300 MW.

Une école est prévue pour la formation des adjoints 
chefs de quart. Elle recevra le quatrième simulateur 900 MW en
1984.
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Ils comprennent : des notices techniques, des do
cuments audiovisuels, des maquettes et des dossiers pédagogi
ques destinés à servir d'aide aux instructeurs.

Outre les moyens pédagogiques lourds, tels que les 
simulateurs utilisés dans les écoles, le Service de la Produc
tion Thermique développe actuellement des simulateurs de fonc
tion, l'enseignement assisté par ordinateur (EAO) et un simu
lateur d'accident.

Le but des simulateurs de fonction est de permettre 
aux agents de suivre les phénomènes physiques accompagnant le 
fonctionnement d'un système, l'évolution des différents paramè
tres, et d'assimiler les consignes d'exploitation correspondan
tes. Ces simulateurs seront utilisés dans les écoles, mais 
également dans les centrales pour lesquelles on étudie des 
moyens mobiles.

Un essai d'enseignement assisté par ordinateur est 
en cours dans quatre centrales qui sont connectées avec un 
ordinateur situé dans la région parisienne. Chaque centrale 
pourra ainsi avoir accès à plus de 400 heures de cours traitant 
de la disposition des circuits dans les différentes conditions 
de fonctionnement, de la surveillance du matériel et des 
consignes.

E.D.F. étudie par ailleurs, en liaison avec les 
Organismes de Sûreté, le constructeur de la chaudière nucléaire 
et le constructeur des simulateurs classiques, un simulateur 
dont la conception devra permettre de simuler les situations 
accidentelles les plus graves conduisant à des modes de refroi
dissement du coeur tout à fait inhabituels. Ce simulateur doit 
permettre de familiariser les exploitants à des événements 
qu'ils n'ont pas l'occasion de connaître en exploitation afin 
de les mettre en situation de les maîtriser.

3.4.2. Moyens pédagogiques

3.5. Amélioration de la fiabilité du personnel de conduite

La formation est un élément déterminant pour donner 
au personnel de conduite la capacité de réagir correctement en 
cas d'accident. Mais elle n'est pas suffisante.

Il ne serait en effet pas raisonnable de ne pas 
reconnaître à l'opérateur, aussi bien formé soit-il et quelles 
que soient les dispositions prises pour assurer la sûreté de son 
diagnostic, le droit à l'erreur.
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Prenant en compte ce droit à l'erreur, il convient 
donc d'organiser l'équipe de conduite de façon à obtenir une 
véritable redondance dans l'analyse des événements et dans 
l'établissement du diagnostic, seul moyen que nous ayons 
d'obtenir un risque résiduel d'erreur acceptable.

Les dispositions qui ont été retenues sont les
suivantes :

- l'analyse de l'événement est effectuée par le chef de 
quart et l'équipe de conduite à partir d'un raisonnement sé
quentiel, c'est-à-dire par la recherche de la cause initiatrice 
de l'événement et l'établissement d'un scénario d'accident per
mettant de mettre en application la consigne appropriée,

- simultanément, l'ingénieur de sûreté qui est en roule
ment procède à une identification de l'état de refroidissement 
de la chaudière et définit la meilleure voie pour rallier la 
position de repli la plus sûre.

Les divers états de refroidissement de la chaudière 
ont été identifiés par une étude thermohydraulique, chaque état 
étant repérable par des critères quantifiables.

Cette analyse par état de refroidissement a été 
préférée à une analyse exhaustive de toutes les séquences 
d'accidents envisageables (entreprise ambitieuse et non dénuée 
de risques par la multiplication des procédures à laquelle 
elle conduit) car elle permet, à partir d'un nombre limité 
d'états, de ramener à coup sûr l'installation dans une situa
tion de sûreté plus satisfaisante.

Elle est par ailleurs complémentaire de la démarche 
de l'équipe de quart et constitue la redondance souhaitée dans 
le mode de raisonnement conduisant à l'application des consi
gnes de sauvegarde. Cette redondance est obtenue :

- par la dissociation réelle des équipes d'analyse 
(chef de quart et son équipe d'une part, ingénieur de sûreté- 
radioprotection d'autre part),

- par l'exploitation de paramètres différents.

Cette analyse permet enfin de déceler les actions 
inappropriées de l'opérateur ou les anomalies de fonctionnement 
d'un système de sauvegarde et de prendre à temps les disposi
tions correctives nécessaires.
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3.6. Formation du personnel de conduite et retour d’expérience

L'objectif du retour d'expérience est de transférer 
à l'ensemble des agents de conduite l'expérience de chacun 
d'entre eux.

Ceci se fait d'une façon traditionnelle par 
diffusion des rapports d'incidents significatifs.

Une recherche est actuellement entreprise par E.D.F. 
pour assurer ce transfert de connaissance à partir du système 
d'enseignement assisté par ordinateur. L'avantage de ce système 
réside essentiellement dans la présentation, sous une forme 
pédagogique appropriée, qui peut être faite de l'accident. On 
associe ainsi au retour d'expérience une action de formation 
qui ne peut être qu'appréciée par l'exploitant par son carac
tère vivant et par le fait qu'elle s'associe à un événement 
vécu par d'autres exploitants. A terme, on disposera ainsi d'une 
"accidenthèque" qui pourrait être la base de l'entretien des 
connaissances du personnel de conduite. Ceci conférerait à 
l'enseignement assisté par ordinateur une dynamique suscepti
ble de maintenir l'intérêt que l'exploitant lui porte.

4. CONCLUSIONS

L'accident de la centrale de Three Mile Island a 
remis en évidence, s'il en était besoin, l'attention à appor
ter à l'exploitation des centrales dans deux domaines 
principaux :

- l'analyse des incidents mineurs et la recherche des 
événements précurseurs,

- la prise en compte du facteur humain et en particulier 
celui de la formation du personnel aux différentes situations 
possibles et, corrélativement, la présentation des informa
tions correspondantes.

Telles étaient d'ailleurs les conclusions du Groupe 
de Travail créé le 24 septembre 1980 par M. le Ministre de 
l'Industrie en vue d'étudier les conditions de formation 
théoriques et pratiques des personnels chargés de la conduite 
des réacteurs nucléaires et dont les principales recommanda
tions peuvent se résumer ainsi :

- recruter du personnel de qualité,
- se donner le temps de le former,
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- faire appel pour sa formation aux techniques les plus 
évoluées,

- se doter des moyens permettant de tirer les leçons de
1 1 expérience,

- mettre à la disposition de l'opérateur les moyens 
d'établir le bon diagnostic d'un incident,

- accepter que l'opérateur puisse se tromper et organiser 
une véritable redondance dans l'analyse de l'incident,

- donner aux exploitants de bonnes habitudes qui seront 
le gage durable d'un état de santé technique et moral sans 
lequel la sûreté en exploitation ne peut être assurée à un 
niveau satisfaisant.

Il est bien certain que pendant de nombreuses 
années, l'attention des constructeurs aussi bien que des 
autorités de sûreté s'est plus portée sur la qualité de la 
conception que sur l'adéquation de celle-ci à l'homme qui opère 
sur l'installation. L'évolution est maintenant patente : ce 
sont l'expérience d'exploitation, l'examen des incidents et des 
réactions humaines à ceux-ci, l'extrapolation aux situations 
accidentelles, qui doivent guider l'amélioration des installa
tions, la formation des exploitants, et, d'une manière généra
le, les orientations des autorités de sûreté.

La réalisation en France de centrales standardisées 
permet dans tous ces domaines de prendre des décisions cohé
rentes et coordonnées et d'éviter la dispersion des moyens de 
réflexion et d'études. L'expérience du démarrage des 22 premiè
res tranches de 900 MW P.W.R. a montré la validité de cette 
approche par le nombre limité d'incidents significatifs et la 
qualité de réaction des exploitants à ces situations : l'atten
tion portée par tous les acteurs du programme nucléaire à ces 
événements, pour en tenir compte aussi bien sur les centrales 
en exploitation que pour les projets futurs, est un élément 
fondamental de la sûreté.





DISCUSSION

(Summary of discussion held on the papers in Plenary Session 4)

An explanation was requested for the assumption made in the Federal 
Republic o f Germany o f a guillotine break for the evaluation of the emergency 
core cooling and the containment system, while a smaller break is used for 
calculating the reaction forces on the core internals. It was clarified that the 
guillotine break was maintained for the emergency core cooling effectiveness 
analysis because it is essential to guarantee that the accident should not have 
an impact on the environment. The evaluations performed in the past on core 
internals have always indicated that these structures would withstand a large 
pipe break accident but the related calculations using typical conservative 
assumptions are very difficult to perform and it is not felt necessary to do this 
in all cases in view o f the experience gained on the performance of the pipe 
material.

A further question referred to the method used in the paper o f Mr. Marshall 
(IAEA-CN-42/18) to calculate the number o f casualties and the reduction in 
life-span following a large nuclear accident. It was replied that the paper refers 
to a report where all the calculations are described; these calculations are very 
simple and it is not difficult to understand the details.
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USING NUCLEAR SAFETY EXPERIENCE

Chairman: T. Roberts (United States of America)

M embers: L. Bertron (France
A. Birkhofer (Federal Republic of Germany)
H. Uchida (Japan)
V.A. Sidorenko (USSR)
W. Marshall (United Kingdom) (Sir Walter) 
M. Rosen (IAEA)

Scientific E. Iansiti (IAEA)
Secretaries: J. Ahmed (IAEA)

SUMMARY OF DISCUSSION

The Chairman briefly introduced the participants and the topics to be 
discussed in the panel. These were The Incident Reporting Systems (1RS) 
to be discussed by H. Uchida, V.A. Sidorenko and M. Rosen, and The Probabi
listic Risk Assessment to be discussed by L. Bertron, A. Birkhofer and Sir Walter .

Mr. Uchida presented the Japanese incident reporting system. In Japan 
regulations for nuclear power plants are implemented by a single governmental 
organization, the Ministry of International Trade and Industry (MITI). It also 
supervises the 1RS which can be divided into two systems: one established 
by law and the other (concerned with less important events) established through 
notification by the different regulatory authorities. With the first system unusual 
events occurring in all nuclear power plants have to be reported to the MITI by 
the licensee. In practice, the licensee informs the MITI through the local 
authority and the general public through the media. Within ten days the licensee 
has to prepare a detailed report, including the countermeasures taken, and this 
has to be approved by the Ministry.

The instances in which a report has to be transmitted to the MITI are as 
follows:

(1 ) If operation has to be stopped because of trouble in the reactor facilities
(2) If abnormalities are discovered in the reactor facility during shutdown
(3) If the concentration of a gaseous radioactive material released into the air

exceeds the permissible limits at the site boundary (the same as ICRP Publ. 2 )1

1 INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, 
R ecom m endations o f the In ternational Commission on Radiological P ro tection , Publication 2, 
Pergamon Press, L ondon (1959).
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(4) If the concentration of radioactive material released through the drain 
facilities exceeds the lower limits for the general public as legally defined

(5) When breakout takes place causing an interruption of more than half an 
hour of the supply of electricity.

In addition, with the second system the licensee has to inform the MITI 
and the general public of any unusual event occurring in the plant, including 
minor ones. For both systems importance is given to events produced by causes 
which are common to plants of the same design. It is important to recognize 
that information on unusual events is significant to the public. At an early stage 
of development of an event the public may have difficulty understanding what 
is happening in the plant even if the operator has perceived the significance of 
the situation. Public anxiety may develop and it is therefore necessary that 
information be carefully prepared and complete. This may help to obtain 
public acceptance.

A brief summary was given of the near accidents which have occurred in 
Japanese nuclear plants. It may clearly be stated that no accident resulting in 
the release of meaningful amounts of radioactive material to the public has 
occurred. At the start of the nuclear power programme a certain number of 
incidents occurred, resulting in reactor shutdowns for repair. These were mainly 
due to stress corrosion cracking, steam generator tube leaking, fuel failures and 
other miscellaneous causes. Stress corrosion cracking and steam generator tube 
leakages have practically been solved; however, they resulted in 36 events 
reported by law, corresponding to one or two events per reactor-year.

Forty-five accidents also occurred and were reported by the second system. 
They were mainly because of minor instrument and control equipment mal
function and other causes which could be related to quality assurance. Many 
concerned non-nuclear equipment and were not related to nuclear safety, but 
some did lead to reactor shutdown.

All these data are collected by MITI and a brief summary of each event 
is available to the interested public. Data are normally analysed further by 
various organizations and their classification in an appropriate data bank is under 
consideration. MITI would be able to give information on the events reported 
by law if an international incident reporting system were established.

Mr. Sidorenko discussed the particular characteristics of the system for 
collecting information on the operation of nuclear power plants and on the 
methods used for deriving experience from this information as used in the USSR. 
To understand how the system works it is necessary to consider how nuclear 
power plants in the USSR are set up administratively.

All nuclear power plants are owned by the Government, which supervises 
their management; the Government is also responsible for their surveillance. 
Therefore, information presented on nuclear power plant operation can be
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divided into two categories, depending on the type of processing to which the 
information has been subjected and on the governmental body to which they 
are directed.

A. Information obtained directly from operation o f the plant

(1) This information is related to events that occur during daily operation, or 
variations from normal operation conditions, and has to be reported to a central 
body which is responsible for supervising operation of the plant over short periods 
(of the order of days). This body must receive information on what is happening, 
and if abnormal events are occurring it must be informed of the cause and possible 
consequences of these abnormalities.
(2) Only safety-related information is reported to the governmental bodies 
responsible for surveillance of the safe operation o f the plants. The nature of this 
information is different from that which goes to the body responsible for super
vising operation of the plant.

The Ministry of Energy is responsible for supervising operation of the nuclear 
power plant and it receives all detailed information on day to day operation. The 
safety surveillance bodies receive information on variations from normal operation 
that exceed the limits and conditions established for the safe operation of all nuclear 
power plants. They also receive, on request; information on any deficiency related 
to operation of the plant.

B. Processed information

Regular monthly reports are also prepared by the utility for all governmental 
bodies that are responsible for the supervision and safety surveillance of the station. 
This monthly report contains information that can be used for the following 
purposes:

(1) To prepare factual statistical data on the performance of equipment, on its 
compatibility to work properly and on any failure or variation of its behaviour. 
These data can be used as a basis for carrying out a qualitative analysis of all systems 
and components and as a feedback to the designer and suppliers in order to 
recognize weaknesses in the equipment and general trends in its behaviour.
(2) To allow specialized research groups to perform a generalized analysis for
the whole system. This analysis is completed every year and is used by all operators 
and designers to draw conclusions about how systems of this type performed.
These conclusions are used as a basis for recommendations on the further develop
ment o f equipment, for changing the design of plants, etc.
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Taking into account the results that have been obtained from the system, 
attention should be drawn to the following points:

(a) It is important to classify well the events that have taken place; there are 
abnormal events that lead to violation of the assigned operation limit and 
conditions and other abnormal events that do not. Assurances should be made 
that there is no confusion between simple component faults and events that lead 
or could lead to radioactive releases, since they are of a fundamentally different 
nature.
(b) The overall amount of information collected is very large and as such is very 
difficult to use. To apply this information to improve design and operation in 
different situations and for different types of reactors, it is essential to understand 
the common principles and to generalize the conclusions so that thay can be widely 
applied.

Mr. Sidorenko mentioned a few examples that were the result of collecting 
and processing information.

(i) F retting corrosion. From the information collected it is clear that this type
of corrosion (due to contact between the two vibrating bodies of different materials) 
has been experienced in fuel assemblies in reactor systems. It is possible to draw 
general principles for the occurrence of the phenomena which could be (and have 
been) applied to plants of different types.
(ii) Stress corrosion o f  stainless steel. On the basis of the information collected 
an approach has been made on how to cope with the possibility of corrosion of 
stainless steel equipment in the presence of chlorides or slightly alkaline solutions.
The general conclusions drawn have been applied to systems different from those 
from which the information was collected.
(iii) Leakage o f  w ater from  the prim ary circuit in to the secondary circuit inside 
a steam  generator. This has been used to solve interaction problems between the 
emergency core cooling systems and the system for protection of steam generators 
against over-pressurization.

Mr. Rosen observed that the incidents at Three Mile Island and other nuclear 
power plants have shown the need to collect operating experience data for 
improving safety. Examples of what the United States of America, the Federal 
Republic of Germany, Japan and the USSR are doing are a good demonstration of 
the actions being taken in different countries. An international system organized 
by the IAEA would complement the already existing systems, collecting very 
diverse information and making operational experience data more accessible to 
developing countries. However, in addition to organizing other systems, it is 
important to carefully implement and use the existing systems.
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A large amount o f collected and processed data is available. All these data 
should be made available to designers because they have the possibility of analysing 
and using them to improve systems design. It should also be made available to the 
regulatory bodies which often have the means to make good use of it. However, 
the utility which operates the reactors should not be overwhelmed with too much 
data. The IAEA has the intention of holding periodic meetings to discuss only 
the really significant safety events. This is one way to make the information 
more useful for operators.

It is also important to pay attention to the experience of other industries, for 
instance, the chemical and civil aviation industries. Perhaps international organi
zations and national nuclear regulatory bodies have not carefully considered the 
experience of these industries when deciding their operational safety programmes.

It is also necessary to ensure that the utilities make good use o f operational 
data. In addition to the Nuclear Regulatory Commission in the USA, the Institute 
for Nuclear Power Operation (INPO) performs periodic visits to nuclear power 
plants to ensure that they meet the operational safety standards. Also, the IAEA 
advisory services for safety are organized to assist Member States in various safety 
fields, one of these being operational safety.

In conclusion, collection and processing of information are important, but even 
more important is the use made of this information.

The discussion was opened to the audience. It was observed that, together 
with the so-called incident reporting system developed on a national or international 
basis, other systems also have to be considered, i.e. the so-called abnormal 
occurrence reporting system. The incident reporting system aims at collecting 
information on abnormal events of a certain severity which occur once or twice a 
year in order to analyse incidents and to avoid their repetition, or to prepare 
operators to cope with the consequences should they occur. The second type of 
system aims at collecting less severe events that may occur 30 or 50 times a year 
in each plant in order to foresee which accidents could happen in the future and 
to detect trends and common paths.

A question put by Mr. Sidorenko was whether information collected for a 
particular type of a system could be used for another completely different one; 
for instance, a large amount of information is available on certain types of steam 
generators used in the OECD countries. How can this information be used for a 
completely different design such as that adopted in the USSR? It would appear 
that in this case only very general conclusions may be drawn that can be applied to 
very different systems, such as the necessity of careful selection of material and 
the design o f the system, taking into account all the phenomena which can occur.

Mr. Birkhofer was not of this opinion. In his view there is always something 
in common in nuclear power plants and something can always be learnt from what 
has occurred in different systems, particularly in the area of common mode 
failures. In the Committee of Safety of Nuclear Installations of the Nuclear
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Energy Agency, accidents that have occurred in different types of plants are 
discussed and details of system design failures are given.

The impression gained was that all the participants had gathered useful 
information that could be adapted to the operation of their particular systems. It 
was recommended that when the IAEA incident reporting system becomes 
operational similar meetings should be organized.

Discussion was then opened on the use of probabilistic risk assessment (PRA) 
for improving safety. Mr. Bertron presented the point of view of an operator on 
the possible uses of PRA methodologies. The situation in France was described.
To frame the problem, abnormal situations that can occur in a nuclear power 
plant and that must be covered in the design were divided into four categories 
relating to the severity of the event and to the order of magnitude o f their annual 
occurrence. In these four categories are included:

(1) Normal operating conditions
(2) Incidents of moderate frequencies (10-2 per reactor-year)
(3) Incidents of low frequency (104 to 10~2 per reactor-year, e.g. primary break

ups to 25 mm in diameter)
(4) Hypothetical severe accidents (10-6 to 10-4 per reactor-year, e.g. a large 

break in the primary piping).

A probabilistic risk approach can be adopted and a risk goal fixed. This is 
what is done by the French authorities to define the event to be considered in the 
design. This means that if a probabilistic approach is used occurrences with 
probability less than 10-7 per reactor-year should not be taken into account. This 
approach is used to decide if a plant has to be protected against external man- 
induced events such as an aircraft crash or chemical explosions. This method is 
used for defining the unavailability time for the systems important to safety.

The result of the PRA can also be used to compare the relative figures (not 
the absolute value) o f probability. This can be made to evidence the weak points 
of the system and to evaluate what can be gained by changing the system or the 
frequency of testing, and the type of maintenance.

To consider carefully what can be done with the probabilistic approach in the 
area beyond design basis, it also worth while to categorize this field.

In the first category can be included events occurring when a redundant system 
that could be used during normal operation or during incidents of moderate 
frequencies has been completely lost, e.g. the complete loss of heat sink, steam 
generators, electrical supply and transients without scram.

In a second category can be included accidental situations not included in the 
analysed scenarios, e.g. fuel failures related to somewhat degraded situations.

In a third category can be included severe degraded core situations.
Taking into account the low probability of these accidents, the mitigation 

measures to be used to cope with them should be simple and should use available
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means. It is necessary to try to ensure the best possible containment taking into 
account the real situation. In this field the probabilistic risk approach could be 
used. However, one should not lose sight of the limitations of all probabilistic 
methodology, particularly the difficulty of evaluating common mode failures and 
operator errors.

Mr. Birkhofer reported on the experience which can be drawn from analysing 
the operating data from some nuclear power plants in the Federal Republic of 
Germany. These are preliminary conclusions derived from failure in operational 
systems or caused by operator accidents. The following general results may be 
pointed out:

(a) No failure of reactor safety system functions has been recorded and the 
conclusion can be drawn that the single failure concept has proved to be an 
appropriate design basis and that multiple failures in safety system components 
must not be assessed for evaluation of the design basis event.
(b) Multiple failures occurred in operational systems. Despite these multiple 
system failures in the operating systems and operator errors, plant safety system 
action, mostly scram, did occur at the same time and the design limits were still 
not exceeded.
(c) Owing to operator actions or to partial or multiple failures of the operational 
systems, transients often developed differently from the assumptions made in the 
safety analysis and initiated different functions of other operating system devices 
and other safety system functions.
(d) The transients observed in the plant are covered by the bounding spectrum 
of the transients selected for design safety analysis in the sense that the maximum 
design limits of process variables such as pressure, temperature, etc. were not 
exceeded. However, the effect to temperature oscillations in feedwater lines needs 
further analysis.

On the basis of more detailed analysis the following can be observed: 75% 
of all transients have been caused by system or component failures and 25% by 
operator actions.

The transients were controlled and limited as follows: 50% by control and 
limitation systems, 30% by operator actions, 10% by scram, and 10% by scram and 
additional safety measures.

The relatively high percentage of cases controlled by operator action is 
because operator interventions took place very soon after initiation of the transient 
(for example, switch to manual controls from automatic controls).

In general, primary system transients were weaker than those initiated in 
the secondary system; operators had more problem in coping with transients 
initiated in the secondary site.

Partial failure or part-time failure of operating systems can have more severe 
consequences than complete failure.
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Weak points in the design of the operational system, e.g. cause of common 
failure, were revealed during operation but had not been detected in the transient 
analysis.

During some complicated transients unnecessary safety system actions are 
initiated, which have the potential of misleading the operators. The most important 
example is a possible initiation of primary system isolation and high pressure system 
injection during transient without loss of primary coolant, e.g. sub-cooling transients. 
Optimization of the initiation level of those actions can only be achieved with 
more detailed analysis.

Sir Walter observed that the United Kingdom had pioneered PRA for 
nuclear plants and for non-nuclear installations. The name of Professor Farmer 
is associated with this early activity. Following this, the Rasmussen Study appeared 
in the US and the German Risk Study in the Federal Republic of Germany. Now 
PRA is applied very widely.

In the UK the Nuclear Installations Inspectorate (N11) has set out the 
requirements for PRA in a document entitled Principle for Nuclear Safety 
Assessment, in which the overall probability not to be exceeded for the failure 
of systems is set out. These are very similar to those reported from France. A 
PRA is also requested as a guide for judgement of the engineering design and safe 
operation of the plant.

For the PWR to be located at Sizewell, the N11 has also demanded, in addition 
to the normal safety analysis, an analysis of degraded core accidents and their 
consequences for the public. This is the first time in the UK that a study beyond 
the design basis accident has been included in the regulatory process.

Much of the study of the high risk situation has been summarized in the 
statement of case which is being made by the Central Electricity Generating 
Board to the Public Inquiry in 1983 and much of the information referred to 
here is contained in Appendix M. In this document the probability of a core melt 
has been calculated to be as low as 10-6 /reactor-year. This calculation depends 
a great deal on other risk studies such as the Rasmussen Study and the German Risk 
Study. The low figure has been obtained by taking steps to avoid some of the 
higher risk paths identified by the early studies. One can mention the increased 
diversity in the auxiliary water system for the steam generator, automatic 
switching to a recirculation mode and, generally speaking, less dependence on the 
action of the operator for safety. Finally, it has been calculated that with a 
degraded core the containment would remain intact in most cases and that the 
probability of a core melt followed by a containment failure would be in the 
range of 2.5 X 10-8/reactor-year.

Are these numbers meaningful in themselves? They depend too much on 
the assumption of the reliability of the systems and should not be taken in absolute. 
PRA is a very valuable aid to engineering thinking, but it is only an aid. All these 
documents on public safety and the consequences of accidents to the public will



be discussed at a Public Inquiry to be convened at Sizewell at the beginning of 
January 1983 ; it will continue throughout the summer and will probably be 
completed in the autumn. This inquiry is not part of the regulatory process; 
it is an exposure to the public of the design and regulatory process and it is a 
valuable and essential part of the process of obtaining public acceptance of LWRs 
in the UK.

Comments were requested by the Chairman. Mr. Sidorenko emphasized 
once more the importance of assessment of relative risk. It is clear that there are 
less doubts about estimation of relative risk than about absolute risk. Moreover, 
in some cases one has sufficient confidence in the correctness of the figure obtained 
for the assessment to undertake decisions on this basis. An example of district 
heating plants was given. It was clear at the early stage o f the study that the location 
of a nuclear power plant near populated centres needing district heating plants would 
have increased the risk too much if the characteristics of the plant were not changed. 
Therefore, additional safety measures were taken. The decision to build the plant 
was taken because the risk assessment had shown that the safety margin, with 
the additional safety measures, would be roughly two orders of magnitude lower.

Mr. Uchida pointed out that risk in the event of an accident may be expressed 
by two parameters: first, the probability and the amount of associated releases 
of radioactive material in the event of an accident; second, the probability of 
health effects for a given value of exposure. While uncertainty associated with 
the probability and with the amount of release is very large, uncertainty associated 
with the value of health effects for a given exposure is substantially lower, as 
clarified by the work of the ICRP or UNSCEAR. Therefore, one could recommend 
considering separately the probability-release figures from the health-risk figures 
and discussing the risk considering only the probability and the associated radio
active releases. This would also avoid misunderstanding by the public. This should 
be taken into account when setting safety goals or considering residual risk.

Sir Walter recommended another approach for presenting the health 
consequences of an accident. The number of short-term casualties could be given, 
but the long-term health effect should be expressed using the example of compul
sory smoking because this could help the public to understand the calculations 
done by scientists and the low level of the risk. Another comment made by 
Mr. Marshall referred to the presentation o f Mr. Birkhofer. It appeared from 
the presentation that the chances of operator errors are lower than those of 
equipment failures. On the contrary, in previous studies made in the Federal 
Republic of Germany the chance of operator errors was higher.

Mr. Birkhofer observed that in the analysis presented account had been 
taken only of planned operator actions. This approach has been criticized. It has 
been observed that unplanned operator actions may play an important role. In 
the presentation Mr. Birkhofer made the hypothesis that an extremely high 
percentage of unplanned operator actions is covered by limiting devices and
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protection systems. Therefore, one can transfer unplanned operator actions to 
the requirements of technical systems. This is the basis for stating that operator 
behaviour may play a less important role.

It was also observed that in the field o f medicine any medical opinion 
is accepted by the public and the news media; this is not the case with the nuclear 
industry. People outside the field, even if they are not exactly specialists, assume 
this role and form a sort of barrier between nuclear industry experts and the public, 
and as a result the opinion of nuclear scientists is not accepted. How can this 
barrier be breached?

Sir Walter observed that many observers and critics o f the nuclear industry 
have transformed this role into a job. Taking this factor into account, there is no 
alternative for the nuclear scientists but to give a patient explanation of what 
they are doing. They have to make their presentation in a simple, clear but correct 
manner and not use misleading language. The nuclear industry is open to criticism 
because this has not been done in the past. It was hoped that matters would 
improve in the future so that the general public would learn from the information 
and that opinions expressed by scientists would be heeded. The hope was expressed 
that the nuclear industry could set an example as to how to deal with the public 
acceptance problem.

On that hopeful note the panel was concluded by the Chairman. The discussion 
had been a stimulating and profitable one and he expressed his gratitude to members 
of the panel for the time and effort they had devoted to this interesting session.
It was clear that international meetings such as these are not only essential for 
the individual professional responsibility of the scientist but also to improve the 
spirit of peace and co-operation in the world. He expressed hope for the possibility 
of working together and the wish to be able to meet again in the future.
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Abstract

LOCA CONSEQUENCE PREDICTIONS IN A CANDU-PHWR.
One of the dom inant accident sequences to  be considered in licensing any power reactor 

is an unchecked loss o f prim ary coolant. The frequency and consequences o f  such accidents 
are determ ined by the  inherent characteristics o f  th e  reactor concept and by its particular de
sign features. Given a loss-of-coolant accident (LOCA), th e  preferred fission product re ten tion  
barrier is the  fuel sheath. The econom ic consequence o f m ajor fuel damage ensures th a t the 
operating com pany will install and m aintain design features th a t avoid this consequence at 
frequencies above 10-3 to  10-4  per year. For LOCA sequences below th is frequency range, 
b o th  inherent characteristics and design features ensure that the  frequency of m ajor fission 
product emissions is extrem ely low. The cool, low-pressure m oderator system  is a unique 
inherent safety feature o f CANDU (Canada deuterium  uranium ) reactors. Research has estab
lished a broad range of circumstances for which each fuel channel assembly remains in tact even 
with no emergency coolant in the  channel. No fuel m elting can occur in these circumstances. 
However, fuel sheath in tegrity  is lost and the second fission p roduct re ten tion  barrier comes 
in to  play. Most isotopes are retained on surfaces and in water, so th a t only a very small fraction 
is em itted in to  th e  vapour phase. This fraction is retained by th e  containm ent building. The 
paper presents consequence predictions for LOCA sequences in a typical CANDU station. 
Starting from  defined basic LOCA sequences, the  im portance o f each engineered system  is 
tested by assuming failure to  perform  its function on dem and. Consequences are calculated for 
each failure com bination. Experim ental results are presented to  support predictions. The over
all conclusion is th a t public consequences are very small for LOCA sequences m ore probable 
than  1СГ7 per year. The m oderator system , in assuring th a t no  fuel can m elt even if  emergency 
coolant injection fails, is an im portan t con tribu to r to  this very high level o f public protection .

1. INTRODUCTION

One o f the dominant accident initiators in any power reactor is an unchecked 
loss of primary coolant (LOCA) that leads to fuel overheating. Fuel overheating

103



104 MENELEY and HANCOX

and consequent fission product dispersion might be a precursor to more serious 
accidents, involving fission product leakage to the environment through breaches 
in the containment barrier. If these leakages were large, public health consequences 
could result. Much of the world effort in reactor safety studies is devoted to 
keeping these health consequences both small and very unlikely.

A LOCA with fuel overheating has a second, more likely, consequence -  
damage to the plant requiring expensive repairs and, almost certainly, lost produc
tion. Starr and Whipple [ 1 ] have investigated this aspect o f safety in the context 
of the USA nuclear industry, and suggest that “ ...the possibility o f large financial 
losses would provide a strong incentive to utilities to build and operate plants with 
very low risk to the public”. Avoidance o f loss (plant protection) is a powerful 
motivator down to a certain recurrence frequency. Below this frequency, both 
engineered safety systems and inherent reactor characteristics come into play to 
ensure public protection. This paper outlines the features of a typical Canada 
deuterium uranium pressurized heavy-water (CANDU-PHW) station design that 
contribute to achievement o f both these safety goals, that is, plant protection and 
public protection. These features are illustrated by describing the sequence of 
events expected in the plant following stylized loss-of-coolant initiators. The pro
gression of any real accident is almost certain to be different from the sequences 
described — the sequences are used merely to illustrate protective responses that 
are either intrinsic or engineered characteristics of the design.

2. PLANT PROTECTION

Normally, the closed-loop heat transport system operates under constant-flow, 
constant-pressure conditions with very slight leakage. The high heat production 
rate in reactor fuel is matched by the high rate of heat removal and transport to 
the steam generators. A sudden loss of coolant leads to an excess o f heat production 
over removal. Unless this balance is restored quickly, the fuel will overheat. In 
extreme situations, without appropriate mitigating action, extensive plant damage 
will result. Costs incurred to restore the unit to working condition might approach 
the total initial capital cost. In addition to monetary loss, the operating company 
will surely lose much o f the public’s confidence in their competence as nuclear 
plant managers. Therefore, emphasis is placed on prevention o f the LOCA event 
itself and on mitigation of its consequences [2].

2.1. Normal shutdown — no leakage

Normally, automatic control systems run the unit. Should shutdown be re
quired, it is accomplished either by the reactor regulating system or by one of the 
two independent and testable safety shutdown systems. The combined probability
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o f complete failure o f the shutdown function on demand is less than 10~7 per year. 
At shutdown, reactor power drops to about seven per cent in three seconds. The 
design target is that no operator intervention is necessary for 15 minutes following 
shutdown. The automatic control systems react to establish a safe shutdown 
condition.

As regards reactor cooling, this safe shutdown condition requires execution 
of three tasks: maintain the primary coolant inventory, maintain circulation (to 
ensure heat transport from fuel to steam generators), and maintain a sink for decay 

'heat. Successful execution of these tasks ensures continued fuel cooling and 
primary pressure control. Operating procedures following shutdown also require 
the operator to maintain a second, independent means of cooling the fuel in case 
of failure o f the system that is in use. In this particular case, the alternative means 
is provided by a full-pressure shutdown cooling system with separate pumps and 
heat exchangers, in parallel with the main pumps and steam generators. Figure 1 
shows the typical arrangement o f  these cooling systems in a CANDU design.

Figure 2a shows the pressure history for a normal shutdown plus system cool
down. The boiler’s secondary-side pressure is decreased to a level such that the 
primary pressure can be reset below the pressure at which the boiler relief valve 
opens. In addition, the pressure is maintained above the secondary by a margin 
that ensures that the primary coolant will not boil. (The pressure difference is 
determined by the temperature difference that is required to transfer decay-heat 
plus pump-heat across the steam generator.) The final secondary pressure meets 
two criteria. First, it is high enough so that the turbine unloaders do not act to 
shut off the turbine. Second, the resulting primary pressure is well above the value 
required to maintain adequate net positive suction head at the primary pump inlets.

2.2. Shutdown with loss o f coolant

Loss of coolant can occur from valve failure, leaks from small lines (instrument 
lines, etc.), leakage from on-power fuelling machines or, much less likely, feeder 
pipe breaks, header breaks, and so on. The distribution o f piping sizes in a typical 
CANDU primary heat transport system is shown in Table I ., It is evident that small 
breaks (diameter <  100 mm) are by far the most likely.

Three systems are provided to make up the coolant inventory lost through a 
break: D20  feed, H20  high-pressure injection, and H20  high-flow injection. The 
H20  injection sub-systems collectively constitute the emergency coolant injection 
(ECI) system, a special safety system that is independent o f any components in 
use during normal operation. Typical pressure-flow characteristics for these systems 
are shown in Fig. 3. Low-pressure, high-capacity pumps draw water from an 
emergency water storage tank and deliver it to the suction of high-pressure, low- 
capacity booster pumps. After discharge o f the storage tank, water is recycled 
from the floor of the containment building. Emergency water is supplied simul-
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BLEED

RIH Reactor inlet header
ROH Reactor outlet header
ECI Emergency coolant injection

F IG .l. S im plified f lo w  sheet o f  a CAND U  reactor heat transport system .

taneously to each of the reactor headers. (See Fig. 1.) Each make-up system 
responds automatically to a particular category of breaks. (See Fig. 3.) Some 
illustrations are provided below.

Figure 2b shows the heat transport system’s response to a very small break, 
hear the upper limit o f the D20  feed system’s capacity, defined as a break for 
which the final pressure is just above the shutoff head of the high-pressure H20  
injection system. The main difference from normal shutdown is the earlier decrease 
in pressure on the boiler secondary side. The boiler pressure controller maintains 
a fixed level below the actual primary circuit pressure; because the actual pressure 
is lower than normal in this case, the secondary pressure decreases correspondingly. 
Establishment o f subcooled conditions in the primary circuit by D20  feed takes 
somewhat longer than in the normal shutdown situation. Additional D20  is 
supplied from storage tanks. (See Fig. 1.)
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FIG.2. Primary and secondary circuit pressure histories fo r  norm al shutdow n and small-break 
LOCAs.
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TABLE I. DISTRIBUTION OF PIPING SIZES IN A TYPICAL CANDU 
PRIMARY HEAT TRANSPORT SYSTEM

Length
(m)

Per cent of 
total

Steam generator tubing (14 mm) 405 400 91.35

Instrum ent tubing (approx. 10 mm) 18 300 4.12

Feeders (50 mm to  90 mm) 14 000 3.15

Pressure tubes (100 mm) 5 500 1.24

O ther small pipes (< 1 5 0  mm) 400 0.09

Large pipes (> 1 5 0  mm) 200 0.05

BREAK SIZE 
(% of twice the header flow area)

INJECTION FLOW (kg/s)

FIG. 3. Pressure-flow characteristics fo r  typical D 2 О feed  system s and EC I systems.
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A special case of a very small break is rupture o f a steam generator tube. The 
heat transport system response is similar to that shown in Fig. 2a. The leaking 
steam generator is isolated manually after shutdown, the primary and secondary 
pressures equalize in that steam generator, and the heat transport system is 
stabilized with no consequent damage.

Heat transport system response to a break equivalent to rupture o f a coolant 
feeder is shown in Fig. 2c. The secondary pressure decreases in response to the 
low primary pressure. In this case, the primary coolant may boil for a short period 
before refill. Strong forward flow is maintained by the primary pumps, so that 
little or no fuel overheating occurs. The low primary pressure may produce some 
pump cavitation, but rapid refill by the ECI system ensures that this condition 
does not persist. The shutdown cooling system is available as a back-up heat 
removal system.

The special case o f a pressure tube break that ruptures a calandria tube is less 
severe than the case shown in Fig. 2c. In this case, injection water is recovered by 
overflow to the reactor vault from the calandria pressure relief piping.

The high-pressure ECI system prevents fuel sheath damage due to overheating 
for any loss o f coolant caused by breaks equivalent in size to the largest diameter 
feeder. The probability of a feeder break, based on an extensive study o f piping 
in-reactor heat transport systems [3], is not greater than 10~2 per year. Therefore, 
given a high-pressure ECI unavailability of no greater than 10~3 per year, the 
probability of fuel sheath damage is less than 10-5 per year. Using the 
distribution of piping sizes above and the frequency of on-power fuelling opera
tions (during which the pressure boundary is opened in two locations two to three 
times per day), it is estimated that 99 per cent of all LOCA occurrences will result 
in breaks smaller than that equivalent to the large diameter feeder. The probability 
of breaks larger than one feeder is therefore estimated at 10~4 per year or less.
If we presume that each large-break LOCA leads to major plant damage (total cost 
of about 108 to 109 Canadian dollars), the annual risk is 104 to 10s dollars per 
year. This is a small risk compared to the overall plant operating cost. It is also 
small compared to the cost o f  additional equipment that would be required to 
further reduce either the frequency or consequences of the event.

3. PUBLIC PROTECTION

Down to a LOCA occurrence frequency of about 1 0 '4 per year, the goals of
plant protection and public protection coincide [ 1 ]. LOCAs caused by large breaks,
because they are much less likely, do not justify further plant protection measures.
Public protection below this cutoff frequency is provided by a combination of
engineered safety features and intrinsic plant characteristics, all o f which reduce
the radiation dose received by the public for a given amount of radioactive material
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PRESSURE TUBE
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FUEL VL200 °C

GAS ANNULUS
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PRESSURE TUBE 
EXPANDS INTO 
CONTACT

FIG .4. Schem atic o f  the stages o f  fu e l channel heat-up and deform ation showing heat transfer 
to the moderator.

released from damaged fuel. The most obvious and extensive engineered safety 
feature is the containment envelope that surrounds the reactors and heat transport 
system. No large pipe break can release coolant except to the interior of this 
envelope. It is extremely effective in limiting public radiation dose. As is the case 
with any engineered system, however, it is not perfect. In addition to the contain
ment envelope, CANDU designs incorporate high-flow H20  injection systems to 
provide coolant make-up in the event of a large break.
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3.1. Large pipe breaks

If there is a large pipe break, the primary pressure drops suddenly, requiring 
direct feed from the high-flow injection pumps. Low-pressure conditions persist 
in the primary circuit so that the primary pumps are shut off. Low coolant flow, 
which may occur in some fuel channels, produces flow stratification (the steam 
flows through the upper portion of the channel while water flows along the bottom), 
fuel overheating and fission product release from failed fuel sheaths. High-flow 
injection fills all reactor headers. Fuel channels eventually refill by a combination 
of forced and gravity flow, after which the fuel remains cooled by injection water.

A special case o f  the large break is the stagnation break, in which the pressure 
drop across some fuel channels remains low for a period sufficient for severe over
heating o f fuel pins and pressure tubes to occur. In these channels, pressure tube 
distortion and contact with calandria tubes result in heat transfer to the moderator 
system for some time prior to refill by the ECI system.

The frequency o f large heat transport piping breaks is estimated to be not 
greater than 10~4 per year. When combined with the unavailability o f injection, 
the demand frequency for the next level o f safety protection is in the range o f  
1СГ7 per year. From the previous discussion, it can be seen that the demand fre
quency for a small-break situation is about 10-5 per year. Both cases presume 
complete loss o f emergency water injection, so the consequences (sustained high 
fuel temperatures, no direct cooling, dependence on containment) are about the 
same. It is at this level that the moderator system begins to play an important 
safety role.

3.2. Moderator heat sink

The reactor core consists o f  an array of horizontal pressure tubes that pass 
through a large cylindrical tank. The pressure tubes contain the fuel bundles and 
the high-pressure, heavy-water coolant. The calandria is filled with cool heavy- 
water moderator that is insulated from the hot reactor coolant by a gas-filled 
annulus between the pressure tube and surrounding calandria tube. The moderator 
is cooled by an independent circuit. Following an accident, this circuit provides 
a backup sink for decay heat.

In the limiting case o f LOCA and simultaneous failure of the ECI system, the 
maximum fuel-channel temperatures are limited by heat transfer to the moderator 
water. Because the fuel is separated from this water by only the relatively thin 
pressure and calandria tubes, it cannot become very hot and remain insulated from 
the water. A schematic of the sequence o f events is shown in Fig. 4.

The fuel channel is assumed to be filled with nearly stagnant steam. Initially, 
heat is transferred by radiation from the fuel to the pressure and calandria tubes, 
and then to the moderator by convection. The resulting fuel and pressure-tube
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FIG .5. C H AN  predictions fo r  fu e l channel heat-up w ith high internal pressure and a steam  
flo w  rate o f  12 g/s: h o tte st channel position.

temperatures are sufficiently high to initiate the zirconium/water reaction that 
produces more heat and liberates hydrogen. As the pressure tube heats up, it 
deforms into contact with the calandria tube. If the internal pressure is low, the 
pressure tube sags into contact under the weight o f the fuel; if the pressure is high, 
it expands uniformly into contact. Upon contact, there is a sharp maximum in the 
heat flux at the calandria tube surface caused by the sudden release o f heat stored 
in the pressure tube. The rate o f release is affected by the magnitude of the contact 
conductance at the interface between the pressure and calandria tubes, and by the 
mode of boiling heat transfer at the outer surface o f the calandria tube. Heat trans
fer from the fuel is only slightly affected by the contact between the pressure and
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calandria tubes. At about 1200°С to 1500°С, the fuel elements slump into contact 
so that heat transfer within the fuel bundle and from the fuel to the pressure tube 
develops a large conduction component.

Typical temperature and heat-flux transients are shown in Fig. 5 for the 
hottest point along a high-power fuel channel with high internal pressure. The 
transients were calculated using the computer model CHAN [4], which is supported 
by an extensive research programme [5]. The calculations have assumed the steam 
flow rate that produces the highest temperatures — just the right amount of steam 
to feed the zirconium/water reaction, but not enough to remove any heat. Also, 
all surfaces are assumed to be available to the reaction and the reaction is assumed 
to proceed at its highest rate. Early in the transient, the pressure tube expands 
radially into contact with the calandria tube and is rapidly cooled by the resulting 
nucleate boiling on the calandria tube surface, stopping any further deformation. 
This has been confirmed by experiments on simulated fuel channel assemblies for 
a wide range o f contact temperature (700°C to 1000°C) and moderator subcooling 
(>5°C ) [6]. The maxima in the temperature and heat-flux histories, at about 
400 seconds, indicate that the zirconium/water reaction has reached its peak. Note 
that, even in this extreme case, the maximum fuel temperature does not exceed 
the melting point o f U 0 2. Eventually, the intact fuel channel assembly cools.

Based on calculations of this kind, backed up by extensive experiments, it is 
concluded that there will be no fu e l m elting and th at fu e l channel in tegrity w ill be 
maintained, even in the extreme case of a loss of coolant and complete failure of 
the emergency injection system.

3.3. Fission product chemistry

As noted above, large-break LOCAs are characterized by an initial period of 
flow stagnation in some fuel channels. In the stagnated channels, the coolant is 
rapidly vaporized and ejected before the ECI system can refill the channels. Rapid 
vaporization o f coolant at the fuel sheath surfaces leads to abrupt decrease in the 
heat transfer from the surfaces, causing the sheath temperatures to rise rapidly. 
Some fuel sheath failures and release of volatile fission products (mainly iodine, 
caesium, and the noble gases xenon and krypton) are inevitable.

To establish what is required of the ECI system in this situation, the chemical 
processes that affect the transport of the fission products from the instant o f their 
release to their long-term behaviour in the containment system will be assessed. In 
the assessment, it will be assumed that the entire free inventory o f fission products 
in the affected fuel channels is released.

A schematic o f a typical high-power channel during a stagnation-break LOCA 
is shown in Fig. 6. As noted earlier, the headers would be water-filled while the 
channel and feeders would be steam-filled. The assessment considers a simple 
model consisting o f four volumes: the central third of the channel (steam between
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FIG. 6. Schem atic o f  fission product transport during a stagnation-break LOCA.

730°C and 1230°C), the downstream third of the channel (steam between 480°C  
and 730°C), the feeder (steam between 150°C and 480°C), and the header (water 
at 100°C). If the free gas inventory of a typical high-power channel were assumed 
to be uniformly distributed in the first volume, the concentration of iodine and 
caesium would be 5 X 1017 atoms - cm-3 and 5 X 1018 atoms-cm“3 respectively. 
Thermalhydraulics calculations indicate that the residence time in the first two 
volumes is about 0.3 seconds, while it is about 2 seconds in the feeder. Iodine 
is the critical fission product from a public safety perspective because the associated 
free inventory of xenon and krypton is sufficiently small that the attenuation of a 
partially effective containment system (the ventilation dampers are assumed to re
main open, providing an escape route to the outside) and atmospheric dispersion
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FIG. 7. Potential -  pH  diagram fo r  iodine solution form s in containm ent water.

(with worst-case weather conditions) ensure that public radiation dose consequences 
are minor.

First consider the gas-phase behaviour of caesium and iodine in the fuel 
channel and feeder. A detailed analysis o f the gas-phase kinetics shows that the 
chemistry is dominated by the extremely fast reactions (complete in much less 
than 1 second) o f caesium with iodine to form caesium iodide (Csl) and of caesium 
with the free hydroxide radical (OH) to form caesium hydroxide (CsOH) [7].
This means that, even for very short residence times, most of the caesium and 
iodine are converted to water-soluble salts. By the time caesium and iodine reach 
the cooler environment o f the feeder, the iodine is almost entirely converted to 
Csl. The remaining caesium atoms will form CsOH upon contact with water. There
fore, the initial form o f the species introduced into the water contained in the 
header will be I“(aqueous) from Csl and Cs+ (aqueous) from Csl and CsOH.

The behaviour o f iodine in the header depends on the pH and oxidation 
potential of the water. Thermodynamic analyses show that, for the prevailing 
water-chemistry conditions, the iodine will remain as highly involatile P(aqueous) 
[7]. The major volatile forms (12 and possibly HOI) will be present in significant 
quantities only if highly acidic and oxidizing conditions prevail. The emergency 
water is maintained at high pH (low acidity).

The water contained in the header will eventually collect on the floor of the 
containment building. Again, the water chemistry will determine the form o f the 
iodine. Figure 7 summarizes the predominant iodine forms for a range o f possible 
chemistry conditions expressed in terms of oxidation potential and pH [8]. Note 
that all o f the highly volatile forms (I2 and HOI) are found in the upper left-hand
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O X IDA T IO N  POTENTIAL (Volts)

F IG .8. Aqueous/gas partition coefficients fo r  iodine.

corner o f the figure, corresponding to highly acidic and oxidizing conditions. The 
containment water is expected to have a pH between 7 and 9, and an oxidation 
potential of about -  1 volt, conditions which are well removed from this region.

The concentration of iodine in the gas-phase in equilibrium with an aqueous 
solution depends on the concentration o f I2 and HOI in solution. Spéciation is 
affected by factors such as temperature, pH, oxidation potential, iodine concen
tration, and presence of other species that might form complexes with iodine. 
Figure 8 shows the partition coefficient as a function o f oxidation potential for 
pH =  7 and pH = 9 [8]. Under highly oxidizing conditions (such as air-saturated 
water), the partition coefficient is relatively large. As the oxidation potential de
creases, the partition coefficient decreases, passes through a minimum, and then 
increases sharply. The minimum partition coefficient is 106. This means that if 
10 7 Ci o f iodine are in solution, then only 10 Ci would be found in the gas phase.
We conclude that airborne iodine concentrations will be extrem ely small under the 
chemical conditions expected during a LOCA.

4. CONCLUSIONS

Based on the results of an extensive research and development programme, 
there is a high degree of assurance that the safety goals of the CANDU-PHW reactor 
design have been met. Specifically:
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Highly reliable shutdown and emergency coolant injection systems ensure that 
fuel damage can be avoided if there is a loss of coolant from a small break.

Natural chemical processes are highly effective in tying up in solution any 
radioiodine released from failed fuel sheaths. This means that airborne con
centrations o f iodine can be expected to be extremely small, even within the 
containment envelope, providing a high degree of public protection.

The moderator cooling system ensures that fuel melting will not occur and 
that fuel channel integrity will be preserved even if there is a large-break LOCA 
and complete unavailability of themergency coolant injection system, pro
viding a further layer of public protection.
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Abstract

CONSEQUENCES OF LARGE REACTOR ACCIDENTS CALCULATED ON THE BASIS 
OF EMPIRICAL DATA.

In connection with hypothetical core m eltdow n accidents, estim ates made in existing 
reactor safety studies o f fission p roduct release percentages, aerosol deposition velocities, and 
the sheltering effect o f houses w ith respect to  exposure integrals appear to  lead to  unrealistically 
large calculated individual and collective doses. A reconsideration of experiences gained in past 
reactor accidents, in particular those o f Three Mile Island, SL-1, and Windscale, indicate that 
natural fission p roduct removal mechanism s are effective to  an ex ten t unaccounted  for in the 
conservative calculation m odels used up until now. Measurements o f deposition velocities o f 
aerosols generated in the Windscale and SL-1 accidents also indicate th a t deposition velocities 
used in the  calculation so far are unrealistically large. A re in terpretation  of m easurem ents of 
iodine penetration  in to  buildings after the Windscale accident reveals th a t it is unjustified to  
neglect the reduction  in inhalation doses th a t can be achieved by staying indoors. More recent 
and new  m easurem ents confirm  these results. The con trast betw een radiation doses correspon
ding to  param eters used in existing safety studies and the  m ore realistic param eters advocated 
in this study is dem onstrated  through calculations where the tw o sets o f param eters are applied 
to  a m odel site comprising a dense population centre at a distance o f  20 kilom etres. Research 
leading to  a fuller understanding o f behaviour o f the m olten core and the aerosols is recom m ended.

1. INTRODUCTION

The consequences of a large accident at a nuclear power reactor can be 
evaluated either by studying the accidents that have been experienced at operating 
power reactors, or by theoretical analyses of hypothetical accident sequences and 
their consequences.

So far, results from theoretical studies have been dominant in the discussion 
of accidents at nuclear reactors. Here, extremely hypothetical accident sequences 
have been proposed, and the consequences have been calculated by using a series 
of computational models for the physico-chemical behaviour of the radioactive 
materials. Each model contains approximations and uncertainties in the description 
of phenomena which never have been seen on a large scale, and which some experts 
consider to be not amenable to calculation at present. The uncertainty o f a model 
describing one phenomenon can be described by a factor of 10x , where the
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exponent x for some models, such as the one for dispersion, may be between 0.4 
and 1, while it is likely to be between 1 and 4 for other processes, such as fission 
product release and transport within the reactor building. In the hypothetical 
study this may be overcome by using pessimistic (conservative) results from each 
sub-model, which will lead to a ‘safe’, i.e. not underrated, estimate of the conse
quences. As a result, the consequences found may be pessimistic by many orders 
of magnitude and represent extremely improbable hypothetical situations, which 
would not be considered reasonable for use in siting, safety, or emergency pro
cedures in any other engineering undertaking.

To a great extent, risk studies for conventional industrial plants are based on 
empirical data obtained as statistics during operation, and normally there will be 
an explicitly mentioned, or implicitly used, limit to the search for, or design 
against, rare accidents. For example, a lower limit of 10-4 per year per plant has 
been mentioned for dams and oil-gas platforms.

For nuclear power reactors 2500 reactor years have been experienced without 
major accidents and with very, very small adverse effects on the population. This 
is statistically seen to be quite near the lower limit where conventional industry 
would ignore the likelihood of risks from major accidents. However, nuclear power 
plants do have the potential of creating a large accident, and for these plants — as 
well as, for example, for chemical plants — it may be deemed reasonable to go 
further in the search of such rare large accidents. This search can not be based on 
past experience alone.

The following calculation of the consequences of a large hypothetical accident 
at a light-water reactor is based on fission product releases conservatively estimated 
from the empirical data available. The corresponding dose consequences are calcu
lated by standard methods using best estimate data for parameters such as weather, 
deposition, and filtering.

2. FISSION PRODUCT RELEASES DURING REACTOR ACCIDENTS

The largest fission product releases that have been experienced and reported 
after accidents at nuclear reactors were measured after accidents at Three Mile 
Island (1979), SL-1 (1961), and Windscale (1957). Furthermore, some evidence 
has been collected from experiments where experimental reactors have been tested 
to destruction.

2.1. Three Mile Island

After the Three Mile Island accident it was noted [1 ] that the release of iodine 
to the atmosphere was five to six orders of magnitude smaller than the release of
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noble gases, although the inventories of iodine and noble gases were of the same 
order of magnitude. This was explained by Stratton et al. [2] as being a result of 
the iodine reacting with the excess caesium present in the fuel, and being released 
from the fuel as caesium iodide. The caesium iodide vapour is expected to condense 
or plate out and finally enter into solution, when water or steam is encountered 
in the wet environment of the containment, and it will persist in solution as long 
as oxidizing conditions do not prevail. The vapour pressure of iodine over a solution 
of (caesium) iodide is very low, and this explains the exceedingly small release of 
iodine at Three Mile Island.

The results from Three Mile Island also initiated an EPRI report [3] concluding 
that the natural phenomena of chemical reactions, aerosol settling, moisture, etc. 
are very effective in containing radioactivity.

The two reports mention as supporting evidence a number of cases of radio
activity releases from damaged reactors, experimental reactors tested to destruction, 
and controlled experiments. The most essential examples of these are the accidents 
at SL-1 and Windscale.

2.2. SL-1

The SL-1 reactor was a light-water reactor at Idaho National Reactor Testing 
Station. In 1961 a power excursion melted and partly evaporated approximately 
19% of the core material. Investigations showed that approximately 2 kg of 
uranium-235, out of the original 14-kg core inventory, was missing from the active 
core region. Three per cent of the total core inventory, corresponding to 15% of 
the melted material, was found finely dispersed on the floor and walls o f the reactor 
building [4]. The water inventory of the reactor was low, with about 215 litres in 
the core and 3800 litres in the total system. After the accident, no water was left 
in the reactor tank.

The initial total core inventory at the time of the accident was 28 000 Ci of 
iodine-131, and 3100 Ci of caesium-137 [3]. It is reasonable to assume under these 
circumstances that all the iodine and caesium in the melted material (=19%) was 
released to the reactor building, and that the release thus was about 5300 Ci of 
iodine-131 and 600 Ci of caesium-137. There was no containment, and the reactor 
building was drafty and vented to the atmosphere with a ventilation rate of 1.5 
volume changes per hour.

Nevertheless only about 20 Ci of iodine-131 was released to the atmosphere 
during the first 24 hours, and about 50 Ci more during the next 30 days [5]. The 
release of iodine was thus only ~1.3% during the first month. The release o f caesium 
was 0.5 Ci measured by soil samples covering the entire release period [6], and this 
corresponds to a release percentage of 0.1%. It is noteworthy that a volatile element 
like tellurium seems to have been almost entirely absent in the substances released 
to the atmosphere [6].
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For the iodine it seems likely that the low release percentage can be explained 
by the same processes as for Three Mile Island: The iodine emerged as caesium 
iodide, and it went into solution in the water present.

For the caesium the following should be noted: In a reactor that has been 
running for some time, about 0.6% of the fission product atoms are iodine atoms, 
mainly stable and long-lived ones, and about 6.6% are caesium atoms. The ratio Of 
iodine atoms to caesium atoms in the fuel is thus 1/11, while the same ratio in 
caesium iodide is 1 / 1. This means that the ratio of iodine atoms to caesium atoms in 
caesium iodide formed in the fuel is 11 times larger than that of all the iodine and 
caesium atoms present in that fuel. This is true for any set of iodine and caesium 
isotopes, e.g. for iodine-131 and caesium-137. It follows that the ratio of iodine- 
131 to caesium-137 radioactivity in any caesium iodide formed in the fuel is 11 
times larger than the same ratio in the fuel as such.

In the case of the SL-1 accident the amounts of iodine-131 and caesium-137 
radioactivity in the fuel at the time of the accident were, as mentioned above,
5300 and 600 Ci, respectively. Therefore the ratio of iodine-131 to caesium-137 
radioactivity in caesium iodide formed in the fuel should be: (5300/600) X 11 =  100.

In view of the uncertainty with which the released amounts were measured, 
the calculated ratio of 100, and the measured ratio of: 70/0.5 = 140, are in 
reasonable agreement. This shows that the caesium release was determ ined to a 
great ex ten t by the release o f  caesium iodide, while the release fraction of other 
caesium compounds (containing 10 times as much caesium) was much lower 
or absent.

2.3. Windscale

The Windscale reactor was a graphite reactor with air cooling. During the 
accident in 1957, fuel and graphite in the affected region of the pile became very 
hot, about 1300°C [7]. The iodine release to the atmosphere was relatively large, 
namely 12% of the inventory in the fuel involved.

The relatively large release has been explained as a result of oxidizing condi
tions in the air coolant [2, 3]. But the air flow was restricted to a minimum to 
obtain heat-up for Wigner energy release. With the abundance of very hot graphite 
around, the conditions in the pile should be regarded as chemically reducing with 
respect to caesium iodide escaping from the fuel.

Clark reports [8] that the filters of the Windscale pile were designed to remove 
only the larger particles (like Csl), and the activity retained on the filters was 
20 000 to 30 000 Ci of iodine and 800 to 1000 Ci of caesium, while the total 
release to the atmosphere of the two elements was 20 000 and 600 Ci, respectively. 
The ratio of iodine to caesium was thus the same outside as at the particle filters, 
and it is unlikely that iodine was released to any appreciable extent to the atmo
sphere either as a gaseous compound or in its elemental form.
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The radioactivity of the part of the fuel involved was estimated at 162 000 Ci 
of iodine-131 and 12 300 Ci of caesium-137. The activity ratio of iodine to caesium 
in caesium iodide formed in this fuel should therefore be: (162 000/12 300)
X 11 =  145. The ratio of the released activity was, however, 20 000/600 = 33.
This shows that about four times as much caesium was carried away as could 
possibly be explained by caesium iodide.

The relatively large release of other caesium compounds as well as the relatively 
large release of caesium iodide at Windscale compared with SL-1 and TMI can 
probably be explained by the total lack of water in the graphite reactor system.

2.4. Conclusion concerning fission product releases

For a light-water reactor, experience shows that natural phenomena are very 
effective in containing radioactivity during an accident. The conditions in the 
SL-1 reactor with its drafty building, high ventilation rate, and rather limited 
amount of water represents a conservative picture o f the conditions a modern 
LWR would have in an accident. It seems credible, therefore, that the release 
percentages in a serious meltdown accident in a modern LWR would not be larger 
than in SL-1, i.e. about 1% o f iodine, 0.1% of caesium, and 0.02% of barium and 
strontium.

The release of lanthanum and ruthenium is estimated to be at the same level 
as barium and strontium, while tellurium probably would lie somewhere between 
iodine and caesium, at, say, 0.5% of the core inventory.

3. DEPOSITION VELOCITY

Whenever a cloud of radioactive particles or chemically active gases contacts 
surfaces on the ground these surfaces will be contaminated to a degree determined 
by the so-called deposition velocity. This is defined as the ratio between the 
amount of surface contamination per unit area of the ground and the exposure 
integral, i.e. the time integral o f the volumetric concentration of the contaminant 
in the air at a specified height above the ground - usually 1 m. The radiation dose 
to people from surface contamination is accordingly proportional to the deposition 
velocity.

A high deposition velocity will o f course give higher individual doses close to 
a source of radioactive release than a low deposition velocity. At large distances 
the reverse will be true because a high deposition velocity will deplete the cloud 
faster than a low one. Concerning the magnitude o f the total collective dose the 
deposition velocity is of less importance as long as the affected area is homogeneous 
with respect to physical characteristics and population density because all the re
leased material has to reach the ground sooner or later. At low deposition velocities
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TABLE I. DEPOSITION VELOCITIES

Reactive contam inants 
(e.g. iodine)
(cm /s)

Non-reactive contam inants 
(e.g. strontium )
(cm /s)

Sm ooth collectors,
walls or roads 0.2 0.04

Rough collectors,
grass fields or scrub 1 0.2

WASH-1400 param eters,
all surfaces [10] 1 1

the contribution from distant areas will be dominant in the collective dose while 
the reverse will be true for high deposition velocities.

The magnitude of the deposition velocity varies within wide limits dependent, 
inter alia, on the physical and chemical properties o f surfaces and contaminants. 
Thus, a rough surface like a grass field will have a much higher deposition velocity 
than a smooth surface such as, for example, bare earth or building surfaces. This 
is due, inter alia, to the total surface of the grass being some 20 to 40 times larger 
than the measured surface of the grass field itself — according to Filzer [9].

In order to obtain a realistic estimate of individual and collective doses it is 
important therefore to distinguish between areas with different physical character
istics and between contaminants with differing affinities to surfaces. It is especially 
important to differentiate between urban and rural areas and between iodine and 
other radionuclides. Until recently, this has not been done in connection with 
dose calculations. The USNRC reactor safety study [10] and also the “Deutsche 
Risikostudie” [11] used the same deposition velocity of 1 cm/s irrespective of 
surface and radionuclide. First attempts to differentiate were made by Gj0rup 
et al. [12] and Becher et al. [13]; both groups used disparate deposition velocities. 
In this paper we go a step further in that we distinguish between iodine and other 
radionuclides and between urban and rural areas. We thus operate with four 
different deposition velocities given in Table I. They are based on measurements 
o f caesium deposition (fall-out from weapons tests) on building surfaces reported 
by Roed [14] and on literature reviewed by Nielsen [15] and Roed [14]. The 
particle size for non-gaseous compounds is supposed to be between 0.1 and 
2 microns.

The values may still seem to be on the conservative side if they are compared 
with those reported after releases that have actually occurred. In the case o f the
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SL-1 accident, the deposition velocity for iodine on areas covered with sagebrush 
was calculated to be about 0.2 cm/s [ 16] ; in the case o f the Windscale accident, 
the deposition velocity for iodine on grass fields was calculated to be 0.1 to 0.3 cm/s, 
and the deposition velocity for caesium to be only about 15% of that for iodine 
[17]. There is, however, the question o f particle size. Close to the release point, 
the particle size may be either higher or lower than for the equilibrium distribution. 
In both cases the deposition velocity would be higher.

4. FILTERING EFFECT OF BUILDINGS

The dose due to inhalation of radioactive isotopes from an air-borne large 
release contributes substantially to the total dose from the release [18].

It is important, therefore, to estimate the extent that inhalation doses to 
people staying indoors with closed windows during the passage o f a cloud will be 
reduced due to the filtering effect o f cracks, crevices, and pores. The ratio between 
the exposure integrals outside and inside the respective buildings specifies the 
protection factor.

Only very few investigations have been made with the aim o f determining 
this reduction factor. The reactor safety study [10] applies no such protection 
factor but mentions the work carried out by Megaw after the Windscale accident 
[19]. Megaw measured the iodine deposition on the floors inside two buildings in 
the direction of the plume and carried out experiments with artificial aerosols at 
Harwell. From these experiments Megaw concluded that the iodine exposure 
integral inside buildings may be from 20 to 80% of that outside. From Megaw’s 
data for the two houses in the plume, Gjçirup and Roed [20] inferred that the 
exposure integral o f iodine in the Windscale plume was reduced indoors by a 
factor o f  about 6.

More recently Alzona et al. [21], Cohen [22], and Gjçirup and Roed [20] 
have measured time-integrated concentrations o f natural aerosols in filter samples 
of air taken inside and outside buildings. Alzona and Cohen determined the content 
of calcium, iron, zinc, lead, and bromine by X-ray fluorescence analysis. Cohen 
concluded that the inhalation dose protection factor may be 5 for large particles 
(Ca and Fe) and 2.6 for submicron ones (Pb and Br). Gj^rup and Roed determined 
the content o f beryllium-7. For the rooms in a few houses they found protection 
factors of between 1.9 and 9. These measurements are still in progress [23] and 
it is estimated that the average protection factor is about 3 for Danish homes.

In the calculations in this paper we have used a protection factor of 3. It 
should be borne in mind however that the protection factor for iodine might be 
higher.
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5. CALCULATION MODEL AND RESULTS

5.1. Reactor and fission-product release data

Calculations o f dose consequences for a hypothetical accident at a 3200 MW(th) 
light-water reactor are made. In the first calculation the Consequences are Cal
culated on the basis o f Empirical Data for fission product release, deposition 
velocities, and filtering, derived above in Sections 2, 3 and 4. This case is denoted 
CCED. For comparison, two calculations are made with the large release of  
BWR2 [10]. (For the release period, initial release height, and heat content, see 
Becher et al. [13].) The first of these, called BWR2NP, uses the ‘new’ parameters 
for deposition, filtering, and shielding as for CCED, while the second uses the ‘old’ 
parameters o f WASH-1400 [10], and this case is called BWR20P.

5.2. Reactor surroundings

A 30° sector starting at the site o f the nuclear power reactor is considered.
The population density is:

0 — 5 km 50 persons/km2 
>  5 km 100 persons/km2 

A major city of about 500 000 inhabitants, with a population density of 3000  
persons/km2, is sited between 20 and 30 km from the site.

5.3. Dosimetric model

The Ris0 dose-consequence model, PLUCON3, has been used [24]. Total 
doses to individuals have been calculated as the sum of the three dose components: 
inhalation dose, external gamma dose from the plume, and external gamma dose 
from material deposited on the ground.

Inhalation doses have been reduced by the filtering effect of houses as des
cribed in Section 4. Shielding factors have been applied to the external gamma 
doses. The shielding factor applied to gamma doses from the plume was 0.6 and 
the factors applied to gamma doses from deposited activity were 0.043 for built-up 
areas and 0.0769 for rural areas [12].

5.4. Meteorological parameters

Typical meteorological conditions for a Danish reactor site have been 
applied. These are:

Neutral stability (Pasquill category D)
Wind speed 6 m/s 
Mixing height 1000 m 
No rain.
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Reactor power: 3200 MW(th)
Meteorological conditions: 
neutral stability
Windspeed: 6 m/s
No rain

TOTAL DOSES TO:
1. Bone marrow, CCED
2. Lungs
3. Thyroid

0,5 1 5 10 50
Distance downwind Ikm]

CCED
CCED

4. Bone marrow, BWR2NP
5. Lungs
6. Thyroid

BWR2NP
BWR2NP

F IG .l. 24-hour doses.

5.5. Calculation results

In Fig. 1 the doses to individuals received over the first 24 hours are shown.
A comparison of CCED versus BWR2NP shows that bone marrow doses at larger 
distances are a factor o f 10 lower in the CCED case, doses to the lungs are about 
a factor o f 30 lower, and to the thyroid a factor of 70 lower. This is mainly due 
to the low release o f iodine in the CCED case. The external gamma dose from 
noble gases is one of the most important dose components in the CCED case. The 
doses of BWR20P are shown in Fig. 1 but they are a factor of three higher than 
for BWR2NP.

Unlike the CCED case, the BWR2 curves have a pronounced maximum due to 
the relatively large heat release, which in turn gives a large effective dispersion 
height.

The 30-year committed effective dose equivalent is shown in Fig.2. This 
dose equivalent is based on an integration over 50 years o f the internal effects 
from inhalation during cloud passage. Doses from deposited activity are integrated 
over 30 years. The doses o f  the CCED case are a factor of 65 lower than for the 
BWR2NP case, which again are a factor o f 8 lower than for the BWR20P case. 
The calculation results show that the gamma dose from the noble gases is the
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Meteorological conditions: 
neutral stability
Windspeed: 6 m/s
No rain

R e a c to r  p o w e r: 3200 MW(th)

0,5 1 5 10 50
Distance downwind [km]

FIG .2. 30 years co m m itted  effective dose equivalent.

Collective dose accumulated 
from 0.5 km to given distances
Reactor power: 3200 MW(th)
Meteorological conditions: 
neutral stability
Windspeed: 6 m/s
No rain

1 5 10 50
FIG.3. 30 years com m itted  effective dose equivalent: collected dose accum ulated from  
0.5 km  to given distances.
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largest contributor to the total dose in the CCED case, but there is not much 
difference between the three dose components. The external gamma dose from 
deposition is dominant in the total dose of the two BWR2 cases.

The 30-year collective committed effective dose equivalent is shown in Fig. 3. 
The difference between the CCED and the BWR2 cases increases with distance.
At 50 km the collective dose is about a factor of 90 lower in the CCED case than in 
the BWR2NP case, which again is a factor of 8 lower than for the BWR20P case.

The influence of a major town between 20 and 30 km is clearly seen. The 
accumulated collective dose increases very little with distance in the distance inter
val from 40 to 100 km.

6. CONCLUSION

Data for fission product release, deposition velocity, and filtering have been 
estimated on an empirical basis. The calculations show that these parameters are 
very essential. The empirically deduced release alone reduces the 30-year committed 
effective dose by a factor of 65 compared with the BWR2 release, while the new 
parameters for deposition and filtering reduce the dose further by a factor o f 8.

The accuracy o f ‘simple’ parameters like deposition velocity and filtering will 
increase as experiments are added. The most important parameter is the fission 
product release fraction, and this is estimated here on a very limited basis for a 
light-water reactor. Experiments analysing the processes involved will be costly 
to make, but most essential for our consequence analysis.

However, it should be understood and accepted that basically there will not 
be an empirical basis for the highly improbable, hypothetical accident.
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Abstract

THE REACTOR SAFETY STUDY: ITS INFLUENCE UPON REACTOR SAFETY.
The U nited States Nuclear Regulatory Commission published the  R eactor Safety Study 

(W ASH-1400) in 1975. The study contained m any profound engineering insights in to  reactor 
safety which were obscured by public controversy over certain aspects un til the occurrence of 
the Three Mile Island accident in 1979. The realization that the R eactor Safety Study had 
basically predicted the accident has stim ulated an appreciation o f those engineering insights 
and a trem endous grow th in the  use o f probabilistic risk assessment in order to  guide reactor 
safety design. The paper discusses these engineering insights and their influence upon reactor 
design and operation. First, it was found  th a t public risk was dom inated by accidents involving 
fuel m elting. Secondly, containm ent failure m ode and tim ing significantly influenced the public 
consequences. As a result o f these insights, bo th  USNRC and industry  have in itiated m ajor 
regulatory actions and research program m es on such severe accidents. Thirdly, it was found 
that public risk was dom inated by accidents in itiated by transients and small pipe breaks ra ther 
than the large pipe breaks, which had been the centrepiece o f reacto r safety analysis. The paper 
discusses the  actions taken by the  USNRC and the utilities as a result o f  this understanding.
The fourth  engineering insight was th a t hum an error (b o th  operating and m aintenance) was a 
m ajor con tribu to r to  reactor accidents. H itherto , the regulatory process and safety analysis had 
focused alm ost exclusively upon single hardware failures. Following the TMI accident, the US 
utility  industry form ed the Institu te  for Nuclear Power Operations (INPO) and the USNRC 
organized the Division o f Human Factors Safety. Broadly stated, their m andates are the develop
m ent and im plem entation  of im proved designs and procedures to  reduce the  incidence and 
consequences o f hum an error. INPO is also auditing individual u tility  reactor operations. Finally,
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the m ethodological advances incorporated  in later probabilistic risk assessments and the new 
insights on possible reductions in the atm osphere release m agnitudes (source term ) are 
summarized.

1. INTRODUCTION

The U.S. Nuclear Regulatory Commission published the Reactor 
Safety Study (WASH-1400) [1] in 1975. The study was initiated at 
the request of the Congressional Joint Committee on Atomic Energy
[2] in order to try to reach some meaningful conclusions about 
the risks of nuclear accidents by using current technology. The 
most conspicuous finding, that the public risk from commercial 
LWRs was relatively low compared to other societal hazards, has 
been widely disseminated [3, 4, 5]. The study rendered no judge
ment about the acceptability of the estimated reactor risks. The 
aforementioned finding and certain editorial and technical as
pects of the study provoked a heated controversy which unfortu
nately obscured the more important engineering insights which 
will be discussed in Section 2. Following a review report [6], 
the U.S. Nuclear Regulatory Commission withdrew its support for 
the Executive Summary but directed its staff to make use of the 
Reactor Safety Study "as appropriate, that is, where the data 
base is adequate and analytical techniques permit." However, the 
realization that the RSS had basically predicted the Three Mile 
Island 2 accident (March 1979), stimulated an appreciation of 
these engineering insights and a tremendous growth in the use of 
probabilistic risk assessment in order to guide reactor safety 
design. This paper will discuss the engineering insights and 
show their influence upon reactor safety.

2. ENGINEERING INSIGHTS FROM THE RSS

The Reactor Safety Study analyzed two reactors, the Surry 1 
pressurized water reactor and the Peach Bottom II boiling water 
reactor, since it was necessary for a realistic assessment to 
focus upon specific nuclear power plant design. The methodology 
has been widely disseminated [4, 5, 7]. The study contained 
many engineering insights into the safety design of light water 
reactors. First, essentially all the risk to the public derives 
from accidents involving fuel melting. The study started with an 
open mind by considering over 100 000 potential core meltdown and 
non-meltdown accident sequences in a systematic way. By elimi
nating the physically meaningless sequences and by discriminating
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against the less probable and less consequential ones, it was 
found that public risk was determined by less than 10 accident 
sequences for each of the two reactor types analyzed. All these 
risk-dominant accident sequences involved fuel melting. The under
lying physical reason is that, if fuel is not melted, the bulk 
of the radioactive material remains associated with it and only 
a small fraction of radionuclides generated in the fuel can be 
released.

The dominance of core meltdown accidents leads to a second 
important insight. Core meltdown accidents would impose differ
ent and larger thermal and mechanical loads on containment than 
are required to be considered by current containment design 
criteria. The study found that current containment designs 
would ultimately fail in meltdown accidents. Although there 
would be a melt-through of the concrete base-mat, the initial 
mode (e.g., overpressurization) and timing of containment failure 
in core meltdown would determine the magnitude of public conse
quences. The broad spectrum of public consequences depended upon 
the initial containment failure mode.

The third insight is that the dominant accident sequences 
are initiated by small loss of coolant accidents (LOCA), tran
sients, and systems interactions, and not by large LOCAs whose 
study had been the centerpiece of the reactor safety analysis and
licensing for the previous decade or so.

Fourth, the unavailability of most engineered safety systems 
was found to be relatively high, (e.g., median unavailabilities 
in the range of 10~4 to 10-1 per demand) and to be dominated by 
human error and test/maintenance outages, often in a common cause 
failure mode. Due to the high degree of redundancy which had
been required system unavailability due to hardware failures was
generally found to be less likely.

It is instructive to compare in Table I the above four major 
engineering insights to the previous focus of USNRC licensing con
cerns. There is clearly a poor congruence for each insight. The 
engineering insights were effectively validated by the Three Mile 
Island accident which (a) was initiated by a transient leading to 
a small LOCA, (b) was compounded by human errors, (c) lead to a 
severely degraded core with probably some melting, and (d) 
included a hydrogen burn within containment.

Following the TMI-2 accident, the USNRC and industry 
initiated major regulatory changes and new research programs 
whose direction stems largely from the RSS engineering insights 
summarized in Table I. These changes and research programs will 
be summarized in the following three sections.
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TABLE I. COMPARISON OF RSS ENGINEERING INSIGHTS TO HISTORICAL 
FOCUS OF USNRC LICENSING

R eactor Safety Study engineering insights USNRC licensing focus

Public risk dom inated by fuel m elting 
accidents

Non-core m elting accidents

C ontainm ent will u ltim ately fail under C ontainm ent no t evaluated
m echanical/therm al loads from  core 
m elting accidents

for such loads

D om inant accidents in itiated  by:
— small LOCAs
— Transients
— System interactions

Large LOCAs

Dom inant failure m odes are caused by 
hum an error and test/m aintenance

Single hardware failures

3. SEVERE ACCIDENTS

3.1 USNRC Actions

The first USNRC activities that were taken after TMI for 
severe accident reasons were a host of specific changes inspired 
by the immediate appraisal of lessons learned from the accident 
experience [8, 9, 10]. The USNRC acted with the conviction that 
all these changes were demonstrable improvements and were needed. 
In retrospect, there is some belief that too many changes were 
mandated too quickly to achieve the expected improvement in 
safety.

More methodical USNRC actions in severe accident response 
included those under the umbrella of "degraded core cooling" 
rulemaking. This nomenclature came into use after the TMI 
accident to refer to those severe accidents where substantial 
damage to the core has occurred. Rulemaking activities [11] in 
this area were divided into two categories, interim and long- 
range. The interim rules were developed to deal with the problem 
of hydrogen generation and possible ignition in severe accidents. 
Although there is still debate as to whether hydrogen combustion 
is a dominant contributor to severe accidents, the USNRC has 
acted through rulemaking and licensing actions to reduce the 
hydrogen threat pending a more systematic long-term address of
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severe accident threats. The USNRC is now heavily engaged in 
the work of evaluating the full spectrum of severe accident 
threats for existing and for future plants. For future plants, 
there is an evolving policy [12] of using the rulemaking process 
to approve the final design of standardized plants which have 
been carefully reviewed by both conventional and probabilistic 
methods. In a similar fashion, existing plants are being 
reviewed in classes by probabilistic and conventional methods 
to establish severe accident backfitting policy for the class. 
Substantial changes, if shown worthwhile, could entail imple
mentation by rulemaking. This work is being done by iterative 
refinements of available risk analyses and subsequent value- 
impact analyses of design alternatives. The uncertainties in 
PRA analysis, which could render such systematic PRA analysis 
useless, are being reduced by a major program of research. This 
Severe Accident Research Program [13] includes physical research 
on material transport in core melt situations, core-vessel and 
core/concrete interactions, containment response, and many other 
issues which are significant in PRA modeling.

3.2 Industry Actions

Immediately after the TMI-2 accident, the utility industry 
formed the Nuclear Safety Analysis Center (NSAC) within EPRI to pro
vide analytical support for severe accidents. Following issuance 
of USNRC's Advanced Notice of Rulemaking [11]> the nuclear 
industry under the leadership of the Atomic Industrial Forum pre
pared a series of position papers on the major technical issues 
and launched a major program (Industry Degraded Core Rulemaking, 
IDCOR) to assemble available information and to organize it into 
an industry position [14]. A significant portion of the work is 
the preparation of a new computer code to describe the core de
gradation process and its impact upon containment. This program 
is scheduled to finish in mid-1983.

The concern about potential hydrogen combustion was first 
raised with respect to PWRs with ice condenser containments since 
their combined volume and pressure capacity were relatively low. 
EPRI, with the co-sponsorship of American Electric Power Service 
Corporation, Duke Power Company, TVA, Ontario Hydro and Atomic 
Energy .of Canada Ltd., organized a comprehensive research program 
on hydrogen combustion and control [15]. Combustion tests in 
differing hydrogen/steam/air mixtures and in the presence of water 
sprays and fogs demonstrated the efficacy of the deliberate 
ignition approach to hydrogen control. The low likelihood of 
significant pocketing or stratification of hydrogen was shown by 
a series of mixing and distribution experiments in a large-scale 
mock-up of an ice/condenser containment. The net result of this
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first phase is a high degree of confidence that the careful loca
tion of pre-energized ignitors within containment will limit 
pressures due to hydrogen burning to within the capacity of the 
ice/condenser pressure boundary. Phase 2 of the program will 
include additional experiments focused upon the Mark III con
tainment of BWRs and experiments in a very large volume sphere 
(^2100m3) to establish confidence in the scaling laws. Computer 
models are also under development including modules to be placed 
in the IDCOR code.

EPRI has also initiated a major experimental and analytical 
program focused upon the source term issue which is discussed in 
Section 3.3. Experiments are underway to measure the attenuation 
of fission product aerosols during their passage through water 
pools, to measure the chemical form of fission products released 
from highly irradiated fuel into a steam hydrogen environment, 
and to measure the attenuation of aerosols during their passage 
through the Primary Coolant System. For the last subject, EPRI 
has proposed essentially full-scale measurements in the Marviken 
facility in Sweden. It is hoped that the USNRC and several 
countries will cooperate in this major experiment.

3.3 New insights on source term

There were several exhaustive enquiries into the Three 
Mile Island 2 accident. It has become evident that the Reactor 
Safety Study representation of core melting and fission product 
release was overly simplistic. For example, a recent probabil
istic risk assessment [16] postulated that the melting of the 
core would be incoherent. The TMI-2 accident occurred over a 
relatively long time period and, although the amount of fuel 
melting is believed relatively small, substantial fission products 
were released through leaching.

A welcome surprise was the relatively small quantity of 
radio-iodine released to the atmosphere despite a severely de
graded core. An operating reactor contains approximately equal 
quantities of noble gases and iodine-131. Noble gases generally 
pose no immediate threats to public health whereas iodine-131 
is recognized as one of the more hazardous radionuclides. As 
stated in Table II, a million or so curies of noble gases (1% of 
inventory) were released to the atmosphere during the TMI acci
dent compared to only 15 curies of iodine-131. The ratio of 
iodine-131 to noble gases was about 10-5. As shown in Table II, 
this ratio is radically different from the 0.25 specified in 
USNRC Regulatory Guides [17] and is also very different from the 
ratios of 10"3 to unity estimated in the Reactor Safety Study [1].
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TABLE II. COMPARISON 
NOBLE GASES AND 1-131 
RSS MODELS

OF RELATIVE RELEASE FRACTIONS FOR 
AT TMI-2 WITH USNRC ASSUMPTIONS AND

Noble
gases 1-131

Core inventory 
(curies)

Release to atm osphere 
(curies)

3 X 10® 

3 X 106

7 X 1 0 +7 

15

TMI-2 accident 
(Rogovin Report, 
NU REG /CR-1250)

Percentage released 1 2 X 1 0 '5

Fractional release to  
containm ent (followed 
by 0.1% per day leakage) 1 0.25

USNRC assum ptions 
(Reg. Guides 1.3 and 
1.4)

Fractional release to 
atm osphere

Ratio 1-131 to  N-G

3 X 10~6
to
0.9

1

10‘ 7
to
0.7

3 X 1 0 '3 
to 
1

R eactor Safety Study 
(W ASH-1400)

USNRC Regulatory Guides and WASH-1400 models are based upon 
the assumption that iodine would be in its elemental form as a 
vapor. Drs. Stratton, Malinauskas and Campbell drew attention
[18] to the disparity between the reality of the TMI accident 
and the models assumed by the US Nuclear Regulatory Commission. 
They postulated that the iodine was released from the fuel as 
cesium iodide which was then dissolved into the water. They 
pointed out that, contrary to past assumptions, the iodine 
release may not dominate public risk,which may be much smaller 
than had been predicted,and that evacuation requirements might 
be excessive. They recommended very strongly that the USNRC 
assumptions on iodine release be re-examined with an assessment 
of available information.

In parallel with the above effort, EPRI was reviewing the 
Reactor Safety Study models for the release of radionuclides from 
a degraded core, their transport through the primary coolant 
system and containment, and their release to the atmosphere. It
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TABLE III. FISSION PRODUCT SOURCE TERM CONSERVATISMS 
ASSOCIATED WITH RISK-DOMINANT ACCIDENT SEQUENCES

Peach
Surry Bottom

Fission product
source term  conservatisms TM L B 'a S2C TW TC

Q uantity  and tim ing of release o f volatile 
fission p roduct from  fuel • • • •

Chemical form  of fission product • • • •

Lack of fission product re ten tion  in PCS • • • •

Rapid U 0 2 oxidation  in steam  explosion • • • •

No fission p roduct trapping in steam -saturated 
quench tanks or suppression pools

Incom plete aerosol modeling for containm ent

•

• •

•

• •

No fission product deposition in containm ent 
leak passages • • • •

Puff discharges a t containm ent overpressure 
failure • • •

No fission p roduct re ten tion  by auxiliary 
buildings • • • •

a The R eactor Safety Study denotes events po tentially  leading to an accident by alphabetical 
letters. An accident sequence would be denoted by a series o f letters. TMLB , for exam ple, 
denotes a loss o f off-site pow er follow ed by station  blackout.

became evident that, in addition to the assumed elemental form of 
iodine, there were many other conservative assumptions involving 
the behavior of aerosols, trapping of radionuclides by water 
pools, etc. For any real change in the estimated public risk, 
all risk-dominant accident sequences must be affected. In Table 
III, the conservative assumptions are tabulated in the left-hand 
column opposite the risk-dominant accident sequences for the 
Surry I and Peach Bottom II reactors analyzed in WASH-1400. A 
black dot indicates that the noted conservatism appears in the 
corresponding accident sequence. The key point is that each
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dominant accident sequence has many conservatisms. If there is 
a factor of 2 or 3 conservatism (which is small for the type of 
modeling approximations used) in two or three of these phenomena, 
then there would be a 10-fold reduction in the release of radio
nuclides to the atmosphere. Such a reduction would essentially 
eliminate the WASH-1400 prediction of early fatalities. These 
studies and calculations were presented to the USNRC Commissioners
[19] as an argument for a high-priority research program to 
ascertain the facts and for a delay in establishing new criteria 
for emergency response planning and in holding rule-making hear
ings about degraded cores and safety regulations.

The U.S. Nuclear Regulatory Commission responded to the above 
observations by preparing a state-of-the-art report, NUREG-0772,
[20] and, an assessment of the impact on regulations of a differ
ent source term, NUREG-0771, [21]. NUREG-0772 attempts to give 
the technical basis for estimating fission product behavior dur
ing LWR accidents and in so doing illuminated a number of subjects 
requiring more work. For example, it was made clear that the 
experimental data supporting the correlations used to predict the 
rate of fission product release are inadequate. Furthermore, it 
became clear that the treatment of aerosols, particularly in the 
primary coolant system, was inadequate. NUREG-0772 also strongly 
indicated that cesium iodide was the predominant form of iodine 
released,rather than elemental iodine. NUREG-0771 took the posi
tion that although elemental iodine in the past had been identi
fied as the predominant form of released iodine, the iodine was 
being used as a surrogate for other fission products released 
(such as aerosols) which had been understated and therefore no 
significant overstatement of fission product release had occurred. 
These and other technical issues such as the inadequacy of the 
computer codes being used for these degraded core accidents, 
require further work of high quality and of a definitive nature.

The U. S. Department of Energy sponsored a major assessment 
[22] of the uncertainties in estimating the source term with 
recommendations for research to resolve them. This assessment is 
being followed up by a series of working groups which are focus
ing on specific issues.

4. STUDY OF SMALL LOCA

The confused response of the TMI operators to the accident, 
basically a small LOCA, dramatized the need for better under
standing of small-LOCA behavior, especially in PWR s. The major 
concerns were (a) the plant performance following a small LOCA 
with multiple failures and with/without operator actions, (b) 
decay heat removal due to natural circulation, (c) extended loss
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of inventory leading to core uncovery and damage of core, (d) 
plant performance with circulation pumps on/off, (e) improve
ment of plant instrumentation to detect plant conditions before 
core uncovery, and (f) primary coolant system overcooling and 
vessel integrity due to prolonged safety injection and re- 
pressurization.

The research programs at the major thermal-hydrauliс test 
facilities, LOFT and SEMISCALE for PWRs and TLTA for BWRs, were 
redirected to provide experimental data for the phenomena 
associated with small LOCAs [23-27]. The publicly available 
systems codes, TRAC, RELAP-5, and RETRAN, have been assessed 
extensively by comparison with the data and generally shown to 
be adequate for evaluation of plant performance following a 
small LOCA [28, 29].

The major results obtained to date from the experiments and 
analysis efforts indicate that (a) natural circulation is an 
effective heat transfer mode for removal of decay heat, (b) the 
LOFT work supports the ruling from USNRC that the recirculation 
pumps should be kept off during a small LOCA, and (c) there are 
many alternative techniques available for the detection of water 
level movement in a reactor during a small LOCA. Substantial 
efforts are continuing to resolve the small LOCA concerns.

5. IMPROVED OPERATING PROCEDURES

5.1 USNRC Actions

Prior to the TMI-2 accident, the USNRC had treated human 
factors safety as a mere adjunct of the design review process. 
Operator licensing, control room review, and operating procedures 
reviews were assigned scant resources. Following the accident, 
the USNRC responded with dramatically increased attention on 
human factors. The agency established the Division of Human 
Factors Safety (DHFS) and immediately began a campaign to estab
lish a major program to improve human factors safety in all its 
aspects. The DHFS has full responsibility for this subject from 
the review and appraisal of plant management competence to the 
review of instrumentation displays. Major improvements have been 
made in plant staff training and manning requirements [10, 30, 31]. 
Both short-term and long-term improvements in control room design 
and procedures are being made. The USNRC activities are closely 
coordinated with the work of the new Institute of Nuclear Power 
Operations.
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5.2 Institute of Nuclear Power Operations
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The nuclear utility industry established the Institute of 
Nuclear Power Operations (INPO) in 1979 as an independent, non
profit organization to ensure high quality in nuclear power plant 
operations. Its purposes, in brief, are to establish industry
wide safety standards for nuclear operations and to conduct annual 
station evaluations to assist utilities in meeting INPO-developed 
performance criteria. The Institute also analyzes significant 
events at operating plants and distributes lessons learned to the 
industry. Through research involving job and task analysis, INPO, 
with the support of USDOE, is currently determining educational 
and training requirements for nuclear personnel and will later 
accredit training organizations. Support also is provided to 
members in emergency preparedness and radiological protection.

An important engineering insight in the RSS was that human
error was a major contributor to the risk of reactor accidents.
Personnel participating in INPO's Significant Event Evaluation 
and Information Network (SEE-IN) program have been systematically 
evaluating operational events in U.S. nuclear plants since early
1980. One of the conclusions of this effort was the relative
paucity of the human error data base when compared to the com
ponent failure data base as reported by U.S. nuclear utilities.
The RSS estimates that the risk of major accidents is dominated 
by human error contributions (over 50%). However, the operational 
event data base would lead to a contrary conclusion due to its 
lack of richness in what would be recognized as precursor events 
of significance involving important human errors.

This fundamental difference and the general need for 
improved human performance data has lead INPO to develop and 
initiate a pilot project with three major utilities (two in the 
USA and one in Europe) to train a new cadre of utility analysists 
in advanced techniques for the reporting and sophisticated 
analysis of human errors. At the core of this effort is the 
human error taxonomy, modeled after the work of Mancini et al.[32].

The intent of this development effort is to build up an 
awareness, understanding and competence in the analysis of the 
root causes of human error in the utilities' operational staffs. 
Given the RSS conclusions relative to human error, significant 
reductions in the overall risk of fuel melting may be obtained 
with even limited reductions in the frequency of human errors.

5.3 Other industry actions

The TMI-2 accident and subsequent investigations have led to 
an improved understanding of the importance of operator decision
making to plant safety and the factors which can influence it.
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As a response, the U.S. nuclear industry has committed tens of 
millions of dollars per plant to improve operating procedures, 
training and control room information display.

No single error should in itself comprise plant safety 
because there is considerable redundancy and sufficient time for 
detection and correction. From a safety perspective, the greatest 
risk is that of a persistent judgment error on the part of the 
operating crew. An EPRI study [33] has addressed the potential 
impact of proposed innovations upon the major facets of decision
making. The most productive approach, and one that has been 
recently endorsed by the USNRC [34]^includes the introduction of 
symptom-oriented procedures, better integration and structuring 
of control room information, and related training. The introduc
tion of computer aids, e.g. Safety Parameter Display System (SPDS) 
and Disturbance Analysis and Surveillance System (DASS), to assist 
the shift supervisor in his role as the system's manager may be 
one of the most effective enhancements which can be made to exist
ing control rooms. However, a recent study of the impact of such 
systems [35] revealed the need for more attention to the issue of 
decision-making.

6. RECENT ADVANCES IN PROBABILISTIC RISK ASSESSMENT (PRA)

Following publication of the Reactor Safety Study, it was re
cognized that additional nuclear power plant designs needed to be 
assessed in order to ascertain the generality of the engineering 
insights. Accordingly, USNRC initiated the RSS Methodology 
Applications Program (RSSMAP) which was limited to a systems 
analysis of four plants representing different NSSS vendor, 
architect-engineer and containment types from those in the RSS. 
Many other PRAs have been performed by utilities to answer ques
tions about high population sites, older reactor designs, etc.
As part of the post-TMI Action Plan [10], USNRC envisaged the 
possibility that a risk assessment might be required of every 
operating nuclear power plant. Although a final decision has not 
been reached on such a requirement, selected plants have been 
studied under the Interim Reliability Evaluation Program (IREP) 
and USNRC has ruled that a risk assessment must be performed for 
future plants [36]. Altogether, risk assessments for 20 U.S. 
commercial LWRs have been published and a further 11 are underway.

Almost all of the above assessments have used basically the 
same methodology as the Reactor Safety Study. The only major 
advances have been in the assessment of earthquakes, floods and 
fires. These initiators sometimes contribute significantly to 
the estimated public risk especially for older plants for which
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the design criteria were less stringent. Apart from this factor 
and some design-specific influences, the major engineering in
sights described in Section 2 have been found to be generic to 
all LWR power plants.

In order to utilize probabilistic risk assessments in the 
regulatory process and in other decision-making, it was recognized 
that the methodology needed to be codified. The USNRC, USDOE and 
industry have cooperated to prepare a PRA Procedure Guide [37] 
which sets forth acceptable methods to conduct each phase of a 
probabilistic risk assessment.

7. CONCLUSIONS

The Reactor Safety Study has survived several years of 
severe critical review without impairment of its major engineering 
insights. The technical community now recognizes the value of 
probabilistic risk assessment as an aid to allocating resources, 
to placing safety issues into perspective, to developing realistic 
accident scenarios for operator training and emergency response 
planning, and to providing the foundation for good system 
architecture. The evidence, today, suggests that the Reactor 
Safety Study estimates of accident probabilities were realistic 
but there is greater plant-to-plant variation than expected and 
that the RSS estimates of accident consequences were conservative
ly large due to an overestimate of the source term. Additional 
research is needed into fission product release from fuel, its 
transport through the primary coolant system and containment and 
its release to the atmosphere in order to quantify this conserva- 
sims and to provide a foundation for improved LWR safety design 
and regulation. The U.S. Nuclear Regulatory Commission, U.S. 
Department of Energy, Electric Power Research Institute,
Institute for Nuclear Power Operations and other industry groups 
are working together to enhance the credibility and usefulness of 
probabilistic risk assessment and to generate the needed experi
mental data for a refined estimate of the radiological source term.
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Abstract-Аннотация

THE SAFETY OF NUCLEAR DISTRICT-HEATING PLANTS IN THE USSR.
The fundam entals o f reactor design for nuclear district-heating plants (NDHP) are 

examined. The main technical characteristics of the AST-500 plant, using a water-water 
vessel-type reactor, are given. The principal features of reactor layout and design ensuring 
the safety of the public when NDHPs are sited in the imm ediate vicinity of large towns are 
discussed. The main types of research and experim ental work involved in planning NDHPs 
are enum erated.

БЕЗО П АСН О С ТЬ А ТО М Н Ы Х  С ТА Н Ц И Й  ТЕ П Л О С Н А Б Ж Е Н И Я  В СССР.

Рассмотрены основные вопросы создания реакторной установки для атом ны х станций 

теплоснабжения (A C T ). Приведены основные технические характеристики реакторной уста

новки  AC T -5 0 0  с ко рп усн ы м  реактором  водо - водяного  типа. Обсуждаются основные тех

нические решения по ко нстр укц ии  реакторной установки, по схеме и ко м п о н овке  станции, 

которы е обеспечивают безопасность населения при размещении AC T в непосредственной бли

зости к кр упн ы м  городам. Перечислены основные научно-исследовательские и о п ы т н о -к о н 

стр уктор ские  работы, выполненные в процессе проектирования ACT.

1. ВВЕДЕНИЕ

В Советском Союзе накоплен значительный опыт применения ядерных энерго
источников, построены и успешно эксплуатируются атомные электростанции (АЭС) 
с высокими показателями безопасности и экономичности [1].

Вместе с тем, доля топлива, расходуемая в СССР на выработку электроэнер
гии, составляет ~ 25% , в то время как на производство низкопотенциального теп
ла, включая централизованное теплоснабжение, расходуется до 30% топлива [2, 3]. 
Вытеснение органического топлива и замена его ядерным позволит внести сущес
твенный вклад в совершенствование топливно-энергетического баланса страны, 
особенностью которого является удаленность районов интенсивного энергопотреб
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ления от крупных месторождений органических топлив. Существенна также воз
можность уменьшить вредное воздействие развивающейся энергетики на окружаю
щую среду.

В настоящее время имеются реальные условия для широкого использования 
ядерных энергоисточников в целях теплоснабжения, чему способствуют следую
щие факторы:
— большой опыт, накопленный отечественной энергетикой в области теплофика

ции и централизованного теплоснабжения;
— тенденция к концентрации тепловых нагрузок и росту единичных мощностей 

энергоисточников;
— накопленный опыт строительства и эксплуатации мощных АЭС, удовлетворяю

щих требованиям безопасности.
В СССР начались подготовительные работы по использованию ядерных энерго

источников в целях коммунально-бытового теплоснабжения. В г.г. Горький и Во
ронеж приступили к сооружению первых блоков атомных станций теплоснабжения.

2. ТРЕБОВАНИЯ К АТОМНЫМ СТАНЦИЯМ ТЕПЛОСНАБЖЕНИЯ

2.1. Технико-экономические аспекты применения ACT

На ближайшую перспективу для теплоснабжения в качестве возможных типов 
ядерных энергоисточников рассматриваются АЭС с ограниченным отпуском тепла 
потребителям, атомные теплоэлектроцентрали — АТЭЦ и одноцелевые атомные 
станции теплоснабжения — ACT.

Теплопотребление народного хозяйства СССР за прошедшие годы показано в 
табл. I. Экстраполяция этих данных на перспективу 20 — 25 лет позволяет ожидать 
потребность во вновь вводимых блоках около 500 шт. (при тепловой мощности 
каждого 1000 МВт) [4,5].

Вклад ядерно-энергетических установок в покрытие этих потребностей должен 
осуществляться всеми типами энергоисточников. Это одна из причин интенсифи
кации работ в СССР по созданию одноцелевых атомных станций теплоснабжения, 
каждая из которых может вытеснить в год около 700 000 тонн условного топ
лива.

К настоящему времени выполнен ряд технико-экономических исследований по 
определению сравнительной экономической эффективности, выбору и составу обо
рудования источников теплоснабжения и выявлению областей их применения [6,7,8].

Расчеты показали, что одноцелевые источники тепла могут найти эффективное 
применение в системах централизованного теплоснабжения в европейской части 
СССР, где они экономически конкурентоспособны при концентрациях тепловых 
нагрузок от 500 до 1000-1500 Гкал/ч. ACT тепловой мощностью 1000 МВт (при 
годовом числе часов использования номинальной мощности 6000 ч) обеспечива
ют значительно меньшую себестоимость вырабатываемого тепла по сравнению 
с котельной такой же мощности, работающей на органическом топливе.
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Годы
Наименование Размерность -----------------  Перспектива

1958 1970 1980 (2000г.)

Городские поселения: ГкалХЮ
1. Промышленность —"—
2. Жилищно-коммунальное 
хозяйство

В том числе:
1. Потребности в горячей 
воде

2. Потребности в техноло- 
ческом паре (Р до 2,5 МПа) —

0,6 1,7 2,8 5,0*
0,4 1,1 1,9 -

0,2 0,6 0,9 -

- 0,85 1,6 3,0*

- 0,85 1,2 2,0'

Экстраполяция по данным за 1970— 1980 гг.

2.2. Вопросы обеспечения безопасности

Разработке конкретных проектов предшествовали исследования, направленные 
на выработку требований по безопасности с учетом необходимости приближения 
ядерного энергоисточника к городу. В результате были выработаны дополнитель
ные требования к сооружению и размещению ACT по сравнению с принятыми в 
практике строительства и эксплуатации АЭС. В 1978 г. был утвержден официаль
ный документ [9], являющийся дополнением к действующим "Общим положени
ям обеспечения безопасности" [10]. При разработке [9] были сформулированы 
требования к обеспечению мер, защищающих станцию от более широкого класса 
внутренних нарушений и внешних воздействий.

Указанные аспекты определили следующую направленность дополнительных тре
бований:
— должны быть предусмотрены меры, исключающие расплавление твэлов при 

разгерметизации корпуса реактора;
—  необходимо учитывать внешние воздействия ( падение самолета, воздействие 
ударной волны при близких взрывах) ;
— должны быть приняты меры по ограничению срока хранения облученного топ

лива и радиоактивных отходов;
— требуется обеспечить ограничение коллективной дозы облучения населения го

рода при нормальной эксплуатации и при аварийных ситуациях.
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Состав кассеты

Рис.1. Конструктивная схема реакторной установки A C T-500: 1 -  активная зона; 2 -  теплооб
менник I-II контуров; 3,4 -  нижняя и верхняя части корпуса реактора; 5 -  крышка реактора;
6 — приводы СУЗ; 7,8 — нижняя и верхняя части страховочного корпуса; 9 — шахта тягового 
участка контура естественной циркуляции.

2.3. Основные характеристики реакторной установки

Исследования по выбору типа реакторной установки привели к выводу, что 
предъявляемым требованиям безопасности наиболее полно отвечает корпусной ре
актор водо-водяного типа, в конструкцию которого заложены следующие основные 
принципы [11, 12] :
— низкое давление в первом контуре и умеренная энергонапряженность активной 

зоны снижают уровень аварийных последствий и повышают надежность охлаждения 
активной зоны;
— естественная циркуляция теплоносителя основного контура обеспечивает высо

кую надежность теплоотвода от активной зоны;
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Рис. 2. Принципиальная схема атомной станции теплоснабжения: 1 -  реактор; 2 - система байпас
ной очистки теплоносителя первого контура; 3 -  система ввода борного раствора; 4 -  компенсатор 
объема промежуточного контура; 5 — сетевой теплообменник; 6 — емкость системы аварийного 
расхолаживания активной зоны; 7 - потребители тепла.

— интегральная компоновка оборудования основного контура позволяет свести к 
минимуму разветвленность контура и избежать применения турбопроводов большо
го диаметра, потенциально опасных с точки зрения возможности большой разгер
метизации контура;
— двухкорпусная схема, при которой основной корпус с минимальным зазором 

вмонтирован в страховочный корпус, что обеспечивает сохранение активной зоны 
под заливом при разгерметизации основного корпуса и локализацию радиоактив
ных продуктов.

При выборе типа реактора одним из важных аргументов была многолетняя 
успешная эксплуатация кипящего корпусного реактора ВК-50 с естественной цир
куляцией теплоносителя, подтвердившая высокую эксплуатационную надежность и 
простоту управления реакторами данного типа.

На рис. 1 представлена конструктивная схема одного из вариантов реактора 
ACT тепловой мощностью 500 МВт.

Для удовлетворения требований по безопасности использованы следующие 
схемные решения (см. рис. 2) :
— трехконтурная схема теплоотвода от реактора с промежуточным разделитель

ным контуром, давление в котором меньше, чем в тепловой сети, исключает 
возможность утечки радиоактивных продуктов из реактора к потребителю через 
неплотности в поверхностях теплообменников;
— трехпетлевая схема системы теплоотвода гарантирует высокую степень защи

щенности реактора от аварий, связанных с отказом систем, ответственных за ох
лаждение реактора;
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— на трубопроводах систем, связанных с I контуром, устанавливается двойная 
быстродействующая запорная арматура, расположенная внутри страховочного кор
пуса и срабатывающая автоматически при разгерметизации трубопроводов;
— на трубопроводах II контура! устанавливается быстродействующая запор

ная арматура, отсекающая одну из трех петель системы теплоотвода при аварий
ной разгерметизации теплообменника;
— система аварийного расхолаживания состоит из трех независимых петель и 

организована с использованием принципа естественной циркуляции по трем конту
рам с отводом тепла через сетевые теплообменники за счет выпаривания теплоно
сителя, запасенного в емкостях системы аварийного расхолаживания;
— надежная защита реактора от превышения давления выше допустимого достига

ется без установки предохранительных клапанов на первом контуре, что исклю
чает возможность выброса радиоактивного теплоносителя при непосадке предо
хранительного клапана.

Последнее техническое решение оказалось возможным ввиду жесткой тепло
вой связи между контурами.

Требование учета внутренних нарушений и внешних воздействий заставило 
искать необходимые компоновочные решения. Возможны два варианта общей ком
поновочной схемы главного здания ACT :
— расположение оборудования и систем в прочноплотных изолированных боксах;
защитная оболочка вокруг реактора и основных важных для безопасности

систем.
Прочноплотные изолированные боксы, в которых располагаются реактор и все 

системы, связанные с первым контуром, рассчитаны на давление теплоносителя 
при потере герметичности оборудования и на внешние воздействия, включая паде
ние самолета. Защита систем, которые невозможно заключить в боксы ввиду 
громоздкости и разветвленности, достигается резервированием систем, рас
средоточенным расположением автономных петель в помещениях, разделен
ных перегородками, рассчитанными на внешне воздействия.

Защита реактора и бассейна выдержки от внешних воздействий достигается 
наличием съемного перекрытия из железобетонных конструкций, рассчитанных по 
условиям прочности на падение самолета.

Альтернативой такому инженерному решению является размещение реактора и 
его основного и вспомогательного оборудования внутри защитной оболочки, так
же рассчитываемой на внешние воздействия.

2.4. Показатели радиационной безопасности

Заложенные в ACT технические решения обеспечивают радиационную безопас
ность населения как при нормальной эксплуатации, так и при возможных аварий
ных ситуациях [13,14,15].

Расчеты, проведенные для атомной станции теплоснабжения с двумя реакто
рами АСТ-500, показали, что выбросы радиоактивных продуктов и дозы облуче
ния на местности значительно ниже допустимых уровней. Так, выброс радиоак
тивных продуктов деления в атмосферу при нормальной эксплуатации за счет
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протечек не ожидается выше 4-10 9 Ки/сут для изотопов йода и 2-10 2 Ки/сут для ра
диоактивных благородных газов (РБГ), что создает дозы облучений в 108 раз 
меньше допустимого значения для щитовидной железы и в 104 раз меньше до
пустимого значения для внешнего облучения.

Анализ аварийных ситуаций показал, что для наиболее опасной по радиаци
онным последствиям аварии с разрывом трубопровода диаметром 500 мм про
межуточного контура значения индивидуальных доз облучения в 104 раз ниже 
пределов доз, регламентированных [9] для максимальной проектной аварии.

Схемные решения обеспечивают безопасность населения при использовании 
сетевой воды путем недопущения протечки воды промежуточного контура в теп
ловую сеть как при нормальной эксплуатации, так и при аварийных ситуациях.

3. НАУЧНО-ИССЛЕДОВАТЕЛЬСКИЕ И ОПЫТНО-КОНСТРУКТОРСКИЕ 
РАБОТЫ

В процессе проектирования реакторной установки АСТ-500 выполнен комплекс 
работ по обоснованию технических решений, заложенных в конструкцию основ
ного оборудования. Наряду с традиционно выполняемыми экспериментальными 
работами, такими как испытания опытных образцов рабочих кассет, ресурсные 
испытания приводов СУЗ и кинематики его соединений, узлов уплотнения 
привода и циркуляционного насоса промужуточного контура, отдельных элемен
тов конструкции встроенных в корпус реактора секций теплообменника, элемен
тов запорной и регулирующей араматуры и т.п., проводились и проводятся так
же специализированные целевые исследования.

Ряд особенностей реакторной установки ACT (относительно низкое давление, 
естественная циркуляция для всех режимов работы, возможность использования 
кипения теплоносителя в сочетании с кластерной конструкцией регуляторов мощ
ности, наличие встроенных теплообменников и конденсатора пара) потребовал 
постановки достаточно подробных нейтронно-физических, гидравлических, водо
газовых, металловедческих и других исследований на специально созданных стен
дах и действующих реакторах.

На реакторе ВК-50 при давлениях в реакторе (1,0-2,5) МПа проведен ком
плекс исследований, в результате которых получены экспериментальные дан
ные, подтверждающие расчетные представления о закономерностях естественной 
циркуляции. Измерения на реакторе позволили уточнить отдельные положения 
методики расчетов гидродинамических процессов в контуре и подтвердили воз
можность достижения высокого уровня интенсивности естественной циркуляции 
при кипении теплоносителя [16,17].

Исследования гидродинамики в целом показывают, что естественная циркуля
ция теплоносителя обеспечивает надежное охлаждение тепловыделяющих сборок 
активной зоны, реактор с естественной циркуляцией обладает хорошим саморегу
лированием.

С целью уточнения количественных характеристик двухфазного теплоносителя 
в кассетах тепловыделяющих сборок проводятся исследования на электрообогре-
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ТАБЛИЦА II. ХАРАКТЕРИСТИКА ОПЫТНЫХ КАССЕТ

Характеристики Размерность Тип кассеты
твэлов 1 II III ACT

Диаметр твэла мм 10,2 9,1 13,6 13,6
Толщина оболочки мм 0,6 0,6 0,9 0,9
Материал оболочки Сплав Zr + 1% Nb
Материал сердечника Двуокись урана
Высота топливной части м 2,0 2,0 2,0 3,0
Энергонапряженность зактивной зоны МВт/м 30 40 - 45,0 27
Максимальное линей
ное энерговыделение Вт/см 300 200 180 220
Весовое паросодержа-
ние на выходе % 12,0 12,0 10,0 до 2,0
Календарное время год 4,0 8,0 4,5 6,0
работы твэлов эфф.ч 26 000 52 000 29 000 36 000
Накопление шлаков М Вт-су т/кг 11,0 30,0 11,5 16,0
Характеристики вод бескоррекционный,
ного режима: нейтральный , PH = 7,0
— содержание кислорода мг/кг до 0,2
— содержание соединений

железа мг/кг до 0,03
— содержание С мг/кг до 0,05— содержание солей

жесткости мкг - экв./кг 6-8

ваемых моделях тепловыделяющих сборок при характерных для реакторной установ
ки (РУ) ACT параметрах.

Конструкционные материалы оборудования первого контура ACT (нержавею
щая сталь внутрикорпусных устройств и циркониевый сплав в качестве оболочек 
твэлов) практически не накладывают ограничений на возможность использования 
широко применяемых в водо-водяных реакторах водных режимов. Вместе с тем 
по условиям обеспечения необходимой для реализации кипящего режима интен
сивности конденсации пара на поверхностях встроенного в реактор конденсатора 
применение коррекционного щелочного режима было исключено ввиду значитель
ной концентрации в паре неконденсирующихся газов (Н2 + N2 + NH4), ухудшаю
щих конденсацию пара. Поэтому для кипящего режима предложен нейтральный
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бескоррекционный режим. Поскольку предусматривается возможность работы реак
тора в некипящем режиме с газовым наполнением компенсатора давления, раз
работан коррекционный водный режим, в котором в качестве корректирующей 
добавки для подавления радиолиза используется газообразный водород, вводимый 
в компенсатор давления реактора вместе с гелием. Водородно-гелиевая смесь 
поддерживает парциальное давление паров воды, исключающее кипение на выхо
де из активной зоны.

В режиме работы реактора ACT с кипением предусматривается применение 
сдувки парогазовой смеси из мест накопления неконденсирующихся газов и ка
талитическое сжигание водорода.

Вышеперечисленные особенности конструкции и параметров ACT при определен
ных условиях могут привести к возможности возникновения самовозбуждающихся 
колебаний расхода, нейтронного потока и других параметров. По этой причине тео
ретическому анализу и экспериментальным работам, посвященным проблеме устой
чивости, уделялось и уделяется большое внимание. Изучение условий возникнове
ния различных видов нестабильности ведется на основе математических моделей 
динамики с использованием линейной пространственно-распределенной модели 
активной зоны и контура циркуляции.

Результатом проведенных исследований явилось определение областей устой
чивой и неустойчивой работы, оценка влияния различных режимных и конструк
тивных факторов на величины запасов устойчивости. Устойчивость обеспечивается 
в "водяных" режимах (при отсутствии объемного кипения) и в "кипящих" ре
жимах в области весовых паросодержаний, больших 1,5%. Экспериментальная апро
бация результатов теоретического анализа проводилась по данным, полученным на 
нескольких полномасштабных стендах, имитировавших работу парогенерирующих 
каналов в условиях естественной циркуляции теплоносителя, а сравнение усло
вий возникновения нейтронно-физической неустойчивости с расчетной моделью 
выполнялось по результатам данных, полученных на реакторе ВК-50 [18].

В качестве основных эксплуатационных режимов рассматриваются режимы, 
соответствующие двум областям устойчивой работы: без кипения и с кипением.

Ресурс работы твэлов определялся для различных диаметров, материалов и ти
па топливных элементов; характеристики опытных кассет и твэлов представлены в 
табл. II, где они сравниваются с проектными данными твэлов одного из вариантов 
активной зоны реактора ACT. Из таблицы следует, что наиболее интересно сопо
ставить результаты работы твэлов кассет типа II и III; при одинаковых материа
лах сердечника (U02) и материала оболочки (сплав Zr + 1%Nb) они отличаются 
диаметром твэл, глубиной выгорания и толщинами оболочек.

Металловедческие исследования оболочек твэлов, выполненные через 5000 ч,
17 ООО ч и 25 ООО ч, показывают, что сплав обладает достаточным запасом пластичности, 
обеспечивающим его работоспособность по крайней мере до 50 ООО ч.

Проведенные исследования обусловили совокупность заложенных в конструк
цию реактора технических решений ACT-500 и выявили ряд аспектов, которые в 
дальнейшем могут улучшить технико-экономические показатели станции.

Основные технические характеристики реакторной установки РУ ACT-500 в 
кипящем и некипящем режимах представлены в табл. Ill [11,12,19].
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Параметры Размерность Численное значение

Тепловая мощность реактора МВт 500
Параметры теплоносителя первого контура: 
— давление/температура на входе в 
активную зону МПа/°С 2,0/150(130)*

— недогрев воды до насыщения на вы
ходе активной зоны °С 0/10,0*
t псовое паросодержание на выходе 
из активной зоны % до 2,0/< 0,0*

Параметры промежуточного контура: 
— давление МПа 1,2
— температура на входе/выходе из теп

лообменника 1 — 11 контуров 0 С 90/170
Параметры теплоносителя тепловой сети: 
— давление МПа 1,6
— температура в напорном/обратном 

коллекторах 0 С 150/70(140/60)*
Параметры активной зоны:
— удельная энергонапряженность актив
ной зоны МВт/м3 27,0

— диаметр твэла/тип топлива мм 13,6/U02

Примечание: Характеристики, отмеченные * относятся к условиям работы реактора в 
некипящем режиме.

4. ЗАКЛЮЧЕНИЕ

Работы по созданию ACT являются следующим шагом в расширении области 
применения ядерных энергоисточников и направлены на обеспечение более раци
онального использования энергоресурсов страны.

Подтверждена техническая возможность создания экономичных и безопасных 
реакторных установок для атомных станций теплоснабжения.

Использование ряда принципов и технических решений, заложенных в конструк
цию реакторной установки, в схему и компоновочные решения станции, обеспечи
вают возможность приближения ACT к крупным городам.

Выполненные к настоящему времени работы позволяют приступить к внедре
нию ACT в народное хозяйство.
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Abstract-Аннотация

THE MAIN PRINCIPLES OF SAFETY IN NUCLEAR SHIPS OF THE USSR.
The paper describes the  principles of safety and reliability in nuclear ships on the basis 

of the  experience accum ulated in the USSR with the developm ent and operation of nuclear 
ice-breakers. Aspects of ensuring nuclear safety in the context of the Soviet ‘Nuclear Safety 
Rules for A tom ic Ships’ are discussed. The principal sources of radiation hazards in atom ic 
ships are determ ined, and the role of individual safety barriers is analysed for nuclear power plant 
operating conditions corresponding to  the classes regulated by the draft IMCO Codex on the 
Safety of Nuclear M erchant Ships.

ОСНОВНЫЕ ПОЛОЖ ЕНИЯ ОБЕСПЕЧЕНИЯ БЕЗОПАСНОСТИ СОВЕТСКИХ АТОМНЫХ СУДОВ.

В доклад е  излож ены  принципы обеспечения безопасности и надежности атом ны х судов с уче

том  опыта, н акоп ленн ого в С оветском  Союзе при разработке  и эксплуатации атом ны х л е д околов . 

Рассм отрены  воп росы  обеспечения ядерной  безопасности в  р ам к ах  отечественны х ’’П равил ядер- 
ной безопасности д л я  атом ны х судов” . О пределены  основны е источники радиационной опаснос

ти на атом ном  судне и проанализирована роль отдельны х барьеров защ иты  в услови ях  работы  ядер- 

но-энергетической  устан овки , соответствую щ их классам  реглам ентируем ы х п роектов  К одекса  
ИМКО по безопасности ядерны х торговы х  судов.

Внедрение ядерно-энергетических установок (ЯЭУ) на атом ны х судах нераз
ры вно связано с реш ением проблем ы  их безопасности. Под безопасностью судна 
понимается ко м п л екс  конструкционны х и организационных мер, обеспечивающ их 
защ иту окруж аю щ ей среды от радиационного воздействия при нормальной эксплу
атации, возм ож ны х наруш ениях ее вплоть до предельной проектной аварийной 
ситуации. По отношению  к членам экипаж а судна и пассажирам на нем мож но 
говорить о безопасности ЯЭУ на судне. Опыт разработки ЯЭУ и обобщ ение дан
ны х по их эксплуатации позволяю т сформ улировать перечень решений, обеспе
чивающих безопасность, среди которы х:

— разработка ЯЭУ на основе соврем енны х знаний о ф изических процессах, 
происходящ их в этих установках, и на основе соверш енной технологии;

— вы сокое  качество изготовления, монтаж а установки под непреры вны м  конт
ролем  этих процессов;
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— контроль состояния оборудования в процессе эксплуатации ЯЭУ;
— создание эф ф ективны х защ итны х систем для предотвращ ения аварий;
— внедрение конструкционны х и схем ны х решений, предотвращ аю щ их или 

смягчаю щ их последствия нарушений или о тказа  в работе отдельны х узлов;

— обоснованное норм ирование возм ож ны х радиационны х нагрузок ;

— предусмотрение организационных м ероприятий по обеспечению безопасности 

атом ного судна в порту.
Настоящ ий до к л ад  посвящ ен обеспечению безопасности атом ны х судов в 

аварийны х ситуациях.
В течение последних лет к а к  за рубеж ом, так  и в СССР уточнялись старые 

и разрабаты вались новые нормативные и организационные докум енты  по проекти
рованию, сооружению  и эксплуатации атом ны х судов. В С оветском  Союзе на ос

нове опыта эксплуатации отечественных атом ны х л ед о к о ло в , в частности, атом но
го ледокола  ’’Л енин” , 20-летний юбилей к оторого  отмечен в 1979 г., разработано 
’’Р уководство  по техническом у надзору за постройкой судов и общ ие положения 
и указания по проверке и освидетельствованию  оборудования атом ны х паропро
изводящ их установок (А П П У )” [1 ]. Разработаны и в 1981 г. вы пущ ены  ’’П рави
ла ядерной безопасности судовы х атом ны х энергетических установок (П Б Я -0 8 -8 1 )” 
[2 ]. Эти докум енты  распространяю тся на атомны е суда с водо-водян ы м и  ядерны- 
ми реакторам и на тепловы х нейтронах, которы е прочно зареком ендовали  себя в 
качестве надежного источника энергии для движ ения и обеспечения всех собствен
ны х нуж д судна.

К онструкция ЯЭУ и судна в целом, а такж е основны е полож ения эксплуата
ционных инструкций учитываю т основные полож ения ’’Норм  радиационной безо
пасности СССР (Н Р Б -7 6 )” [3] и ’’О сновны хсанитарны х правил СССР по работе 
с радиоактивны м и вещ ествам и” [4 ]. Этими докум ентам и  предусм атривается соб
людение следую щ их принципов:

— непревыш ение установленного основного дозового  предела;
— исклю чение необоснованного облучения;
— снижение дозы  излучения до возм ож но низкого  уровня.

Обращ ение с радиоактивны м и вещ ествами (P B ), вклю чая отработавш ее топливо, 
осущ ествляется с соблю дением ’’Правил безопасности при транспортировании 
радиоактивны х вещ еств (П Б Т Р В -73)” [5 ].

Национальные нормативные докум енты  по обеспечению радиационной безо
пасности отражают опыт, приобретенный к а к  советским и, так и зарубеж ны м и 
учеными, и согласую тся с реком ендациям и М еждународной ком иссии по радиа
ционной защ ите (М К Р З ). В П равилах ядерной безопасности судовы х ЯЭУ в виде спе

циального раздела вы делены  так  назы ваем ы е потенциально опасные работы  (ПОР) .
К ним относятся монтажные и ремонтные работы на АППУ, при проведении 
кото р ы х  мож ет возникнуть ядерноопасны й режим или авария. Под последней 
понимается повреждение твэлов сверх допустим ы х пределов или потенциально 
опасное облучение людей, вы званное потерей управления реакцией деления урана, 
наруш ением теплоотвода от твэлов, либо образованием  критической массы  при 
перегрузке, транспортировке, хранении твэлов и при проведении монтаж но-ремонт- 
ных работ. В ы вод в ремонт или ввод  в эксплуатацию  оборудования и отдельных
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м еханизм ов, влияю щ их на реактивность активной зоны , такж е являю тся ПОР.
Д л я  каж дой  судовой ЯЭУ составляется перечень ПОР. При их проведении осу
щ ествляется контроль нейтронного потока в реакторе к а к  м иним ум :

— д в у м я  независим ы м и м еж ду собой каналам и измерения уровня мощ ности;
— д в у м я  независим ы м и м еж ду собой каналам и измерения скорости  нараста

ния мощ ности.
Во вр ем я  ПОР на остановленном  ядерном  реакторе подкритичность долж на 

быть не менее 0 ,02 д л я  состояния активной зоны  с м аксим альны м  эф ф ективны м  

коэф ф ициентом  разм нож ения.
С участием специалистов СССР и с учетом приобретенного в нашей стране 

опыта создан меж дународны й К одекс по безопасности ядерны х торговы х  судов, 
которы й в ноябре 1981 г. одобрен ИМКО [6 ]. В основу К одекса положен про
пагандируем ы й МАГАТЭ принцип безопасности ядерны х реакторов, заклю чаю щ ий
ся в снижении внеш него и внутреннего облучения ионизирую щ ими излучениями 
персонала, обслуживаю щ его ЯЭУ, экипаж а судна, пассажиров и всех лиц из насе
ления в районе нахождения судна до величины доз настолько м алы х, насколько  
это достиж им о с учетом эконом ических  соображений, оправды ваю щ их целесо
образность сущ ествования сам ого объекта (судна) — источника радиационной 
опасности. Этот принцип явл яется  р у к о во дящ и м  к а к  для  условий нормальной 
эксплуатации, так  и д л я  аварийны х ситуаций с утечками радиоактивны х вещ еств.

К онструкция защ итны х барьеров и организационные планируемы е меры  за
щ иты разрабаты ваю тся с недопущ ением превыш ения в аварийной ситуации д вух
годовой предельно допустим ой дозы  (П Д Д ) или годового  предельно допустим о
го поступления (П Д П ) радионуклидов в организм  человека.

Согласно П равилам  ядерной безопасности П БЯ -08-81 и К одекса ИМКО для 
всем ерного предотвращ ения аварийны х ситуаций, создаю щ их повыш енную  радиа
ционную опасность, долж ны  быть предусм отрены  в обязательном  п о р яд ке  техни
ческие м еры , ко то р ы е  обеспечивают ядерную  безопасность при лю бом  единичном 
отказе  в системе нормальной эксплуатации, совпадаю щ ем с единичным о тказом  
в одной из систем  (устройств) обеспечения безопасности. П од системами безо
пасности понимаю тся системы , обеспечивающие остановку  ядерного реактора, 
отвод от него тепла и удержание радиоактивны х вещ еств внутри предусм отрен
ны х д л я  этого конструктивны х  барьеров. П роектирование систем безопасности 
осущ ествляется с соблю дением наиболее вы соких  требований или требований 
первого класса, к а к  это определено в К одексе ИМКО.

С целью упорядочения рассм отрения эксплуатации ЯЭУ все возм ож ны е сос
тояния ее разделены  на 4  класса. К  первом у классу  отнесены режимы  норм аль
ной эксплуатации, к  четвертому — самы е м аловероятны е аварии (типа аварии 
с потерей теплоносителя — предельно-возм ож ной аварии (П В А )). В озмож ная 
частота такого  собы тия (ПВА) сопоставима с частотой весьм а м аловероятны х 
явлений. Т ак же м аловероятно  опрокиды вание судна и его затопление на глубокой  
воде, что позволяет избежать излиш них требований к  конструкции  установки.

В СССР, так  же, к а к  и за рубеж ом , предусматриваю тся н есколько  барьеров 
на пути потенциально возм ож ной миграции продуктов деления урана. Н аряду с 
этими общ им и принципами обеспечения безопасности атом ны х судов в СССР
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имею тся дополнительные соображ ения относительно надежности и безопасности 
ЯЭУ, которы е рассмотрены  ниже.

О ПРЕДОХРАНИТЕЛЬНОМ КЛАПАНЕ I КОНТУРА

Специалистами СССР пропагандируется точка зрения о потенциальной опас
ности применения предохранительного клапана в системе I контура (см ., напри- 

м ер, [7] ) .  При этом  обращ ается внимание на то, что в отличие от обычной техни

ки , имеющей дело с вы соким и  давлениям и и температурами, ядерная техника 
содержит среду, ко то р ая  в случае аварии мож ет быть быстро насыщена вы со к о 
радиоактивны м и вещ ествами. Выброс этой среды за пределы I контура влечет 
за собой потенциальную радиоактивную  опасность. В этой связи  установка предо
хранительного клапана на I контуре представляется необоснованной.

К ак известно, водо- водян о м у  ядерном у реактору  свойственен отрицательный 
температурны й коэф ф ициент реактивности в области рабочих температур. П ара
метры активны х зон  отечественных реакторов вы бираю тся таким и, что за счет 
обратной связи  по реактивности осущ ествляется самоуправление цепной реакци- 
ей деления урана. Этим, наряду со штатной системой регулирования и защиты 
реактора, обеспечивается ограничение, а при необходим ости — автоматическое 
полное гашение процесса цепного деления урана. Остаточное энерговыделение 
отводится по нескольки м  независим ы м  каналам . Рассматриваю тся такж е во зм о ж 
ные аварийные наруш ения в системе теплоотвода с врем енны м  превыш ением 
интенсивности энерговыделения над скоростью  отвода тепла. При этом  учитыва
ется тепловая аккум улирую щ ая ем кость I контура в целом.

Развитие событий на АЭС T hree Mile I s la n d - II подтверждает справедливость 
развиваем ой точки зрения по предотвращ ению  переопрессовки I контура без 
предохранительного клапана.

СОКРАЩЕНИЕ КОЛИЧЕСТВА ЗАПОРНОЙ АРМАТУРЫ 
НА ОСНОВНЫХ МАГИСТРАЛЯХ I КОНТУРА

Э ксплуатация первой атом ной установки л ед окола  ’’Ленин” с разветвленной 
системой первого контура, предусматриваю щ ей резервирование оборудования и 
отсечение от реактора задвиж кам и  целых циркуляционны х петель с парогенера
торами, главны м  и аварийны м  насосами, и ионообм енны м  ф ильтром  показала, 
что с точки зрения утечек теплоносителя первого контура запорная арматура явл яет 
ся наиболее у язв и м ы м  местом . П оэтому, начиная с новой атомной паропроизво
дящ ей установки  лед о к о ла  ’’Ленин” запорные задвиж ки на основны х м агистралях 
первого контура не предусматриваю тся.

В случае утечек воды  из первого контура во  второй или в третий контур, 
осущ ествляется отсечение негерметичного оборудования со стороны  второго или 
третьего контура соответственно. К онструкции до отсечной арматуры  рассчитаны 
на рабочее давление среды  первого контура.
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Трубная система парогенераторов разделяется на секции, которы е при необ
ходимости м огут быть заглуш ены  со стороны  второго контура в базовы х 
условиях.

АВТОНОМНАЯ ВЕНТИЛЯЦИЯ ЗАЩ ИТНОГО ОГРАЖДЕНИЯ

Длительны й опыт эксплуатации трех атом ны х лед околов  в СССР показал, 
что герметичность первы х контуров ядерно-энергетических установок соответству
ет вы со к о м у  классу  требований, предъявляем ы х к  этим контурам . Вследствие 
этого воздух , циркулирую щ ий через пом ещ ения с оборудованием  I контура, при
обретает пренебреж имо малую  загрязненность радиоактивны м и вещ ествами 
(неопасное загрязнение радиоизотопом  41 А т) и мож ет беспрепятственно вы бра
сы ваться во  внешнюю среду. На советских  лед околах  этот вы брос осущ ествляет
ся через грот-мачту судна.

При аварийной ситуации особую  важность приобретает организация направле
ния потока  воздуха , охлаж даю щ его реакторны й отсек. В этом случае при необхо
димости осущ ествляется переход на зам кнутую  систему вентиляции с использо
ванием  специальных воздухоохладителей и фильтров.

Во избежание распространения воздуха, загрязненного радиоактивны м и 
вещ ествам и, из защ итного ограж дения в смеж ные помещ ения (отсеки) атом ного 
судна в отечественной практи ке  принята полная изоляция системы вентиляции 
защ итного ограж дения от прочих судовы х  систем вентиляции.

К ром е этого системой вентиляции отсека с ядерно-энергетической установ
кой  обеспечивается направленный переток воздуха  из помещ ений с меньшей 
загрязненностью  радиоактивны м и вещ ествам и в помещ ения с большей загрязнен
ностью. Это достигается поддерж анием соответсвую щ их величин разряж ения в 
вентилируем ы х помещ ениях.

ОБЕСПЕЧЕНИЕ БЕЗОП АСНО СТИ ПРИ ПРЕДЕЛЬНО ВОЗМОЖНОЙ 
АВАРИИ

В конструкци и  ядерного реактора, прим еняем ого на отечественных ледо
ко л ах , все соединения корпуса реактора с парогенераторами и насосами вы полня
ются патрубкам и, располож енны ми вы ш е активной зоны. Считается, что единствен
ны м  вариантом  аварии с потерей теплоносителя является  авария с разры вом  тру
бопроводов относительно м алы х диам етров, соединяю щ их корпус реактора с 
ком пенсатором  объема, а такж е с фильтром  и другим  вспом огательны м  обору
дованием.

Эти течи м огут быть восполним ы  средствам и аварийного охлаж дения реактора. 
При наступлении аварии (событие, относящ ееся к  IV классу состояния установ
к и ) автом атически обеспечивается глуш ение реактора, и основной задачей стано
вится  отвод  остаточного энерговы деления в активной зоне.
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Считается оправданны м  обеспечение аварийной проливки  активной зоны в 
рассм атриваем ом  случае с производительностью , достаточной для сохранения воды  
в объем е активной зоны. П оско л ьку  остаточное тепловыделение составляет 
несколько  процентов от полной мощ ности реактора, оно мож ет быть отведено 
без чрезм ерного перегрева твэлов в том  случае, если твэлы  ом ы ваю тся водой 
или пароводяной смесью. В качестве нечрезмерного (допустим ого) перегрева 
твэлов принимается возм ож ны й разогрев их до температур, не приводящ их к  на
рушению геом етрической конфигурации, препятствую щ ей проникновению  сквозь 
их пучки охлаждаю щ ей среды, т.е. сохранение охлаж даемой геометрии.

Д ругое обстоятельство, имеющее отношение не только  к  ПВА, но и другим  
авариям , связано с уточнением понятия о физических барьерах на пути распро
странения радиоактивны х вещ еств из активной зоны  ЯЭУ. В К одексе ИМКО оболоч
к а  тепловы деляю щ их элементов определяется к а к  первый барьер для  продуктов 
деления. О днако в действительности первы м  ф изическим  барьером является  
сердечник твэла. Известно, что его ’’прозрачность” повы ш ается с увеличением 
температуры  сердечника. Т ак , например, для  твэлов из спеченной двуокиси  урана 
отдача п родуктов  деления р езко  возрастает при подъеме температуры  выш е 
1400° С. При более низкой  температуре сердечники твэлов удерживаю т до 90% 
радиоизотопов благородны х газов, о к оло  95% галогенов и радиоизотопов цезия 
и не менее этого других продуктов деления урана (см ., например, исследования 
группы  Расмуссена [8 ] ) .

П оэтом у средства охлаж дения активной зоны, в том  числе и аварийного охлаж 
дения, долж ны  быть направлены  на поддержание температуры  первого физического 
барьера ниже тем пературы , ’’откры ваю щ ей” этот барьер для  интенсивного вы хода 
п родуктов  деления.

Т ак и м  образом , постулированное К одексом  ИМКО требование о сохранении 
охлаж даемой геометрии мож ет быть дополнено соображ ением об удержании 
температуры  сердечника ниже предела, ограничиваю щего резкое  повыш ение отда
чи им  п родуктов  деления. В этом случае на остановленном  реакторе даже при 
ПВА мож но ориентироваться на возм ож ное удержание сердечниками твэлов до 
90% и более всех п родуктов  деления, вклю чая даже газы  и галогены.

В начальный м ом ент аварии с утечкой воды  из I контура оболочка твэла 
остается барьером  с исходной эф фективностью , и за пределы I контура м огут 
поступать радиоактивны е вещ ества в количествах, не превыш аю щ их наличие их в 
объем е 1 контура перед аварией. Эта величина определяется допустим ы м  преде
л о м  потери герметичности оболочек твэлов при нормальной эксплуатации акти в
ной зоны. Д ля водо-водян ы х  реакторов АЭС в настоящ ее врем я это возм ож ная 
разгерм етизация не более одного твэла на тысячу. П рактически она находится 
на уровне в 5 - 1 0  раз меньш ем этого.

С оответствую щ ая допустимой величине радиоактивная загрязненность I конту
ра не явл яется  чрезмерной при освобождении ее из первого контура и последую 
щ его вы хода в  атм осф еру  через грот-мачту. П оэтом у допустима работа судна с 
вентиляцией реакторной вы городки  по откр ы то м у  циклу. Потенциально возм ож 
ный аварийны й вы брос в  атм осф еру радиоактивны х вещ еств, накопленны х в 
первом  контуре вследствие неизбежной кратковрем енной  задерж ки в переходе 

на зам кнуты й ци кл  вентиляции, не представляется опасным.
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И сследования свидетельствую т о возм ож ности использования защ итной оболоч
к и  ЯЭУ, рассчитанной на более низкое исходное давление, чем обычно.

Д л я  вы пуска  первой порции паровоздуш ной среды  в атм осф еру в защ итной 
оболочке мож ет быть предусмотрен специальный клапан. Т акой  клапан им еется 
на лед о ко лах  типа ’’А р кти ка” . Он откры вается  в начале аварии по им пульсу во з
растания давления до заданного уровня и закры вается  через небольш ой пром еж у
то к  врем ени при пониженном давлении внутри защ итного ограж дения. К  этом у 
м ом енту загрязненность паровоздуш ной среды  внутри ограж дения относительно 
мала, п о ск о л ьк у  еще не наступила аварийная разгерм етизация твэлов.

Любую аварийную  ситуацию, связанную , например, с разгерметизацией первого 
контура, следует рассматривать развиваю щ ейся во врем ени и пространстве. При 
этом на той или иной стадии ее протекания эф ф ективность отдельны х барьеров 
м ож ет изм еняться, но с точки зрения радиационных последствий для  внешней 
среды необходим о учитывать эф ф ект  к о м плексного  взаим одействия барьеров, 
которы й мож ет сущ ественно повлиять на конечные результаты  оценок. Рассмотрим 
это соображение подробнее.

Во вр ем я  нормальной эксплуатации ядерного реактора основная радиоактив
ность сосредоточена внутри твэлов активной зоны. При этом  эф ф ективность 
сердечника твэла и его оболочки мож ет оказаться  недостаточно вы сокой . Сердеч
ник находится при вы сокой  температуте, что обуславливает повыш енную  м игра
цию легколетучих элем ентов, таких  к а к  газы  и галогены , т.е. этот барьер явл яет
ся полупрозрачны м. О болочки некоторого числа твэлов м огут потерять герметич
ность, что приведет к  вы ходу радиоактивны х вещ еств из района трещ ин в тепло
носитель первого контура. Разум еется, речь идет о м алом  числе твэлов, поэтому 
в целом  удельная радиоактивность теплоносителя остается на достаточно низком  
уровне. При этом безопасность внеш ней среды  гарантируется целостностью проч
ного первого контура с защ итны м ограж дением. При аварии с потерей теплоно
сителя течь перегретой воды  из первого контура приводит к  интенсивному паро
образованию  и повыш ению  давления в защ итной оболочке. На этом, сравнительно 
к р атковрем ен н ом  этапе аварии, роль второго барьера — прочного корпуса р еак 
тора — сущ ественно ослаблена.

В объем  под защитную  оболочку  поступаю т лиш ь те радиоактивны е ядра, к о то 

рые были накоплены  в воде первого контура к  м ом енту  аварии. Д л я  реактора м ощ 
ностью 100 МВт (тепл.) мож но говорить о поступлении под оболочку  через несколь
к о  десятко в  секунд  после аварии о к о л о  1 Ки 131J  и примерно 100 Ки радиоактивны х 
инертных газов. Эти величины относительно невелики и без сколько-нибудь значи
тельных последствий м огут  быть беспрепятственно удалены  в атм осф еру. Следует 
отметить, что радиоактивность йода очевидно будет меньш е 1 К и, п о ск о л ьк у  в  объе
ме под защ итной оболочкой происходит сепарация капельной влаги , несущ ей основ
ную радиоактивность йода.

Именно такое решение с использованием  специального клапана, к а к  это отм е
чено вы ш е, предусм отрено на случай аварийной ситуации на атом ны х ледоколах  
’’А р кти ка” и ’’Сибирь” . Сброс паровоздуш ной среды через клапан производится 
в  течение примерно 20 с. К  м ом енту закры тия  клапана в  развитии аварии мож ет 
наступить второй этап, характеризуем ы й дополнительным  раскры тием  оболочек
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ряда твэлов вследствие кратковрем енного  перегрева их и з -за  наруш ения теп
лоотвода. Это повлечет за собой возрастание концентрации радиоактивны х ве
щ еств сначала в  объеме первого контура, а затем  и под защ итной оболочкой. И мен
но вследствие ож идаем ого повы ш ения концентрации радиоактивны х вещ еств в ат
мосф ере внутри оболочки ее клапан  закры вается через заданное относительно ко р о тк о е  
врем я . Нарушение целостности одного барьера (оболочек твэлов) ком пенсируется 
восстановлением  плотности другого  барьера (защ итной о б о л о ч к и ). Утечка радио
активны х  вещ еств в  окруж аю щ ую  атм осф еру вследствие несоверш енства оболоч
к и  оказы вается  незначительной, п оскольку  в пространстве под оболочкой поддерж ивает
ся  давление, близкое к  атм осф ерном у. На втором  этапе аварии безопасность внешней 
среды  обеспечивается за счет ком плексного  взаим одействия противоаварийны х систем 
(вентиляция, воздухоохладители) и защ итны х барьеров, среди кото р ы х  наиболее 
эф ф ективны м  является  герметичная защ итная оболочка.

Через 20 - 40  секунд после поступления сигнала о наступлении аварии в реактор 
начинает поступать вода из системы аварийного охлаж дения. Этим обеспечивает
ся быстрое снижение температуры  твэлов при условии, что уровень воды  нахо
дится вы ш е активной зоны. При снижении температуры  примерно до 200° С 
м играция всех продуктов деления из твэлов резко  заторм озится. На этом  и пос
ледую щ их этапах аварии наиболее эф ф ективны м  барьером  становится сердечник 
твэла, а полностью защ ита от распространения радиоактивны х вещ еств обеспечивает
ся защ итной оболочкой.

ЗАКЛЮ ЧЕНИЕ

Изложены основны е полож ения по безопасности атом ны х торговы х  судов. 
Отечественный опы т создания и эксплуатации атом ны х судов ледового  плавания 
обобщ ен в ряде норм ативны х и законодательны х д о кум ен тов, таких  к а к  
’’П равила ядерной безопасности судовы х ЯЭУ” , ’’Р уководство  по техническому 
надзору  за постройкой судов” и др. С участием советских  специалистов создан 
’’К одекс  по безопасности ядерны х торговы х  судов” , в  ко то р о м  излож ена совре
менная концепция обеспечения их безопасности. Вместе с тем  сущ ествую т допол
нительные ф акторы , повыш аю щ ие надежность и безопасность судовы х ЯЭУ. К 
ним относятся о тказ от предохранительны х клапанов в первом  контуре, отказ 
от запорной арм атуры  на основны х м агистралях первого контура, допущ ение 
вы броса в атм осф еру первой порции паровоздуш ной среды из защ итной оболоч
к и  при аварии с потерей теплоносителя. При температурах п о р яд ка  сотен граду
сов сердечники твэлов эф ф ективно задерживаю т продукты  деления урана. П оэтом у 
сердечники твэлов следует учитывать в качестве первого физического барьера на 
пути распространения радиоактивны х ядер. В торы м  барьером  явл яется  оболочка 
твэла, третьим — прочный корпус  реактора, четвертым — защ итная оболочка и 
защ итная вы городка . При анализе процесса ПВА важно учитывать эф ф ективность 
к о м плексного  взаим одействия барьеров на каж дой стадии развития аварии.
Особое внимание следует уделять поддержанию ум еренны х температур сердечни-
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к о в , при к о то р ы х  они сохраняю т свои ф ункции по эф ф ективной  задерж ке про
дуктов  деления урана. Д ля этого необходим о обеспечивать заполнение активной 
зоны  водой на протяжении всей аварии.
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Abstract

SAFETY ASSURANCE FO R NUCLEAR CHEMICAL AND NUCLEAR FUEL PLANTS.
The requirem ents for safety assurance for potentially  hazardous plant, bo th  in normal 

operation and accident conditions, are analysed. A tten tion  is drawn to the judgem ent needed 
to determ ine an appropriate  degree o f safety. The im portance of safety requirem ents and 
relevant assessment and audit arrangem ents is emphasized. Against this background, develop
m ents in safety assurance practice for nuclear chemical and fuel plant are identified and 
discussed in relation to  the  role o f the  regulator and of the operator.

1. INTRODUCTION

The safety of industrial plants has received increasing 
attention worldwide during the past two or three decades, due, 
in part, to the substantial increase in size to achieve greater 
economy in product cost, but principally because of a number of 
major non-nuclear accidents having environmental consequences 
in different parts of the world. Single plants, and complexes 
having the possibility of a 'knock-on effect' from an accident 
on one plant affecting another, with risk of releasing toxic or 
reacting chemicals - some with explosive risk -have come under 
intensive scrutiny.

The majority of nuclear chemical and fuel plants are 
essentially quiescent in operation, processes generally having 
no severe parameters or violent chemical reaction, though the
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generation of heat from the decay of fission products, 
associated with certain forms of materials, requires careful 
control during handling, processing, storage and disposal. 
Radioactivity, though a natural phenomenon, with us at all 
times and in all places, has become a sensitive public issue 
when associated with industrial activities and much attention 
has been directed to safety in the nuclear industry at all 
stages of plant development. In the UK all commercial nuclear 
plants are subjected to' detailed regulatory requirements and 
surveillance through a system of licensing, to ensure they are 
under control in respect of both employee and public safety.

This paper considers the requirements for safety assurance 
of these plants. It is concerned with the identification and 
setting of safety standards and the procedures adopted in 
ensuring they are achieved.

2. SAFETY OF INDUSTRIAL PLANTS HAVING POTENTIAL HAZARD

To be assured that a plant is adequately safe (it being 
appreciated that safety is not absolute) necessitates sur
veillance of all phases from concept, through design, construc
tion and commissioning, into operation, during maintenance and 
any modification, and finally in decommissioning. This 
necessitates:

1. trained teams of appropriately qualified designers 
and operators, with the necessary technical support, under 
competent and experienced leadership;

2. clearly defined and understood responsibilities;

3. determination of the safety standards to be observed, 
due regard being taken of regulation requirements;

4. identification of the safety objectives in 
development of the design to ensure the standards are 
observed;

5. demonstration that the safety objectives have been
met;

6. identification of any subsequent changes in the 
method of achieving the safety objectives (including modifi
cations during commissioning or operation) with reassurance that 
the objectives have either still been met or, if changed, still 
ensure the standards are observed;
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7. formal .check and review procedures with independent 
examination (audit) arrangements.

In meeting the safety standards and objectives, care 
must be taken not to detract from the responsibility of line 
management* for the safety of the plant; there must be con
tinuity in responsibility and procedures must be satisfactory 
without the intervention of the regulator. During design, 
construction and commissioning,consideration of safety can be 
structured relatively easily, since design evolution and time- 
scale are under the control of line management. During 
operation, however, consideration of safety is more dynamic, 
since it may be affected by events.

Procedures must define and establish the safety require
ments, refer to the relevant principles, standards and 
objectives, and state how these are satisfied and implemented 
to ensure safety in operation. Since the safety case must be 
accepted by the operator in taking over the plant, and since 
it is to be subjected to independent scrutiny, formal 
documentation, presented in a logical sequence, is essential 
to permit step-wise approval as the project develops.

Of the many forms of independent examination three are 
suggested for consideration:-

1. procedural check - have the identified procedures 
been followed?

2. thoroughness check - has the safety appraisal been 
made in a thorough manner and does the outcome appear to be 
satisfactory?

3. full check - does an examination in depth, which may 
be justified for some aspects only, come to the stated con
clusion?

The extent of the independent examination is generally 
determined by the consequences of any abnormality in operation 
or accident: this influences too the choice of persons to do 
it, for they must have the necessary practical and theoretical 
knowledge to penetrate and analyse the subject: consideration 
of resources is therefore necessary.

* The Chief Design Engineer prior to hand-over, the Works 
Manager of Operations after hand-over (see Section 4.2.3 Item 9)
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Against this background regulatory requirements are 
discussed and the detailed arrangements adopted in practice by 
British Nuclear Fuels Limited are presented.

3. REGULATORY REQUIREMENTS FOR NUCLEAR CHEMICAL AND FUEL 
PLANTS IN THE UK

3.1 Legislation and Licence Requirements

General regulation of safety at industrial sites is set 
out in the Health and Safety at Work Act 1974 (1).

The Act imposes a general duty of care on people associated 
with work activities. It is concerned with the protection of 
people at work and the prevention of risks to the health and 
safety of the general public which may arise from work 
activities.

It is a clearly understood responsibility that, in 
meeting these general duties, operators should look at the 
organisation of their work and establish standards, procedures 
and self-checking arrangements. Parts of the Nuclear 
Installation Act 1965 as amended (2), concerned with safety 
regulation, are also in the subordinate legislation to the 
HSW Act.

The N1 Act requires that no person ("person" meaning a 
body corporate) shall use a nuclear site for the purpose of 
installing or operating a facility, of a class prescribed in 
regulations, without a licence granted by the Health and Safety 
Executive (HSE). The regulations (3) specify a range of plants 
to be covered and include those for enrichment, enriched uranium 
and plutonium fuel manufacture, irradiated fuel processing, and 
radioactive waste storage and treatment. In due course facilities 
for the disposal of nuclear waste will be included. In addition 
to providing a system of control of safety at nuclear plants, 
the licensing system under the N1 Act provides a means of 
identifying those nuclear sites which attract a special class 
of third party liability for nuclear damage, as laid down in 
the Paris Convention on Third Party Liability (4). The licence 
is issued for the site, rather than the plant, so that more than 
one plant may be constructed on the site.

The N1 Act empowers the HSE to attach to any nuclear 
site licence, granted to an operator, such conditions as seem 
fit in the interests of safety; they may be modified, extended 
or withdrawn at any time at the discretion of the HSE. This
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legal procedure provides, in a flexible manner for the control 
of safety at the site in a developing industry where new 
processes and technology are introduced frequently. The 
licensee's compliance with the conditions is inspected and 
enforced by the Nuclear Installations Inspectorate (N11), 
which is part of the HSE.

An important aspect of regulation is to structure its 
control system so as to leave the burden of responsibility for 
safety clearly on the operator of the nuclear facility.
Control of safety through detailed regulation is undesirable 
because;

(a) It would inhibit, or delay, the development and 
incorporation of higher standards as these became possible, 
and

(b) the development of detailed guides or codes could 
not keep pace with technological advance in the industry and 
could potentially become an obstacle to the development of 
higher safety standards.

The UK system of control is therefore designed to provide 
for the monitoring of the work of the nuclear operator at all 
stages of the plant development, but with sufficient control 
to prohibit construction or operation of a plant if, in the 
opinion of the N11, the level of safety provision is 
inadequate or should be improved.

The licensing system is concerned with the procedural 
aspects of the development of a plant to ensure that the N11 
has the opportunity to consider and evaluate safety provisions 
before irrevocable, or expensive to retrieve, situations have 
been reached. The various licence requirements confine 
themselves to the objectives to be achieved, they may influence 
the licensee's organisation though they carefully avoid 
specifying its nature. A notable exception to this is the need 
to form a Safety Committee for the purpose of considering and 
advising the licensee on matters required by the licence 
conditions to be referred to the committee and on any other 
matters affecting safety, on or off the site, which the 
licensee considers should be referred to the committee. From 
time to time the Nil, as a result of site inspection or technical 
evaluation, may request that particular matters be referred for 
consideration by the Safety Committee.
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3.2 Assessment Principles

The N11, in exercising regulatory responsibility, need to 
adopt a consistent and systematic approach to review of the 
licensee's proposals presented in the safety submissions.

In April 1979 the HSE published their "Safety Assessment 
Principles for Nuclear Power Reactors" (5). A companion 
document for Nuclear Chemical Plant is in the advanced stages of 
preparation. The principles in this latter document comprise a 
set of objectives, most of which are required to be met as far 
as is reasonably practicable although, in a few cases, there 
are definitive requirements. Some of the principles are 
expressed in quantitative terms and are intended to give 
guidance to N11 assessors on levels at which they can confine 
their studies to the validity of estimates submitted to them, 
and need not embark on detailed work aimed at establishing 
whether further improvements would be deemed to be reasonably 
practicable. The extent to which such principles are satisfied 
in a safety submission would be an important contributory factor 
in any decision to authorize the licensee to proceed with plant 
construction or operation. Assessment of the manner in which a 
design meets the principles is without prejudice to any other 
statutory requirements that may apply. For example, under the 
Radioactive Substances Act 1960 C6) the routine discharge or 
disposal of radioactive waste from a nuclear site is subject 
to authorizations granted by the relevant Environmental 
Ministers.

3.3 Identification and Setting of Standards

Some basic standards, which may include limits, are 
written into statutory and other regulations as experience 
indicates necessary or desirable or where expert opinion has 
recommended them to be necessary.

It is the policy in the UK to follow the Recommendations 
of the International Commission on Radiological Protection (7) 
and the requirements of the Euratom Directive (8) relating to 
radiation exposure of persons on site and of members of the 
public. Advice and guidance in the application of these 
recommendations in the UK is received from the National 
Radiological Protection Board (NRPB). Conditions attached to 
nuclear site licences cover the broad requirements of radio
logical protection, such as measurement of radiation and 
contamination, and the establishment of controlled areas.
In particular, licence conditions require that all reasonable 
steps be taken to ensure that no person, on or off the site,
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is exposed to radiation for the attributable dose to be in 
excess of specified maximum permissible doses and, further, 
that such doses be minimised as far as is reasonably 
practicable.

There is scope in the achievement of these objectives for 
the identification of criteria to which the operator should aim 
to design and operate his plant.

4. SAFETY ASSURANCE FOR NUCLEAR CHEMICAL AND FUEL PLANTS

4.1 Application to Sites operated by British Nuclear Fuels Ltd

BNFL was established in 1971, from what had formerly 
been the Production Group of the United Kingdom Atomic Energy 
Authority. On becoming an independent registered company, 
BNFL's operations became subjected to the licensing require
ments of the Nuclear Installations Act 1965 (2) and to 
inspection by the Nuclear Installations Inspectorate, which 
in 1974 became part of the Health and Safety Executive.

The activities of BNFL embrace the complete fuel cycle 
All its works have generally similar safety control procedures 
but, for illustration here, the arrangements specific to the 
Reprocessing Division have been chosen since, in dealing with 
highly radioactive materials and with plutonium, its plants 
present a range of safety issues whose consideration is 
suitably illustrative. The procedures which have been 
developed have had to take into account a major expansion 
programme additional to existing nuclear chemical and fuel 
plants.

The main aim behind these procedures is to ensure the 
effects of its operations, on the health and safety of persons 
who may be affected, are comparable with those of a non
nuclear safe industry. Safety in nuclear plants, however, 
includes the effect, both on workers and members of the public, 
of radiation at the plant and from effluents whether gaseous, 
liquid or solid, in normal operation. Care is taken also to 
minimize the risk from accidents, for which emergency pro
cédures have been developed to deal with any consequence.

Great attention is directed during plant design to 
foreseeing and analysing normal, abnormal and possible accident 
conditions and to providing safety measures to reduce the risk 
so far as is reasonably practicable by, for example, redundancy 
in instrumentation and in essential services, guaranteed
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electrical supply and cooling capability, and multi-stage 
containment of radioactive fluids.

Hazards are, whenever possible, anticipated with an 
attitude, instilled into designers, operators and their 
technical and safety support teams, always to ask the question 
'what if' this or that should happen?

Responsibility for safety has been clearly delegated to 
the managers of relevant departments within the Company, eg. of 
the Design Offices and the Works Production Units who are 
provided with the necessary technical support staff and 
services.

4.2 Procedures Adopted by BNFL

4.2.1 Site Safety Committee

Membership of the Committee, which is chaired 
by the Manager responsible for all Operations on the Site, 
includes, in addition to senior managers responsible for 
Operation, Engineering Services, Project Design, Safety 
Services and Research and Development, independent senior 
representatives from the Company's other Works and from the 
Head Office Health and Safety Directorate. It advises the 
Director who, with his Works General Managers (also 
Committee members), have executive responsibility for 
ensuring compliance with licence conditions. They delegate 
responsibility and action to their staff as appropriate.

It was recognised that a single principal 
committee would be unable to fulfil all the requirements of 
the licence and a number of supporting safety working parties 
(SWPs) were established, each under the chairmanship of a 
member of the principal committee. Those dealing with plants 
in operation reflect the management structure of the area 
concerned. When, however, a new project is sufficiently large, 
a new sub-committee is established, initially under the 
chairmanship of its Chief Desim Engineer. Membership of 
these sub-committees includes design engineers, research and 
development and technical support staff, plant operators and 
safety specialists. During the design and construction stage 
membership changes, in part, as emphasis moves on to operational 
considerations and, at the commissioning stage, the responsible 
senior operation manager takes over the chairmanship.

These SWPs consider the safety documents for 
plants in design/construction and operation and advise their



chairmen who then take the necessary action. Some of the 
documents are required by the licensing procedure to be sub
mitted to the N11: section, 4.2.3 gives indication of these.

4.2.2 Safety Standards and Objectives

The following framework has been established to 
assist management in meeting its responsibilities for health 
and safety:
- Requirements, both general and specific, imposed by 

Company Policy, by internal self-regulation and by 
external regulations including Site Licence conditions;

- Codes of Practice and Guidance Notes which assist in 
meeting the requirements;

- Basic Standards, derived from experience, which are 
relevant in'the particular circumstances.

The principal general requirements of the 
Company's Health and Safety Policy, which is necessary to comply 
with the Health and Safety at Work Act (1), are to ensure that:
- where any hazard may exist, to employees and to the general

public, it is kept as low as reasonably practicable. This 
embraces collective and individual radiation exposure, 
consistent with the recommendations of ICRP 26 (7);

- all applicable regulations are adhered to as minimum 
standards ;

- there are effective procedures for consultation on health 
and safety matters with:

a. representatives of the Company's employees
b. the public in the vicinity of the Works.

The requirements apply for all plant conditions -
normal, abnormal and accident.

Standards have been established, which recognize 
the requirements imposed by Company Policy, by internal self
checking procedures and by external regulations.

Other relevant requirements relate to:

discharges of activity to the environment - liquid and 
gaseous
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radiation dose uptakes 
modification procedures 
criticality
accident risk for new plant
storage of radioactive contaminated waste material

4.2.3 Key Stage Documentation

The requirements of BNFL's Reprocessing Division 
are given below in chronological order; included are the 
documents which are part of the safety case whilst others 
support it.

1. Functional Specification

presents the requirements of the Works/Operator to 
the Project/Design Office; it indicates:

- the purpose of the plant and its relationship 
to other facilities;

- the important requirements in relation to the 
feed, product and waste materials;

- the safety standards and principles to be applied 
in protecting the plant, its operator, other 
persons on the site and members of the public.

This specification is approved by the SWP and noted 
by the Site NSC.

2. Choice of Concept
Viable alternatives are reviewed, though it is 
accepted that in-depth analysis of all is not 
realistic. The inter-relationship of many aspects 
is involved and, at this stage, a high degree of 
judgement is necessary based on experience. This 
leads to decision on the flowsheet and engineering 
solution to meet the specified safety standards and 
objectives.
This is a key stage for which safety appraisal is 
one of a number of important inputs.

3. Plant Specification (PS)

The designer's response to the Functional 
Specification presenting the basic engineering
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design, materials and process details. It considers, 
in a provisional manner, the possible accidents and 
their consequences and incorporates the necessary 
safety features to ensure the specified standards 
will be achieved. The document may indicate where 
further work is required to confirm the process or 
method of safe control, but should conclude that 
the chosen concept is viable in terms of the identi
fied objectives, the associated hazards and the 
related safety criteria. It includes therefore a 
Preliminary Design Safety Appraisal. This depth of 
understanding is essential for the full extent of 
plant and equipment required to be appreciated and 
hence for the cost estimate and programme to be 
realistic at the time of formal approval of the project.
The level of safety to be achieved is clearly a 
matter of judgement to be assessed against that 
acceptable for other industrial, civil and domestic 
activities, for there is no absolute safety and 
enhancement has a cost.

A key stage in safety assurance.

The Plant Specification is required, by the Nuclear 
Site Licence, to be submitted to the N11, who may 
object if they are not satisfied that an adequate 
level of safety will be demonstrated.

Start of construction

A formal stage in the safety assurance procedure.

Commitment here is more definitive than financial 
approval of the project. N11 must issue a 
'notification of no objection to construction' 
before work can proceed.

Review of progress in meeting the safety objectives.

Progression is through a series of technical notes 
to the SWP on the various safety topics, submitted 
to a pre-arranged programme, within that of the 
project, having flexibility and time contingency 
to investigate the unexpected. Analyses should 
consider normal and abnormal operation and the 
consequences of possible accidents. (There is here
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a need to identify any change in objectives and in 
the methods of meeting it ).

A key stage in safety assurance, important as a pro
gressive step between 3 and 6.

6. Draft Design Safety Report (Draft DSR)

The DSR is the project's major safety document; it 
describes how the safety requirements have been 
implemented and incorporates the PS and safety 
technical notes. It must be virtually complete 
before Commissioning, though updating may be 
necessary if influenced by happenings during 
Commissioning.

Is considered stepwise by the SWP.

7. Preliminary Operational Safety Appraisal (Prelim OSA)

Consideration at this stage anticipates Commissioning 
and ensures that, so far as possible, the Schedules 
take cognizance of operational requirements. The 
Operator must establish with the Designer the 
Operating Rules; these are the specific requirements 
for the plant safely to start, and continue, operation, 
with consideration of such, aspects as guaranteed 
services, operating limits of plant parameters eg. 
fluid levels and chemical composition, and any 
other conditions shown to be acceptable in the 
safety submissions.

8. Commissioning Schedules (CS) of tests and 
observations to be made.
These are usually for three distinct phases of 
commissioning, namely:

- plant proving, inactive, using where necessary 
simulate fluids

- trace active commissioning

- active commissioning

working up at each phase, progressively, towards 
full flow-sheet conditions, to ensure the plant 
complies with the intent of the designer.
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A formal stage in the safety assurance procedure.

Is sent to the NÎI who must issue a 'notification 
of no objection to the schedules' which permits 
active commissioning to proceed.

9. Hand-over (from Project Manager/Chief Design 
Engineer to Works Manager (Operations))

This usually takes place after plant-proving, though 
systems are progressively handed-over on their com
pletion. The hand-over includes all relevant 
documentation necessary for operation and plant 
understanding; these include, a complete set of 
drawings of the plant as built; schedules of 
materials of construction, weld records, tests 
completed at works or on the construction site.

A formal stage,since overall responsibility for the 
plant changes.

10. Commissioning

Full recording of results and observations on test 
schedules, with particular emphasis on all aspects 
relevant to safety. Any modification to the plant 
or its documentation must have safety appraisal.

11. Commissioning Report (CR)

This highlights any additional safety considerations 
which become evident during commissioning. Any 
changes to documentation (including drawings) and 
procedures should be noted, with annotated correction 
to any previously approved documents, cross-referenced 
where necessary.

12. Design Safety Report (DSR)

The final updated version

The receipt of the CR and the DSR, in its final 
updated form, by the N11 permits them, once satis
fied, to take the formal step of issuing a 
'consent to operate'.
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13. Operational Safety Appraisal (OSA)

For operational convenience, the CS and CR and the 
Operating Pules are brought together in a compre
hensive appraisal which also incorporates details of 
operating instructions, maintenance procedures, 
emergency instructions and other pertinent information.

14. A summary Safety and Management Appraisal document 
reviewing the essential safety standards, design and 
operational limits, and managerial control features 
is considered by the NSC; if endorsed executive 
approval is granted for plant operation.

The operation of plants is reviewed annually by 
Works Managers with consideration of aspects such as maintenance, 
irregularity in operation, any incident requiring notification 
to the N11, departure from Operating Rules (limits and con
ditions), change in radioactive inventory, survey of all 
relevant experience and any new information; they will initiate, 
when in any doubt, a safety re-assessment. A mandatory re
assessment of plant safety is required at least every five 
years. Any modification must have a formal safety review 
covering the procedure to be applied in making the modification, 
additional to that for the modified plant.

4.3.4 Independent Review and Audit

The safety cases established at the design and 
operational stages are subjected to review by staff from 
departments, within the Reprocessing Division, independent of 
those who produced the original case. For example the operator's 
Technical Support Group reviews the Design Office submissions. 
Additionally there is a Safety Assessment Group at the Works, 
within the Division but quite independent of the operator, which 
reviews the operator's documents.

The depth of independent review and audit (see 
section 2) is a matter of judgement, though this will be 
influenced by any internal or external events,eg. an incident 
in a plant having some similarity with that under consideration. 
Of particular importance, where responsibility for safety 
assurance is with line management, is the independent examination 
of management procedures in order to ensure safety is not preju
diced by any error or omission.
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Whilst the N11 give independent approval, key 
stages of the safety assurance programme are subjected 
'in-house1 to audit by the Company's Health and Safety 
Directorate, which is entirely independent of the Divisions and 
is staffed by personnel having experience in both design and 
operation and with technical ability over a range of disci
plines. If necessary specialists in particular work can supplement 
this team.

5. Concluding Remarks

The procedures and documentation, outlined against the 
background of regulatory objectives, illustrate an industrial 
response and have been used by the Reprocessing Division of 
BNFL for the safety appraisal of the more recent plants to go 
into operation and on all now being designed and constructed.
Though the procedures concentrate on the requirements for new 
plants they are equally applicable to modifications and to 
decommissioning. They are demanding in time and effort but, to 
maintain the high standards of a safe industry, are considered 
essential.

There is full realisation, by the staff in all departments, 
of the requirement for thoroughness in assessment, with safety 
assurance a consideration in determination of a project’s capital 
cost, programme and operational cost. Safety must however be 
considered rationally, for it is not absolute and economy must 
be a consideration in design; without it there would be no 
requirement for the plant. The aim in any proposal is for the 
plant to be as safe as reasonably practicable and to assess 
whether that is acceptable.
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Abstract

NOTES ON THREE KEY TOOLS IN SAFETY ANALYSIS AND DEVELOPMENT:
INCIDENT ANALYSIS, PROBABILISTIC RISK ANALYSIS AND HUMAN FACTORS 
ANALYSIS.

A critical review is made of three tools presently m uch prom oted in the developm ent of 
nuclear reactor safety, namely incident analysis, probabilistic risk analysis and hum an factors 
analysis. The review highlights some key factors to  which a tten tion  must be paid in order to 
achieve substantial safety im provem ents on a reasonable tim e scale, especially at operating plants. 
Such factors are for exam ple: (a) that incident analyses and reporting systems are validated with 
regard to  their ability to  provide positive feedback also at the shift supervisor level, (b) that 
probabilistic risk analyses are perform ed on a detailed, plant-specific level and th a t such analyses 
aim more at m apping and understanding plant-specific fault and event trees than  at providing 
comparative, overall assessments of risks to public health and safety, (c) that the learning effects 
derived from  such plant-specific risk analyses are integrated into the safety work at each plant,
(d) that personnel training and qualification is treated  in the full context o f plant m anagement 
and organization, and (e) th a t the training and qualification of m aintenance personnel also is 
treated as a key factor. The review is made in the context of the Swedish nuclear program m e of 
twelve reactors and the Swedish m odel with regard to  the respective roles and responsibilities of 
utilities and regulatory agencies.

1. INTRODUCTION

1.1. The Swedish nuclear programme

The Swedish nuclear programme is summarized in Table I. According to a 
decision by the Swedish parliament following the outcome o f the 1980 referendum, 
these plants should be operated for their technical lifetime, and no new plants 
will be built. That means that the Swedish reactor safety programme must focus 
on measures that will have an impact on the safe operation of existing plants 
within the time span of the present Swedish nuclear programme.
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R eactor Commissioned
(year)

Type Net
capacity
(MW)

Oskarshamn 1 1972 BWR 460

Oskarshamn 2 1974 BWR 580

Ringhals 1 1976 BWR 750

Ringhals 2 1975 PWR 800

Barsebáck 1 1975 BWR 580

Ringhals 3 1981 PWR 915

Barsebáck 2 1977 BWR 580

Forsm ark 1 1980 BWR 900

Ringhals 4 a PWR 915

Forsm ark 2 1981 BWR 900

Oskarshamn 3 b BWR 1050

Forsm ark 3 b BWR 1050

a Being commissioned. 
b U nder construction.

1.2. Roles and responsibilities in reactor safety

The Swedish Nuclear Power Inspectorate (SKI) is the central regulatory 
agency according to the Swedish atomic energy act. The overriding objective of 
SKI is to promote and monitor safety in nuclear reactor installations and 
facilities for the storage, handling and transport of nuclear material and radioactive 
waste. SKI also initiates and provides funding for research and development 
within the field o f nuclear safety. The research and development budget amounts 
to about 35 MSEK per year. SKI, which has a staff of about 80 persons, is placed 
under the Ministry o f Industry. Radiation protection issues are handled by the 
Swedish Radiation Protection Institute (SSI).

In the Swedish system, it is stressed that the owners of the plants have the 
primary responsibility for reaptor safety. Thus, the primary role of SKI is to 
promote, review and audit safety work at the utilities. This is carried out in an 
on-going dialogue between the Inspectorate and the utilities, stressing high quality 
treatment o f technical issues more than detailed, formal regulation. The Swedish 
utilities have between them formed the Nuclear Safety Board of the Swedish 
Utilities (RKS), co-ordinating some safety activities at the utilities such as inter-
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national co-operation in incident reporting and analysis. The utilities also own 
and operate the joint training centre for nuclear operators (AKU), inter alia 
providing simulator training facilities.

1.3. The Swedish reactor safety programme

In a somewhat simplified manner, the aims of the present Swedish reactor 
safety programme may be grouped into three principal areas:

(1) Prevention of accidents or incidents which might cause reactor shut
down for any extended time periods.

(2) Accident management, aiming at minimizing damage to the reactor
and keeping demands on the containment function within present design 
basis limits, if a more serious transient should occur.

(3) Release mitigation, aiming in the first place at limiting releases of 
radioactive substances that cause ground contamination, if a severe 
accident should occur, i.e. one involving severe core damage and threats 
to containment integrity outside present design basis limits.

The first area is the principal subject of these papers. The two latter areas 
are treated elsewhere.

Preventing incidents and accidents is essentially the same as ensuring safe and 
reliable normal operation of the reactor. The principal tools to achieve this effect 
include close monitoring of operational experience and personnel training 
standards, as well as a recurrent, in-depth safety analysis o f each plant every 
8—10 years. These recurrent safety analyses are to be carried out jointly by the 
licensees and the Nuclear Power Inspectorate. The results o f the analysis are 
to be reported to the Swedish government in a document given the acronym 
ASAR (As-operated Safety Analysis Report). A thorough systems reliability 
analysis (SRA) will form a major part of the present ASAR programme. However, 
the SRA will stop at severe core damage, thus not developing into a full 
probabilistic risk analysis (PRA), i.e. trying to establish quantitative estimates of 
risk with regard to public health and safety. Present development work at SKI aims 
at tying together the systematic reliability analysis, using fault and event tree 
techniques and incident reporting and analysis in such a way that a systematic 
feedback is provided to a number of safety activities, including training of plant 
personnel (Fig. 1).

2. RELIABILITY EVALUATION PROGRAMME

In order to achieve better standards for event reporting, operating experience 
evaluation, and feedback of operating experience there is a need for improving
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Semiannual report

F IG .l. F lowchart fo r  incident analysis and feedback o f  operating experience. Operating 
experience is used to check the accuracy o f  a reliability model.

the capabilities of the utilities to use reliability engineering. The first phase of the 
Swedish national reliability evaluation programme will seek to increase the awareness 
of the capabilities, limitations and use of the reliability methods rather than 
develop principles for safety goal discussions.

As mentioned above, plant-specific system reliability analyses of all Swedish 
plants will be performed during the period 1982—86 as a part of the ASAR 
programme. The utilities are responsible for carrying out the analyses, and the 
Inspectorate will review the completed analyses.

The three primary objectives of the systematic reliability analysis, SRA, 
are to:

Identify event sequences that are main contributors to the probability of
core damage

Establish the basis for systematic evaluation of operating experience

Transfer adequate knowledge to operation and maintenance personnel via
the education programme.

The completed analyses of the first phase will serve as a basis for the 
operating experience evaluations. The documentation of the analysis will be
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periodically revised to provide cumulative records of actual component and 
system performance.

Experience from review o f selected parts of a plant analysis shows that a 
documentation format has to be developed which is tailored to the future uses 
of the analysis.

The first ongoing analysis shares one problem with previous and similar 
probabilistic risk analysis, PRA: It is difficult to transfer the knowledge and 
assumptions to other engineers outside the analysis group. This must be overcome 
to make it a useful and living tool both at the utilities and the Inspectorate. The 
documentation should be useful in training programmes for operation and 
maintenance personnel as well as for Inspectorate personnel.

Another problem regarding system reliability analyses is the level o f detail 
to which the analysis should be carried. Valuable knowledge is left out if some 
physical dependencies and system interactions at very basic levels are not 
identified and incorporated in the fault trees, as demonstrated, for instance, by 
the analysis of the Brown’s Ferry scram system.

The SRA is primarily performed to give a deeper understanding of event 
sequences indicates as critical to the probability of core damage. Once sequences 
are identified, further analysis can point to factors mainly contributing to the 
probability o f unsatisfactory system performance. The systematic approach is a 
way to screen among thousands of failure possibilities searching for vital safety 
parameters.

When the analysis in fact indicates areas of concern, the difficult task remains 
to decide if a design change (backfitting) is justified or not. A joint working group 
between the utilities and SKI has so far used methods to weigh qualitatively 
different variables in order to put priorities on design changes. The variables are 
probability of system malfunction, consequences if  a malfunction occurs, system 
deficiencies introduced by a design change, time for design change, cost of design 
change. The alternatives are compared and judged in an engineering team and 
priorities are recommended.

The safety decision and control problem will not be removed by introducing 
and developing a reliability evaluation programme but hopefully new insights 
in reactor safety will be highlighted and promoted. It is also evident that a 
reliability evaluation programme of the type described will require substantially 
more involvement of plant personnel than a once-through PRA study, mainly 
performed by outsidè consultants and more aimed at demonstrating low risks to 
public health and safety.

3. INCIDENT ANALYSIS AND REPORTING SYSTEMS

The amount of information on operating experience has increased 
substantially in recent years. This fact underlines the need for an accurate and
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reasonable level of coverage and a systematic method to present changes in 
trends in variables relevant to the reactor safety. Today, analysis work is needed 
to reorganize and update the present data sources on licensee event reports, 
transients, and repair activities. It is also important to stress the difference 
between evaluating individual incidents and presenting statistics of failure causes. 
Both activities are necessary and complement each other. A few problems in 
the process will be mentioned.

The Licensee Event Reports, LERs, have in the past been listed in long 
tables. The data were compressed into minimized computer text formats that 
made it impossible to carry out any valuable analysis work. LERs often need 
to be complemented with information available several weeks or months after 
the occurrence of the event. The time delay can influence the awareness of a 
safety problem. It can also mean that important information is lost.

Another area of concern in incident analysis is the dependence on plant- 
specific circumstances. There are many possibilities to misinterpret an event 
description due to lack of system knowledge and lack o f detailed design 
information. In order to succeed in establishing a high-quality feedback, people 
with sound engineering judgement and good operating knowledge must be 
involved both in the process of screening incidents, and in judging an incident’s 
relevance to each specific plant.

Many LERs are indications of system degradation, e.g. one of four pumps 
in repair. Once it is clear that a generic fault does not exist, the outage time 
should be used for system unavailability estimates. System unavailabilities are 
important to the overall safety. The safety should be balanced, i.e. certain 
systems should not show individual high unavailabilities. Estimates on system 
unavailabilities can be calculated when fault trees and event trees have been 
developed for each plant. In Sweden there is a general agreement that part of the 
operating event screening should be a check against system reliability models for 
safety significance (Fig. 1 ).

Furthermore, it should be remembered that the whole system of incident 
analysis and feedback o f operating experience consists o f a number of interlocking 
feedback loops. The innermost loop provides the daily feedback between shifts 
at each individual plant, transferring information on a very detailed and plant- 
specific level. The next wider loops include information transfer between plants 
of similar design within utilities and within countries. The widest loops are 
represented by the large international systems such as 1RS or NOTEPAD. The 
information flow within each individual loop as well as the information transfer 
between the loops must strike a delicate balance between information overload 
and loss of important information. This sets stringent quality criteria for the 
screening, analysis and presentation of incidents, keeping in mind that plant 
technical managers and shift supervisors are typically the most important end- 
users. The system must be able to handle urgent messages, requiring immediate
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attention, e.g. concerning deficiencies in a specific component or material, as 
well as providing information to be used in training programmes, e.g. as case 
studies. The performance of incident analysis and reporting systems must largely 
be evaluated by their ability to provide timely, balanced and easily understandable 
information to the most important end-users as defined above. It is an important 
task for the regulatory agency to audit the performance of the whole system.
At the same time, the agency has an active role to play in one or two of the loops.

4. HUMAN FACTORS ANALYSIS

In more complex incidents human actions or errors are almost always 
involved in one way or another. Human factors are a weak point in a reliability 
analysis when trying to identify dominant accident sequences. A change in 
human error probability o f a factor of 10 can increase system unavailability by 
several hundred per cent.

Furthermore, dependencies in system functions are introduced by human 
actions such as tests and calibrations. Other types of dependencies involving 
human activities are sequential tasks in operation or maintenance. Both forms 
of dependencies have to be identified, and controlled, but this is a difficult task.

Methods involving search strategies for human errors are under development 
within several research programmes. The major area o f concern is completeness. 
Can aborting actions taken by operators lead to other fault sequences than we are 
able to detect today? Hopefully, the event/fault tree analysis will form the basis 
from which important control sequences can be identified for those involved in 
human factors analysis. In the past, there appears to have been too wide a gap in 
the nuclear safety field between the disciplines of human factors engineering 
and technical systems engineering. We know by experience that many accidents 
are caused by malfunctions involving both disciplines. Methods to improve the 
man/machine interface, e.g. improved information processing and display as well 
as improving process understanding among operators and key maintenance 
personnel should be important elements of safety enhancing programmes, 
including those handling feedback of operating experience.

Critical areas for operator performance as indicated by systems reliability 
analysis can preferably be used in simulator training. In the simulator also low- 
probability, high-risk situations can be used to give the operators a means to 
cope with multiple failures, stress situations, and the difficult task of predicting 
and understanding time dependencies. Complex events are caused by multiple 
combinations o f misinterpretations and system failures. It is important that 
human errors are analysed using operating experience and introduced in the 
training programme. Simulator training of incident and accident management 
will be as important for nuclear operators as for airline pilots. It should be kept
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in mind that many shift crews may not experience even a ‘simple’ reactor trip in 
a full working year, judging from current plant reliability performance.

5. OPERATOR TRAINING

As indicated in the previous sections, the full safety impact from systems 
reliability analysis and incident analysis can only be attained by feedback to 
training programmes. In July 1980, the Inspectorate introduced a system for 
auditing the quality of operator training programmes and the competence of 
operators. The system specifies quality criteria and requirements in the following 
areas:

Basic technical education before recruitment

Training programmes and training organization, including retraining

Individual competence required for different job levels up to shift supervisor

Documentation and reporting of content of courses, examinations, etc.

Period revisions of the training system.

Minimum pre-recruitment education for control room operators including 
shift supervisors consists of 9 years of general education followed by 4 years of 
technical study with emphasis on practical process control including 1 year of 
guided industry practice.

With some exceptions no specific requirements are laid down regarding the 
detailed content of the operator training but guidelines are specified on how to 
work out training programmes, how to organize the training and so forth. Training 
programmes, including descriptions of courses, training organization, methods for 
auditing individual competence, etc., must then be approved by the Inspectorate. 
Operators who have passed the approved training programme to a specified level 
are from the training point of view qualified for control room service at that 
level. In addition, the system sets criteria for the training and experience level 
of the control room team as a whole.

The need for job retraining and continued job training has to be investigated 
systematically. Factors which influence job retraining needs are (a) time since 
basic training was given and (b) amount of real on-the-job-training. The needs for 
retraining will be found through inquiries to operators, supervisors and instructors 
and through diagnostic knowledge tests.

The continued job training concerns technical, organizational and regulatory 
changes as well as feedback of operational experience. Such new information 
has to be taken care o f systematically, and its job training consequences have to
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be analysed, and taken care of through continued job training, which together 
with job retraining is given once a year to the operators. This whole process 
requires close interaction between the training organization and the technical 
and operational management o f the plant.

Hence, auditing of the training organization will be an important task for the 
Inspectorate, ensuring inter alia that training issues are given satisfactory priority 
and status within the plant management structure.

The training programme and training organization including the Inspectorate’s 
auditing function are thus regarded as a dynamic system to be developed as the 
understanding o f the real requirements o f the control room jobs develop, based, 
inter alia, on operating experience, incident analysis and systems reliability 
analysis, including human factors analysis. So far, a thorough review of the system 
is envisaged every 3 - 4  years and an extension to key maintenance personnel is 
discussed.
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Abstract-Résumé

IMPORTANT DEVELOPMENTS IN SAFETY ANALYSIS.
The principle o f defence in depth is applied to  safety analysis in order to  improve the 

level o f safety o f facilities, regardless o f the status of the plant, including situations involving 
energy loss. In the case o f plants in operation or under construction, the first level of safety 
is a design based on the standard list o f reference situations and their associated criteria. The 
second level o f  safety, w hich strictly  speaking goes beyond designs, is the result o f far-reaching develop
m ents in safety analysis, supplem ented by the analyses o f operating experience in France and 
abroad which have revealed certain weak points o f the facilities. The procedure envisaged 
seeks to  improve the reliability of the redundant systems used frequently . A dditional 
measures for post-accident operation of facilities have also been defined. These im provem ents 
do no t have to satisfy all the criteria governing the initial p lant design. Exam ples are given 
for each of the three m ajor safety functions: stopping the chain reaction, removing residual 
heat and containing radioactive products. The th ird  level o f  safety is concerned with the 
technical measures taken to  deal w ith emergency situations. Since experience has shown the 
lim itations o f accident scenario studies, the operator m ay be confronted  with an accident 
degenerating to the ex ten t o f a m ajor energy loss in the core. The latest developm ents (based 
on the concept o f  core cooling states, contro l room  im provem ents, provision of residual heat 
removal and containm ent o f facilities under post-accident conditions) should lim it environ
m ental releases to a level com patible w ith the  establishm ent o f special emergency action schemes.

DEVELOPPEMENTS IMPORTANTS CONCERNANT L ’ANALYSE DE SURETE.
Le principe de défense en p rofondeur est appliqué dans l’analyse de sûreté des installa

tions, quel que soit l ’é ta t de la tranche, y  com pris les situations dégradées. Pour les tranches 
en fonctionnem ent ou en construction , le prem ier niveau de sûreté reste le dim ensionnem ent 
fondé sur la liste conventionnelle des situations de référence e t l’ensemble des critères 
classiquem ent associés. Le deuxième niveau de sûreté, qui va au-delà du strict dim ensionne
m ent, découle des développem ents approfondis de l’analyse de sûreté, com plétée par l’analyse 
de l’expérience d ’exploitation  française e t étrangère, qui a mis en évidence certains points faibles 
des installations. Les parades envisagées visent à am éliorer la fiabilité des systèmes redondants 
fréquem m ent sollicités. En outre, les mesures com plém entaires pour la conduite post-acciden
telle des installations on t é té  définies. Ces am éliorations n ’on t pas à satisfaire à l’ensemble des
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critères imposés pour le dim ensionnem ent initial des tranches. Des exem ples sont donnés pour 
chacune des trois fonctions vitales de sûreté: l’arrêt de la réaction en chaîne, l’évacuation de la 
puissance résiduelle, le confinem ent des produits radioactifs. Enfin, le troisièm e niveau de sûreté 
abordé concerne les m esures techniques associées aux situations d’urgence. L ’expérience ayant 
m ontré  la lim itation des études de scénarios accidentels, l’exploitant peut se trouver confronté à 
un incident qui dégénère de façon telle q u ’une dégradation im portante  du coeur soit a tte in te. Les 
dispositions nouvelles prévues — approche basée sur la notion  d ’éta ts de refroidissem ent du coeur, 
am élioration des salles de com m ande, des m oyens d’évacuation de puissance résiduelle et du 
confinem ent des installations en situation  post-accidentelle -  doivent perm ettre  de lim iter les 
rejets dans l’environnem ent à un niveau com patible avec la mise en service des plans particuliers: 
d’intervention.

1. METHODOLOGIE

1 .1 .  Les t r o i s  n iveau x  a p p liq u és  à l 'a n a ly s e  de s û r e té  d 'un  
ensem ble de tra n ch es  n u c lé a ir e s

S i l ' o n  c o n s id è r e  un parc im portant de c e n tr a le s  
n u c lé a ir e s ,  un prem ier n iv ea u  de s û r e té  c o n s is t e  à c o n c e v o ir ,  
c o n s tr u ir e  e t  e x p lo i t e r  ce s  c e n tr a le s  s e lo n  l e s  r è g le s  e t  
p r in c ip e s  de s û r e té  en v ig u e u r , notamment c e lu i  de la  d é fen se  
en p rofondeur qui c o n s is t e  à :

a s su r e r  une r é s is t a n c e  maximale de l ' i n s t a l l a t i o n  à s e s  
p rop res d é f a i l la n c e s  par la  q u a l i t é  de la  c o n c e p tio n , la  
q u a l i t é  de la  r é a l i s a t io n  e t  la  q u a l i t é  de l ' e x p l o i 
t a t io n  ;

-  prendre en compte l e s  in c id e n ts  p o s s ib le s  e t  co n cev o ir  
des systèm es de s é c u r i t é  red on d an ts, ca p a b les  de m in i
m iser  le u r s  e f f e t s  ;

-  prendre en compte l e s  a c c id e n ts  h y p o th é tiq u es  m ettan t en  
cause l ' i n t é g r i t é  du con fin em en t des p r o d u its  r a d io a c t i f s  
e t  co n c e v o ir  des systèm es de sauvegarde égalem ent redon
d a n ts , ca p a b les  de l im i t e r  l e s  conséquences de ce s  
a c c id e n t s .

L 'a p p lic a t io n  à la  c o n c e p tio n  de ce p r in c ip e , e t  de c e lu i  
de la  p r o g r e s s iv i t é  de la  s û r e té  q u i v e u t  que la  p r o b a b il i t é  
g lo b a le  d 'o c c u r r e n c e  des a c c id e n ts  s o i t  d 'a u ta n t  p lu s  f a ib l e  
que le u r s  con séq u en ces pour l'en v iro n n em en t so n t p lu s  g r a v e s , 
e n tr a în e  des r è g le s  de dim ensionnem ent e t  de q u a l i f i c a t io n  des 
m a té r ie ls  q u i p e r m e tte n t , dans to u te s  l e s  c o n d it io n s  de fo n c 
tionnem ent p r is e s  en com pte, de ramener e t  m a in ten ir  l e  r é a c 
te u r  dans un é t a t  sû r .
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C ependant, même dès lo r s  que ce s  c e n tr a le s  n u c lé a ir e s  
so n t a in s i  co n çu es , des in c id e n t s  ou anom alies non prévus so n t  
s u s c e p t ib le s  de s u r v e n ir . Grâce aux m u lt ip le s  p r é c a u tio n s  
p r i s e s ,  i l s  n 'o n t  en g é n éra l aucune conséquence d ir e c t e  pour 
la  s û r e té  ; i l s  so n t p o u rta n t l e  s ig n e  d'un p o in t  f a ib le  
é v e n tu e l dans l e s  i n s t a l l a t i o n s ,  e t  d o iv e n t  donc f a ir e  l ' o b j e t  
d'une a n a ly se  a p p ro fo n d ie , a f in  que tou s en seign em en ts p u is 
se n t  en ê t r e  t i r é s ,  d 'une m anière é v e n tu e lle m e n t gén ér iq u e  sur  
l e s  a u tr e s  tra n ch es  égalem ent : c ' e s t  l e  re to u r  d 'e x p é r ie n c e  
d 'e x p lo i t a t io n .

L 'o r g a n is a t io n  im portante que r e q u ie r t  un re to u r  d 'exp é*  
r ie n c e  d 'e x p lo i t a t io n  e f f i c a c e ,  ta n t  au s e in  des e x p lo i ta n t s  
qu'au s e in  des a u t o r i t é s  de s û r e t é ,  au p la n  n a t io n a l comme au 
p la n  in t e r n a t io n a l ,  p eu t ê t r e  a s s im ilé e  en quelque s o r te  à un 
deuxièm e n iv ea u  de s û r e té  .

La q u e s t io n  n a t u r e l le  qu i s e  p ose a lo r s  e s t  de s a v o ir  
s ' i l  e x i s t e ,  s e lo n  ce schéma de p r é s e n ta t io n , un tr o is iè m e  
n iv ea u  de s û r e té  corresp on d an t à ce s  deux prem iers n iveau x  : 
ce tr o is iè m e  n iv ea u  e s t  p réc isém en t l 'o r g a n is a t io n  m ise en 
p la c e ,  ta n t  au s e in  des e x p lo i t a n t s  que des p o u v o irs  p u b l ic s ,  
pour f a ir e  fa c e  à une s i t u a t io n  de c r i s e ,  dans l e  cas ou 
s u r v ie n d r a it  un a c c id e n t  non prévu à la  c o n c e p tio n , ou ju gé  
a lo r s  su ffisam m ent im probable, e t  dont aucun p récu rseu r  n 'a u 
r a i t  é t é  d é te c té  dans l e  cadre du re to u r  d 'e x p é r ie n c e  d 'e x 
p lo i t a t i o n .

L ' e f f i c a c i t é  de c e t t e  o r g a n is a t io n  suppose elle-m êm e des 
m esures te c h n iq u e s  q u i p o u r r a ie n t  ê t r e  m ises  en oeuvre s i  , 
m algré l e s  p r é c a u tio n s  p r i s e s ,  un a c c id e n t  extrêm e v e n a it  à se  
p r o d u ir e , pour ne pas m ettre  l e s  p o u v o irs  p u b lic s  dans l ’ im
p o s s i b i l i t é  de prendre l e s  m esures c o n s e r v a to ir e s  a lo r s  n é c e s 
s a ir e s  pour la  p r o te c t io n  des p o p u la tio n s  e t  d é c r i t e s  pour l e s  
i n s t a l l a t i o n s  n u c lé a ir e s  f r a n ç a is e s  dans des documents s p é c i 
f iq u e s ,  l e s  p la n s  p a r t i c u l i e r s  d ' in t e r v e n t io n .

Compte ten u  de l 'e x p é r ie n c e  a c q u ise  à l 'é t r a n g e r  e t  du 
démarrage r é c e n t  d 'un  nombre im portant de tra n ch es  n u c lé a ir e s  
à eau p r e s s u r is é e  en F ran ce, l 'a n a ly s e  de s û r e té  de ce s  tr a n 
ches s ' e s t  tro u v ée  co n sid éra b lem en t e n r ic h ie  dans ce p a y s , e t  
c e , à chacun des n iveau x  précédemment évoq u és.

Les a u t o r i t é s  de s û r e té  f r a n ç a is e s  on t en p a r t i c u l i e r  é té  
amenées à d év e lo p p er  l 'a n a ly s e  de la  s û r e té  dans des domaines 
n 'e n tr a n t  pas dans l e  cadre h a b itu e lle m e n t ju g é  n é c e s s a ir e  
pour la  d é liv r a n c e  des a u t o r is a t io n s  e t  con cern an t notamment 
la  p e r te  de systèm es redondants u t i l i s é s  dans des s i t u a t io n s  
de prem ière ou deuxièm e c a t é g o r ie ,  ou l 'a m é l io r a t io n  de la
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co n n a issa n ce  du comportement des i n s t a l l a t i o n s ,  non pas en 
term es de s c e n a r io s ,  m ais en term es d ' é t a t s ,  a u s s i  b ie n  en ce  
qui concerne l e  r e fr o id is se m e n t  du com b u stib le  que l e  c o n f i 
nement de la  r a d io a c t iv i t é .

1 .2 .  Les avan tages de la  s ta n d a r d is a t io n

Nous nous bornerons à s o u lig n e r  to u t  l ' i n t é r ê t  que p ré 
se n te  une s ta n d a r d is a t io n  des tra n ch es  n u c lé a ir e s  t e l l e  que 
p r a tiq u é e  en F rance.

L 'e x is te n c e  d 'un  grand nombre de tra n ch es t r è s  sem b lab les  
j u s t i f i e  to u t  d 'abord  la  r é a l i s a t io n  de c e r ta in e s  é tu d es ou 
rech erch es de c a r a c tè r e  t r è s  a p p liq u é , comme l e s  é tu d es p r é c é 
demment évoquées de p e r te  de systèm es redondants ou comme 
c e r ta in e s  a u tr e s  é tu d es  qui ont é t é  menées su r l e  comportement 
p o s t - a c c id e n t e l  des i n s t a l l a t i o n s  a l la n t  a u -d e là  des durées  
h a b itu e lle m e n t exam in ées. Ces é tu d e s , e f f e c t u é e s  pour une 
tran ch e , so n t e n s u ite  tr a n sp o sé e s  à l'e n se m b le  des tra n ch es  
de la  s é r i e .

Quand une d i f f i c u l t é  a p p a r a ît , l e s  moyens à m ettre  en 
oeuvre p eu v en t, en o u tr e , ê t r e  d é f in i s  d irec tem en t pour to u te s  
l e s  i n s t a l l a t i o n s  sans q u ' i l  s o i t  n é c e s s a ir e  d 'é la b o r e r  un 
t e x t e  de p o r té e  g é n é r a le  dont l e s  in c o n v é n ie n ts  e t  l e s  avan
ta g e s  d e v r a ie n t  ê t r e  so ign eu sem en t p e sé s  en ten a n t compte des 
s p é c i f i c i t é s  des in s t a l l a t i o n s  e x i s t a n t e s .

La s ta n d a r d is a t io n  perm et a u s s i  l ' a c q u i s i t i o n  e x p lo i t a b le  
e t  tr a n sp o sa b le  d 'e x p é r ie n c e  d 'e x p lo i t a t io n .  A in s i ,  l ' e x p é 
r ie n c e  de démarrage d 'une v in g ta in e  de tra n ch es a f a i t  appa
r a î t r e ,  sur chaque s i t e ,  une d im in u tio n  n o ta b le  dans l e  temps 
du nombre d ' in c id e n t s  e t  e s t  l 'o c c a s io n  d'une étude de p lu s  en  
p lu s  ap p rofon d ie  du fon ction n em en t des d i f f é r e n t s  systèm es qui 
c o n s t itu e n t  une tran ch e  s ta n d a r d isé e . En p a r t i c u l i e r ,  c ' e s t  l e  
cas pour un c e r ta in  nombre de systèm es a u x i l i a i r e s  n ' i n t e r 
ven an t pas d irec tem en t dans la  marche ou la  sauvegarde du 
r é a c te u r , m ais dont un fon ction n em en t non s a t i s f a i s a n t  
m arquerait un c e r t a in  é t a t  de d ég ra d a tio n  de la  tra n ch e . Une 
a n a ly se  p lu s  p o u ssée  des e s s a i s  de démarrage a perm is de co r 
r ig e r  un c e r ta in  nombre de d é t a i l s  m ineurs dont l 'e n se m b le  
p o u v a it , dans c e r ta in e s  s i t u a t io n s ,  n u ire  à la  s û r e té  de la  
tra n ch e . Ces a m é lio r a t io n s  d o iv e n t ê t r e ,  b ie n  sû r , p r is e s  en 
compte pour l'e n se m b le  des tr a n c h e s .

E n fin , compte ten u  du nombre de tr a n c h e s , la  p r o b a b i l i t é  
e s t  p lu s  grande de v o ir  se  d éro u ler  sur l 'u n e  d 'e n tr e  e l l e s  un 
in c id e n t  dont l 'a n a ly s e  r é v é le r a  l e  c a r a c tè r e  "précurseur" e t
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s i g n i f i c a t i f ,  e t  l e s  parades se r o n t  a p p o rtées  non seu lem en t  
su r la  tran ch e  con cern ée m ais su r l'e n se m b le  des tr a n c h e s .

A c ô té  de c e s  a v a n ta g e s , d iv e r s e s  d i f f i c u l t é s  d o iv e n t  
ê tr e  su rm on tées. B ien  en ten d u , pour la  s û r e té  comme pour l e s  
a u tr e s  a s p e c ts  de la  c o n s tr u c t io n  e t  de l ' e x p l o i t a t i o n  des 
tra n ch es  n u c lé a ir e s ,  to u t  problèm e ren co n tré  su r une tran ch e  
p eu t se  r é p e r c u te r  sur l e s  a u tr e s  e t ,  quand une s o lu t io n  e s t  
d é f in ie  pour une tran ch e  en c o n s tr u c t io n , e l l e  d o i t  ê tr e  
ap p o rtée  aux a u tr e s  tra n ch es  e t  adaptée de façon  ap p rop riée  
aux tra n ch es  en fo n ctio n n em en t.

Dans la  s u i t e  de la  p r é se n te  com m unication, nous 
donnerons des exem ples te c h n iq u e s  p r é c is  de ce s  é v o lu t io n s ,  
pour ce qui concerne ta n t  l e s  tra n ch es  en e x p lo i t a t io n  que l e s  
tra n ch es  en c o n s tr u c t io n  ou en p r o j e t .

Nous n 'ab ord eron s pas l e s  p r in c ip e s  mêmes de l 'o r g a n i 
s a t io n  m ise en p la c e  en France pour a ssu r e r  l e  re to u r  d 'e x p é 
r ie n c e  d 'e x p lo i t a t io n  qui f a i t  l ' o b j e t  d 'une a u tre  communi
c a t io n  (v o ir  L. BERTRON e t  F.COGNE, mémoire C N -42/19, dans ce 
volum e) n i  l e s  p r in c ip e s  de l 'o r g a n is a t io n  m ise en p la c e  dans 
ce pays en cas de c r i s e ,  ce  qu i s o r t i r a i t  de l ' o b j e t  de la  
p r é se n te  c o n fé r e n c e .

2 . PRINCIPAUX DEVELOPPEMENTS DE L'ANALYSE DE SURETE ET 
RETOUR D'EXPERIENCE D'EXPLOITATION

Outre c e r ta in s  problèm es p o n c t u e ls , dont q u elq u es exem
p le s  se r o n t  donnés c i - a p r è s ,  l e s  a c t io n s  menées en France 
d ep u is 1976 dans l e  cadre des examens r é g le m e n ta ir e s , co n fo r 
t é e s  e t  co m p létées  par l 'a n a ly s e  de l 'e x p é r ie n c e  d 'e x p lo i 
t a t io n  fr a n ç a is e  e t  é tr a n g è r e , on t e s s e n t ie l le m e n t  p o r té  dans 
deux grands dom aines :

о l e s  parades à e n v isa g e r  v i s - à - v i s  d 'une d é f a i l la n c e  d'un  
systèm e redondant fréquemment s o l l i c i t é  dans l e s  s i t u a 
t io n s  de c la s s e  1 e t  2 , la  p r o b a b i l i t é  d 'o ccu rren ce  d 'une  
t e l l e  d é f a i l la n c e  ayan t é t é  é v a lu é e  à en v iro n  1 0 -5 par  
a n n é e -r é a c te u r ,

о l e s  m esures à prendre pour la  c o n d u ite  p o s t - a c c id e n t e l l e  
des i n s t a l l a t i o n s .

Les a u t o r i t é s  de s û r e té  on t e stim é  que l e s  a m é lio r a tio n s  
d é c id é e s  s u i t e  à ce s  é tu d es pour augm enter l e  n iv ea u  de s û r e té
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des i n s t a l l a t i o n s  en fon ction n em en t ou en c o n s tr u c t io n  n 'a 
v a ie n t  pas à s a t i s f a i r e  à l'e n se m b le  des c r i t è r e s  im posés pour 
l e  dim ensionnem ent i n i t i a l  des tra n ch es  : redondance, q u a l i 
f i c a t i o n  par exem ple. E l l e s  s e r a ie n t  m ises en oeuvre s e lo n  des 
procéd u res p a r t ic u l i è r e s  e t ,  en ta n t  que de b e s o in , a s s o c ié e s  
à des alarm es s p é c i f iq u e s  r e p o r té e s  en s a l l e  de commande.

En o u tr e , to u te  a m é lio r a tio n  prévue dans ce cadre ne 
devra b ie n  entendu p ou vo ir  ê t r e  en aucune façon  l ' i n i t i a t e u r  
d'un  in c id e n t ,  n i  en tr a v e r  par des c o n tr a in te s  n o u v e lle s  le  
fon ction n em en t normal des i n s t a l l a t i o n s .

Des exem ples de c e s  a m é lio r a tio n s  d é c id é e s  en France sur  
l e s  tra n ch es  a c t u e l l e s  so n t  donnés c i-a p r è s  pour chacune des 
t r o i s  " fo n c t io n s  v i t a l e s "  de s û r e té  :

l ' a r r ê t  de la  r é a c t io n  en c h a în e ,
l 'é v a c u a t io n  de la  p u is sa n c e  r é s id u e l l e ,
l e  con fin em en t des p r o d u its  r a d io a c t i f s .

2 .1 .  F o n c tio n  a r r ê t  de la  r é a c t io n  en ch a în e

V is - à - v i s  des ATWS " a n tic ip a te d  t r a n s ie n t s  w ith o u t  
scram " des m o d if ic a t io n s  so n t en cours de m ise en oeuvre sur  
l e  systèm e de p r o te c t io n  des tra n ch es en e x p lo i t a t io n  pour 
a ssu r e r  en p a r e i l l e  c ir c o n s ta n c e  une d i v e r s i f i c a t i o n  des 
ord res de démarrage des pompes du systèm e d 'a lim e n ta t io n  de 
seco u rs  des g én éra teu rs  de vapeur e t  d 'a r r ê t  de la  tu r b in e .  
Les é tu d es  on t montré que pour l e s  tra n ch es  fr a n ç a is e s  l e s  
con séq u en ces d 'un  ATWS ne so n t pas in a c c e p ta b le s  dès lo r s  que 
c e s  ord res so n t s a t i s f a i t s .

2 .2 .  F o n c tio n  é v a c u a tio n  de la  p u is sa n c e  r é s id u e l l e

Q u 'i l  s ' a g i s s e  du fon ction n em en t normal ou d 'une s i t u a 
t io n  a c c id e n t e l l e ,  l e s  a u t o r i t é s  de s û r e té  on t e stim é  n é c e s 
s a ir e  une d i v e r s i f i c a t i o n  de c e t t e  fo n c t io n , e t  c e ,  q u e l que 
s o i t  l e  systèm e concerné : r é f r ig é r a t io n  à l ' a r r ê t ,  gén é
r a te u r s  de vapeur ou a sp e r s io n  e n c e in te .

2 . 2 .1 .  R é fr ig é r a t io n  à l ' a r r ê t  ( c i r c u i t  RRA)

C er ta in s  in c id e n t s  ayan t é t é  ren co n trés  en e x p lo i t a t io n ,  
de n o u v e lle s  s p é c i f i c a t io n s  tech n iq u es  on t é t é  récemment 
im posées à l ' e x p l o i t a n t  s e lo n  l e s q u e l l e s ,  lo r sq u 'u n e  tran ch e  
se  tro u v e  à l ' a r r ê t  e t  que la  p u is sa n c e  r é s id u e l l e  e s t  évacuée  
par l e  c i r c u i t  de r e fr o id is s e m e n t  à l ' a r r ê t ,  l e  r e to u r  sur l e s  
g én éra teu rs  de vapeur ou l e  p a ssa g e  sur l e  c i r c u i t  de 
tr a ite m e n t  e t  de r é f r ig é r a t io n  des p is c in e s  d o i t  to u jo u rs  ê tr e  
p o s s ib le .
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2 . 2 . 2 .  G énérateurs de vapeur

La p e r te  t o t a l e  de l ’a lim e n ta t io n  en eau des g én éra teu rs  
de vapeur e s t  survenue à Three M ile I s la n d  (T .M .I .)  .

Au cours du t r a n s i t o i r e  qu i s u i t  un t e l  in c id e n t ,  l ' a r r ê t  
d 'u rg en ce  e s t  provoqué par un s ig n a l  ém is à p a r t ir  du c i r c u i t  
s e c o n d a ir e . Compte ten u  de la  d é f a i l la n c e  du c i r c u i t  d 'a lim e n 
t a t io n  de seco u rs  des g én éra teu rs  de vap eu r, la  p a r t ie  seco n 
d a ir e  de ce s  g én éra teu rs  s 'a s s é c h e  p ro g ress iv em en t e t  l 'é c h a n 
ge " p r im a ire -seco n d a ire"  f i n i t  par s 'a n n u le r  . L 'augm entation  
de la  p r e s s io n  e t  de la  tem pérature p r im a ire  e n tr a în e  l 'o u v e r 
tu re  des vannes de décharge du p r e s s u r is e u r  par l e s q u e l l e s  la  
p u issa n c e  r é s id u e l l e  du coeur e s t  év a cu ée . Aucun s ig n a l  de 
m ise en s e r v ic e  de l ' i n j e c t i o n  de s é c u r i t é  n 'é ta n t  é m is , le  
dénoyage p r o g r e s s i f  du coeur se  p r o d u it  en l 'a b s e n c e  d ' in 
t e r v e n t io n  de l 'o p é r a te u r .

Les in te r v e n t io n s  n é c e s s a ir e s ,  c o n s is ta n t  e s s e n t ie l le m e n t  
à d é p r e s s u r is e r  l e  c i r c u i t  p r im aire  par o u v ertu re  com plète des 
vannes de décharge du p r e s s u r is e u r  avant a t t e in t e  de le u r  
p r e s s io n  de c o n s ig n e , à provoquer m anuellem ent l ' i n j e c t i o n  de 
s é c u r i t é  e t  à a r r ê te r  l e s  pompes p r im a ir e s , se r o n t p r é c is é e s  
dans une procédure p a r t i c u l i è r e .

Les a u t o r i t é s  de s û r e té  on t demandé que l ' é t u d e  de ce 
s c é n a r io  d 'a c c id e n t  s o i t  menée p a r a llè le m e n t  à d 'a u tr e s  é tu d es  
devant a b o u t ir , en amont, à la  f i a b i l i t é  de la  fo n c t io n  " a l i 
m en ta tion  en eau des g én éra teu rs  de vapeur" , par l e  m a in tien  
de la  d i v e r s i f i c a t i o n  de c e t t e  a lim e n ta t io n  : r e l a i s  de l ' a l i 
m en ta tion  de seco u rs  par l 'a l im e n t a t io n  norm ale e t  m a in tien  de 
c e t t e  a lim e n ta t io n  norm ale après un a r r ê t  d 'u rg en ce .

2 .2 .3 .  A sp ersio n  e n c e in te

S o l l i c i t é e  lo r s  des t r a n s i t o i r e s  de c la s s e  3 e t  4 , c e t t e  
fo n c t io n  d o i t  a v o ir  une f i a b i l i t é  s u f f i s a n t e  pour p ou vo ir  
a ssu r e r  e s s e n t ie l le m e n t  l 'é v a c u a t io n  à lo n g  term e de la  p u is 
sance r é s id u e l l e  en s i t u a t io n  p o s t - a c c id e n t e l l e .  La d é f a i l 
la n c e  p o t e n t i e l l e  la  p lu s  p rob ab le  de c e t t e  fo n c t io n  é ta n t  
c e l l e  des moyens de pompage, e t  1 1 a c c e s s i b i l i t é  aux m a té r ie ls  
pouvant ê t r e  im p o ss ib le  pendant une p é r io d e  de deux à t r o i s  
m o is , la  p o s s i b i l i t é  de s e c o u r ir  c e t t e  fo n c t io n  par la  
fo n c t io n  d ' in j e c t io n  de seco u rs  b a sse  p r e s s io n  e s t  en cours  
d 'é tu d e .

2 . 2 .4 .  Source f r o id e  term in a le

C ette  p e r te  t o t a l e ,  qu i p eu t ê t r e  provoquée par un enva
sem ent des p r is e s  d 'ea u  e lle s-m êm es ou des échangeurs RRI/SEC,
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l e  noyage du lo c a l  des pompes du c i r c u i t  d 'ea u  b ru te  secou ru  
( in o n d a tio n  ou rupture de tu y a u te r ie )  ou la  p e r te  t o t a l e  des 
a lim e n ta t io n s  é l e c t r i q u e s , e n tr a în e  la  p e r te  du c i r c u i t  de 
r é f r ig é r a t io n  in te r m é d ia ir e  RRI e t  de to u s  l e s  sy stèm es pour 
l e s q u e ls  ce c i r c u i t  e s t  r e q u is . On s ig n a le r a  en p a r t i c u l i e r  la  
p e r te  t o t a l e  du c i r c u i t  de r e fr o id is s e m e n t  à l ' a r r ê t  e t ,  au 
n iv ea u  des pompes p r im a ir e s , la  p e r te  de la  b a r r iè r e  therm ique  
de r é f r ig é r a t io n  des m oteurs e t  de l ' h u i l e  des p a l i e r s  e t  
b u t é e s .

S ' i l  n ' e s t  pas p o s s ib le  de p r é v o ir  une parade s u f f i 
samment e f f i c a c e  pour é lim in e r  l e  mode commun dû à l ' e n v a 
sem ent des p r is e s  d 'e a u , i l  s ' e s t  avéré  n é c e s s a ir e  d 'a m é lio r e r  
la  d é t e c t io n  ra p id e  au n iv ea u  de la  s a l l e  de commande de c e t  
envasem ent q u i e n tr a în e  un bouchage p r o g r e s s i f  des p r is e s  
d 'ea u  e t /o u  des éch an geu rs.

Les r é s e r v e s  d 'ea u  d is p o n ib le s  sur l e s  s i t e s  fr a n ç a is  
p erm etta n t rapidem ent de p a l l i e r  la  d é f a i l la n c e  i n i t i a l e ,  
l 'a m é l io r a t io n  de la  d é te c t io n  sera  com p létée par une p r o c é 
dure p a r t i c u l i è r e  dont l 'a p p l ic a t io n  p erm ettra  de r e jo in d r e  
l ' é t a t  ju g é  l e  p lu s  sû r  su iv a n t l e s  d i f f é r e n t e s  c o n f ig u r a t io n s  
i n i t i a l e s  des 4 tr a n c h e s .

2 .2 .5 .  A lim e n ta tio n s  é le c t r iq u e s

La p r o b a b i l i t é  de la  p e r te  t o t a l e  des a lim e n ta t io n s  
é le c t r iq u e s  (so u r c e s  in te r n e s  e t  e x te r n e s )  a é t é  é v a lu é e  à 
1 0 -5 par année r é a c te u r . Les in c id e n t s  survenus en France  
(b la c k -o u t  du 19 décembre 1978) e t  aux E ta ts -U n is  ta n t  su r  l e  
résea u  n a t io n a l  que su r l e s  d i e s e l s  de tra n ch es  on t confirm é  
l e  b ie n  fondé du p r in c ip e  de la  d i v e r s i f i c a t i o n  des so u rces  
é le c t r iq u e s  in t e r n e s ,  a in s i  que la  n é c e s s i t é  de d is p o s e r  d'une  
parade p erm etta n t de reco u v rer  au p lu s  t ô t  une sou rce  é l e c 
tr iq u e  .

Une p e r te  t o t a l e  des a lim e n ta t io n s  é l e c t r i q u e s , qu i 
e n tr a în e  e n tr e  a u tr e s  la  p e r te  de l ' i n j e c t i o n  aux j o i n t s  №  1 
des pompes p r im a ires  e t  le u r  d é té r io r a t io n  en q u elq u es  
m in u te s , c o n d u it à une b rèch e p r im aire  de l 'o r d r e  de 15 t / h ,  
d é b it  pouvant a t t e in d r e  110 t / h  en cas de d é f a i l la n c e  du j o in t  
№ 2 .

O utre l e s  é tu d es  e n tr e p r is e s  pour con firm er la  tempé
ra tu r e  l im i t e  de ten u e  de ce s  j o i n t s  (180° C ), l e s  a u t o r i t é s  
de s û r e té  on t demandé que s o ie n t  é tu d ié e s  l e s  d iv e r s e s  p o s s i 
b i l i t é s  de r é a lim e n ta t io n  rap id e d 'une tran ch e  par une tran ch e  
v o i s in e  i l o t é e  ou par une a u tre  sou rce  é le c t r iq u e  in te r n e ,  
a i n s i  que l e s  p o s s i b i l i t é s  de m a in tien  de l ' i n j e c t i o n  aux
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j o i n t s .  C e tte  demande des a u t o r i t é s  de s û r e t é ,  p r is e  en compte 
au n iv ea u  de la  c o n c e p tio n  des r é a c te u r s  de 1300 MWe -  r e f r o i 
d issem en t des j o i n t s  a ssu r é  par la  pompe u t i l i s é e  normalement 
pour l 'é p r e u v e  du c i r c u i t  p r im a ir e , pompe a lim e n té e  en é n e r g ie  
é le c t r iq u e  par un groupe tu r b o a lte r n a te u r  e t  en eau à p a r t ir  
de la  bâche du c i r c u i t  de tr a ite m e n t  e t  de r é f r ig é r a t io n  des 
p is c in e s  -  a é t é  r e c o n d u ite  r é tr o a c tiv e m e n t pour l e s  tra n ch es  
de 900 MWe.

Les m o d a lité s  de m ise en oeuvre des d i s p o s i t i f s  com plé
m en ta ires  a p p o rtées  à la  c o n c e p tio n  i n i t i a l e  se r o n t  p r é c is é e s  
dans une procédure de co n d u ite  s p é c i f iq u e .

2 .3 .  F o n c tio n  con fin em en t des p r o d u its  r a d io a c t i f s

L 'im portance du con fin em en t de la  r a d io a c t iv i t é  p eu t ê t r e  
c o n s id é r é e  comme l 'u n  des p r in c ip a u x  en seign em en ts t i r é s  de 
l 'a c c id e n t  de T .M .I. B ien  qu'au  n iv ea u  des p o p u la tio n s  l e s  
con séq u en ces r a d io lo g iq u e s  de c e t  a c c id e n t  a ie n t  é té  
q u a s i - n u l l e s ,  grâce  aux d i s p o s i t io n s  de s û r e té  e t  de d é fe n se  
en profondeur que p o ssè d e n t  l e s  i n s t a l l a t i o n s ,  l e s  a u t o r i t é s  
de s û r e té  o n t ,  dans l e s  recommandations ém ises s u i t e  à c e t  
a c c id e n t ,  m entionné l e s  p o in t s  p a r t i c u l i e r s  devant ê t r e  
r é s o lu s  a f in  d ’a m é lio rer  ce con fin em en t. Ces a m é lio r a tio n s  
v is e n t  à l im i t e r  l e s  r e j e t s ,  non seu lem en t dans l 'e n v ir o n 
nement ( s o l ,  a tm osp h ère), m ais en core  à l ' i n t é r i e u r  de l ' i n s 
t a l l a t i o n  a f in  que, en s i t u a t io n  a c c id e n t e l l e ,  i l  s o i t  
to u jo u r s  p o s s ib le  d ' in t e r v e n ir  su r des m a té r ie ls  im portants  
pour la  s û r e té .

Un t e l  o b j e c t i f  p a sse  par une m e il le u r e  id e n t i f i c a t i o n  
des so u rces  p o t e n t i e l l e s  de r e j e t s  gazeux ou de f u i t e s  d ' e f 
f lu e n t s  l iq u id e s ,  a s s o c ié e  à une d é t e c t io n  accru e de l ' a c t i 
v i t é  e t  par la  m ise en oeuvre de d i s p o s i t i f s  com plém entaires  
dont l e s  m o d a lité s  se r o n t p r é c is é e s  dans des p rocéd u res s p é c i 
f iq u e s  .

2 . 3 .1 .  E n c e in te  de con fin em en t

Outre l ' im p la n ta t io n  de d é te c te u r s  p erm etta n t de m esurer 
des a c t i v i t é s  à l ' i n t é r i e u r  de l ' e n c e in t e  de con fin em en t 
ju sq u 'à  des d é b it s  de d ose de 107 ra d /h e u r e , un e f f o r t  p a r t i 
c u l i e r  a é t é  e n tr e p r is  au n iv ea u  des organes d 'is o le m e n t  de 
l ' e n c e i n t e .

Pour ce  q u i concerne la  c o n c e p tio n  de c e r ta in e s  v a n n es, 
des in c id e n t s  de fon ction n em en t on t c o n d u it à r e v o ir  l e s  
a c tio n n e u r s  des vannes é le c tr o -p n e u m a tiq u e s  dont l e  m auvais 
p o sitio n n em en t ap rès une in te r v e n t io n  m anuelle  in t e r d i t  la
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ferm etu re autom atique lo r s  du s ig n a l  i n i t i a t e u r  de l ' i s o le m e n t  
e n c e in t e .  Des é tu d es  so n t a c tu e lle m e n t e n tr e p r is e s  pour modi
f i e r  c e t t e  c o n c e p tio n .

De p lu s ,  des s p é c i f i c a t io n s  te c h n iq u e s  t r è s  p r é c is e s  on t  
é t é  d é f in ie s  con cern an t la  s u r v e i l la n c e  de l ' é t a n c h é i t é  de 
l ' e n c e i n t e  en fon ction n em en t norm al.

2 . 3 .2 .  A u tres lo ca u x

Les a m é lio r a t io n s  a p p o rtées  aux b â tim en ts  a u x i l i a i r e s  en 
vue d 'a c c r o î t r e  le u r  fo n c t io n  de con fin em en t on t é t é  o r ie n té e s  
dans deux d ir e c t io n s  :

a ) a m é lio r a t io n  des m esures d ' a c t i v i t é  e t  du confinem ent

Des m esures d ' a c t i v i t é  on t é t é  m is e s ■en p la c e  dans 
c e r ta in s  lo ca u x  tr a v e r s é s  par des c i r c u i t s  q u i, à la  
c o n c e p tio n , a v a ie n t  é t é  c la s s é s  comme non fortem en t 
c o n ta m in a b le s .

A in s i ,  l e  c i r c u i t  de c o n tr ô le  v o lu m étriq u e e t  ch im i
que, i s o l é  dès que se  d éc len ch e  un s ig n a l  d ' in j e c t io n  de 
s é c u r i t é ,  e s t  a c tu e lle m e n t c o n s id é r é  comme s u s c e p t ib le  de 
fo n c t io n n e r  en s i t u a t io n  p o s t - a c c id e n t e l l e  e t ,  par co n sé 
q u en t, de v é h ic u le r  des f lu id e s  fortem en t r a d io a c t i f s  
( c i r c u i t  n é c e s s a ir e  à l 'é c h a n t i l lo n n a g e  d 'ea u  p rim a ire  
par ex em p le ).

L 'ensem ble des locau x  corresp on d an ts a donc é t é  
éq u ip é de d é te c te u r s  d ' a c t i v i t é  e t  le u r s  v e n t i l a t io n s  
m unies de p iè g e s  à io d e .

E n fin , des campagnes d ' e s s a i s  on t é t é  r é a l i s é e s  sur  
d iv e r s e s  tra n ch es  pour v é r i f i e r  l ' e f f i c a c i t é  des systèm es  
de v e n t i l a t io n  e t  con firm er l e  bon confinem ent dynamique 
des b â tim en ts  a u x i l i a i r e s  s e lo n  le q u e l  l ' a i r  c ir c u le  des 
lo ca u x  l e s  m oins con tam in ab les v e r s  l e s  lo ca u x  l e s  p lu s  
co n ta m in a b le s .

b) S tock age d ' e f f lu e n t s  fortem en t contam inés

Les f u i t e s  p r im a ires  im p ortan tes survenues dans l e s  
b â tim en ts  a u x i l i a i r e s  à T .M .I. on t in t e r d i t  to u te  i n t e r 
v e n t io n  humaine à co u r t e t  moyen term e dans bon nombre de 
lo c a u x .

A fin  d ' é v i t e r  une t e l l e  s i t u a t io n  p o s t - a c c id e n t e l l e ,  
l e s  a u t o r i t é s  de s û r e té  o n t demandé que s o ie n t  é tu d ié e s
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l e s  p o s s i b i l i t é s  de t r a n s f e r t  e t  de sto ck a g e  des e f 
f lu e n t s  p r o d u its  to u t  en a ssu ra n t une p r o te c t io n  b i o l o 
g iq u e s u f f i s a n t e  des c i r c u i t s  e t  r é s e r v o ir s  co rresp o n 
d a n ts . Le p r in c ip e  de la  r é in j e c t io n  dans l e  b â tim en t  
r é a c te u r  de ce s  e f f lu e n t s  t e l  que proposé par E l e c t r i c i t é  
de France a é t é  ju gé  s a t i s f a i s a n t  e t  l e s  m o d if ic a t io n s
co rresp o n d a n tes  a c tu e lle m e n t en cours d 'é tu d e  se r o n t  
r é a l i s é e s  sur l'e n se m b le  des tra n ch es  PWR fr a n ç a is e s .

3 . MESURES TECHNIQUES ASSOCIEES AUX SITUATIONS D'URGENCE

L 'e x p é r ie n c e  ayant montré la  l im i t a t io n  des é tu d es de
s c é n a r io s  a c c id e n t e l s ,  une n o u v e lle  approche, b a sée  su r la  
n o tio n  d 'é t a t s  de r e fr o id is s e m e n t  p o s s ib le s  du r é a c te u r , a é té  
e stim é e  n é c e s s a ir e .  Sans p r é ju g e r  de l ' i n i t i a t e u r ,  n i  du cumul 
de d é f a i l la n c e s  humaines ou m a t é r ie l le s  q u i se  s e r a ie n t  p ro
d u i t e s ,  s i  un in c id e n t  d égénère de façon  t e l l e  qu'une d égra
d a tio n  im p ortan te du coeur p eu t ê t r e  a t t e i n t e ,  i l  a é t é  deman
dé que l e s  o p éra teu rs  d is p o s e n t  de moyens nouveaux q u i le u r  
p erm ettro n t d 'é v a lu e r  la  s i t u a t io n  r é e l l e .  L 'e x p lo ita n t  pourra  
a lo r s  prendre l e s  d i s p o s i t io n s  n é c e s s a ir e s  e t  s i  p o s s ib le  
p r é d é te r m in é es , a f in  de l im i t e r  l e  dégagem ent des p r o d u its  
r a d io a c t i f s  dans l'en v iro n n em en t à un n iv ea u  su ffisam m en t bas 
pour p erm ettre  la  m ise en oeuvre de p la n s  p a r t i c u l i e r s  d ' i n t e r 
v e n t io n  des p o u v o irs  p u b lic s  à l ' e x t é r i e u r  du s i t e ,  notamment 
en ce q u i concerne l e s  m esures de p r o te c t io n  des p o p u la t io n s .

Dans une t e l l e  o p t iq u e , des a c t io n s  d iv e r s e s  on t é t é
e n tr e p r is e s  au n iv ea u  des s a l l e s  de commande, des moyens 
d 'é v a c u a t io n  de la  p u issa n c e  r é s id u e l l e  e t  du confinem ent des 
i n s t a l l a t i o n s .

3 .1 .  S a l l e  de commande e t  moyens de d ia g n o s t ic

En supposan t q u 'en  a p p liq u a n t l e s  p rocéd u res c la s s iq u e s  
qui r e lè v e n t  d 'une approche s é q u e n t ie l le  l 'o p é r a te u r  perde la  
m a îtr is e  du déroulem ent d 'un  a c c id e n t ,  de q u e l le s  données 
e s s e n t i e l l e s  a - t - i l  b e s o in  pour é v a lu e r  la  g r a v it é  de la  
s i t u a t io n  e t  d é f in i r  l e s  m e il le u r s  g e s t e s  à a ccom p lir  ?

Outre l 'a m é l io r a t io n  de c e r ta in s  autom atism es, e t  l e  
re p o r t en s a l l e  de commande d 'une in fo rm a tio n  de l ' é t a t  d'un  
organe a c t io n n é  -  e t  non p lu s  de l ’ordre comme ce  fu t  l e  cas à 
T .M .I. -  une in str u m e n ta tio n  com plém entaire, c e n t r a l i s é e  au 
n iv ea u  d 'un  panneau de sauvegarde e s t  en cours de d é f in i t i o n .  
En p a r t i c u l i e r ,  l e s  in fo rm a tio n s  su iv a n te s  y  f ig u r e r o n t  :
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-  mesure d ’a c t i v i t é  gaz dans 1 ' e n c e in te  p erm ettan t des
m esures en c o n tin u  ju sq u 'à  un d é b it  de dose de 107
ra d /h e u r e ,

-  mesure d ' a c t i v i t é  du f lu id e  p r im a ir e ,
systèm e de mesure des marges avant é b u l l i t i o n  pour appré
c ie r  fa c ile m e n t  l e  r e fr o id is s e m e n t  du co eu r ,

-  mesure de n iv ea u  d 'ea u  dans la  cu ve,
mesure du tau x  de v id e  sous l e  c o u v e r c le  de la  cuve.

Le b i la n  de ce s  d iv e r s e s  m esures p erm ettra  à l ' e x p l o i t a n t  
d 'a p p r é c ie r  la  d ég ra d a tio n  é v e n t u e l le  du com b u stib le  e t  de 
s u iv r e  en c o n tin u  l ' é v o lu t io n  de la  fo n c t io n  r e fr o id is s e m e n t  
du coeu r q u el que s o i t  l e  mode de r e fr o id is s e m e n t  u t i l i s é  ou 
u t i l i s a b l e  : c i r c u i t  p r im aire  d ip h a s iq u e , en c ir c u la t io n
fo r c é e  ou n a t u r e l l e ,  r e fr o id is s e m e n t  en b o u i l l o t t e ,  e t c .

C e tte  n o u v e lle  approche de la  co n d u ite  d'un r é a c te u r  en  
s i t u a t io n  dégradée a b o u t it  à une co n cep tio n  d i f f é r e n t e  des 
s a l l e s  de commande pour l e s  nouveaux p r o j e t s ,  dans l e s q u e l l e s  
l e s  d i s p o s i t i f s  d 'a id e  au d ia g n o s t ic  f a c i l i t e r o n t  l ' i n t e r p r é 
t a t io n  des d on n ées. Les m o d a lité s  d ' u t i l i s a t i o n  de la  p r o c é 
dure p a r t ic u l i è r e  corresp on d an te  so n t évoquées dans l e  mémoire 
C N -42/19 .

En ce  qui concerne l e s  c e n tr a le s  a c t u e l l e s  pour l e s 
q u e l le s  i l  n ' e s t  pas to u jo u r s  p o s s ib le  d 'im p la n te r , au moins à 
co u rt term e, la  t o t a l i t é  des n o u v e lle s  in str u m e n ta tio n s  (me
su re  n iv ea u  cuve par ex em p le ), une procédure du même ty p e  a 
é t é  r é d ig é e  pour g u id er  l e  d ia g n o s t ic  de l 'o p é r a te u r  en ten a n t  
compte des in fo rm a tio n s  e t  de l ' in s tr u m e n ta t io n  d is p o n ib le s  en 
s a l l e  de commande.

3 .2 .  F o n ctio n  év a c u a tio n  de la  p u issa n c e  r é s id u e l l e

La p o s s i b i l i t é  de r e c o u r ir  à des moyens m o b iles  pour 
p a l l i e r  la  d é f a i l la n c e  é v e n t u e l le  à lo n g  term e des groupes de 
pompage des c i r c u i t s  d ' in j e c t io n  de s é c u r i t é  ou d 'a s p e r s io n  
e n c e in t e ,  e t  co n serv er  une p o s s i b i l i t é  d 'é v a c u a t io n  de la  
p u issa n c e  r é s id u e l l e  en s i t u a t io n  p o s t - a c c id e n t e l l e  e s t  en  
cours d 'é tu d e .

3 .3 .  F o n c tio n  con fin em en t des p r o d u its  r a d io a c t i f s

La r é f le x io n  e n tr e p r is e  su r  l e s  é t a t s  de r e fr o id is se m e n t  
du coeur a é t é  com p létée  par un ap p rofon d issem en t des é tu d es  
menées pour m ieux d é f in ir  l e s  m esures tech n iq u es  q u i pour
r a ie n t  ê t r e  m ises  en oeuvre pour m a in ten ir  l ' i n t é g r i t é  de 
l ' e n c e in t e  de con fin em en t s i ,  m algré l e s  p r é c a u tio n s  p r i s e s ,  
un a c c id e n t  extrêm e v e n a it  à se  p ro d u ire .
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Pour ce f a i r e ,  l e s  c in q  modes de ru in e  de l ' e n c e in t e  de 
con fin em en t d é f in i s  par RASMUSSEN (Rapport WASH 1400) on t é t é  
c o n s id é r é s  e t  des m esures à prendre en s i t u a t io n  d 'u rgen ce  on t  
é t é  dans la  mesure du p o s s ib le ,  d é f in i e s .

C 'e s t  a in s i  que, v i s - à - v i s  des :

-  Mode p, qu i se  c a r a c t é r is e  par une d é f a i l la n c e  a lé a t o ir e  
d'une tr a v e r s é e  ou d'un  organe d 'is o le m e n t  e n c e in te  e t  
qui ne se  p r ê te  pas à la  m ise en p la c e  de m esures t e c h n i
ques com p lém en ta ires, s e u le s  des m o d a lité s  d ' in te r v e n t io n  
de l ' e x p l o i t a n t  pour l o c a l i s e r  e t  é ta n ch er  la  f u i t e  ont 
é t é  d é f in ie s  dans une procédure p a r t i c u l i è r e .  L 'a m é lio 
r a t io n  de la  d é te c t io n  de l ' a c t i v i t é  dans l e s  b â tim en ts  
a u x i l i a i r e s  f a c i l i t e r a  d 'a u tr e  p a r t c e t t e  l o c a l i s a t i o n ;

-  Mode ô , q u i c o n s is t e  en une p e r te  du confinem ent par  
augm entation  le n t e  de la  p r e s s io n  in te r n e  ju sq u 'à  une 
v a le u r  su p ér ieu re  à la  p r e s s io n  de c a l c u l ,  l e s  r é f le x io n s  
en gagées p o r te n t  su r la  d é f in i t i o n  de s o lu t io n s  
te c h n iq u e s  p erm ettan t de p r é se r v e r  l ' i n t é g r i t é  de l ' e n 
c e in te  par une procédure de r e j e t  co n c e r té  com p atib le  
avec la  m ise en oeuvre du p la n  p a r t i c u l i e r  d ' in te r v e n 
t io n .  Des e s s a i s  so n t a c tu e lle m e n t en cours pour d é f in ir  
l e  typ e  de f i l t r e  à p la c e r  su r  l e  c i r c u i t  p erm ettan t ce  
r e j e t  à la  chem inée.

4 . CONCLUSION

Nous avons montré comment, s e lo n  une démarche d 'ensem ble  
c o h é r e n te , des a m é lio r a tio n s  te c h n iq u e s  n o ta b le s  p o u r r a ie n t  
ê tr e  a p p o rtées  au n iv ea u  de la  s û r e té  des tra n ch es  n u c lé a ir e s  
t e l l e s  que conçues a c tu e lle m e n t .

Les moyens e t  s tr u c tu r e s  im p ortan ts d é c r i t s  par a i l l e u r s  
con cern an t l e  re to u r  d 'e x p é r ie n c e  d 'e x p lo i t a t io n  (v o ir  mémoire 
C N -42/19) p erm ettro n t d 'appréhender l e s  é v e n tu e l le s  
in s u f f i s a n c e s  ou d i f f i c u l t é s  de m ise en oeuvre de ce s  a m é lio 
r a t io n s  .

Ces r é s u l t a t s ,  p r is  en compte dans l 'a n a ly s e  de sû r e té  
a p p o rtero n t l e s  données com plém entaires n é c e s s a ir e s  pour 
d é c id e r  de q u e l le  m anière de t e l l e s  m o d if ic a t io n s  d o iv e n t ê tr e  
in té g r é e s  pour l e s  nouveaux p r o j e t s ,  d ep u is une reco n d u ctio n  
des s o lu t io n s  a c tu e lle m e n t p ro p o sées pour l e s  tra n ch es  en 
e x p lo i t a t io n  avec l e s  mêmes c r i t è r e s  de co n cep tio n  p erm ettan t
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de supprim er to u t  ou p a r t ie  des d i f f i c u l t é s  de r é a l i s a t io n  e t  
de m ise, en oeu v re , ju sq u 'à  une in t é g r a t io n ,  dans la  l i s t e  des  
s i t u a t io n s  à prendre en compte dans l e  dim ensionnem ent, de la  
p e r te  de la  fo n c t io n  ou du systèm e dont la  f i a b i l i t é  a é té  
e s t im é e  in s u f f i s a n t e .  Les c r i t è r e s  de sû r e té  a s s o c ié s  devron t  
ê tr e  r e d é f in i s .

La s û r e té  d 'une i n s t a l l a t i o n  s 'é v a lu a n t  de façon  g lo 
b a le ,  homogène e t  co h éren te  au n iv ea u  d'un p r o j e t ,  l ' in c id e n c e  
sur la  c o n c e p tio n  d 'une t e l l e  p r is e  en compte sera  d 'a u ta n t  
p lu s  im portante que l e s  "parades" a c tu e lle m e n t en cours d 'é 
tude n é c e s s i t e r o n t  la  m ise en oeuvre de nombreux com posants 
m écaniques e t /o u  é le c t r iq u e s .
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Abstract

RECENT DEVELOPMENTS IN LIGHT WATER REACTOR SAFETY RESEARCH AT JA ERI.
Over the past ten years, JA ER I has conducted intensive studies, utilizing large-scale test 

facilities, to dem onstrate the safety of light w ater reactors. The paper presents some of the 
recent data, namely from  the reflood tests, pipe-whip tests, analytical results o f fuel-rod failure, 
the transient behaviour of fuel-rod failure during an accident, and the  com puter code system 
for ECCS evaluation, (a) A bout th irty  runs were carried out in the Cylindrical Core Test 
Facility (CCTF) to  investigate the reflood phenom ena in a PWR. Test results show that the 
overall system behaviour agrees well w ith the analytical m odel utilized for the safety evaluation 
of PWRs, except that earlier core cooling is bette r than the analytical result due to the 
conservatism inherent in the analytical model adopted, (b) More than tw enty pipe-whip tests, 
with pipe diam eters of up to 150 mm, were carried out under PWR and BWR operating 
conditions. The test results show that the pipe whip caused by a pipe rupture is effectively 
constrained by a pipe restraint placed as required under the present design criteria, (c) A 
com puter code, FEMAXI-III, has been developed based on a finite-element m ethod. The 
predictive capability for failure due to  pellet/clad interaction is rem arkably improved by this 
code, showing excellent agreement with previous test results obtained in the Halden reactor.
(d) JA ER I recently succeeded in developing a high-speed optical system which records fuel- 
rod behaviour under irradiation in the NSRR experim ent. The optical system has enabled staff 
to  observe the fuel-rod behaviour during a sim ulated accident directly, including the departure 
from  nucleate boiling, film boiling, rod deform ation and failure, and quench, (e) The JA ERI 
Code System  fo r ECCS evaluation can provide a com putational tool to  analyse a wide variety 
o f LOCAs. A num ber o f verification studies have been made through analyses of related 
experim ents and favourable results have been obtained.

1. INTRODUCTION

Light water reactor (LWR) safety research at the Japan Atomic Energy 
Research Institute (JAERI) covers (i) loss-of-coolant accidents (LOCAs),
(ii) reliability of mechanical components and materials, (iii) fuel behaviour under 
normal and abnormal conditions, (iv) reactivity initiated accidents (RIAs), and 
(v) computer code system development for ECCS evaluation. JAERI has been 
conducting a variety of experimental research in these areas, utilizing large-scale

209
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F IG .l. Cross-section o f  the Cylindrical Core Test Facility (CCTF) pressure vessel.

test facilities, as a prime part of the government-funded LWR safety research 
aimed at demonstrating the safety of the LWR.

This paper presents some topical results o f this research concerning:
(a) the evaluation model test in the Cylindrical Core Test Facility (CCTF);
(b) the pipe-whip and blowdown thrust-force tests; (c) the analysis of fuel 
behaviour under normal operating conditions; (d) fuel failure behaviour under 
RIAs including information based on direct optical observation; and (e) the 
JAERI computer code system for ECCS evaluation.

2. EVALUATION MODEL TEST IN CCTF

The CCTF was designed to simulate closely the flow conditions in the 
primary system of a 4-loop PWR during the refill and reflood phases of a LOCA. 
The reference reactors are the Trojan reactor and, for certain aspects, the Ohi 
reactor in Japan. The vertical dimensions and the lengths of the flow paths of 
the system components are kept as close to those of the reference reactors as 
possible. Each flow area of the system components is scaled down in proportion 
to the scaling factor of the core flow area (1/21.4). The primary loop consists 
of three intact loops and a broken loop. Each loop has an active steam generator,
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EM test Base case test

Average power (kW /m) 1.4 1.4

Peak power (kW /m) 2.95 2.64

System pressure (MPa) 0.2 0.2

Acc. flow rate:
from  lower plenum (m 3/h) 369 (for 3 s) 280 (for 3 s)
from  cold leg (m 3/h) 324 (for 11 s) 280 (for 11 s)

LPCI flow rate (m 3/h) 39.9 30

ECC w ater tem p. (°C) 35 35

Maximum initial clad
surface tem p. (°C) 870 600

a loop seal section, a pump simulator, and an ECC injection port. Figure 1 shows 
the cross-section of the pressure vessel. The initial temperature of the vessel 
wall is adjusted to simulate the heat release from the wall to the downcomer.

The core consists of 32 electrically heated rod bundles in an 8 X 8 configura
tion and simulates the 15 X 15 array fuel assemblies. The core is subdivided into 
nine power regions. It is possible to control the specific power of each region 
separately.

As one of the CCTF tests, a test named the evaluation model (EM) test was 
performed [ 1 ]. The EM test was run under the initial and boundary conditions 
based on the safety analysis with the EM calculation. The test conditions are 
shown in Table I. Two analyses were made with the EM codes, WRAP in the USA 
and WREM in Japan, to compare prediction with experiment.

Figure 2 shows the core flooding rate o f the EM test in comparison with the 
predictions obtained using WRAP and WREM. The core flooding rate of the CCTF 
test was evaluated by the mass balance over the system. Both WRAP and WREM 
predict the core flooding rate well. The core flooding rate is less than 1 in/s 
( ~  2.5 cm/s) after 170 s. WREM overestimates the water accumulation rate in the 
core, and underestimates the water accumulation rate in the upper plenum and 
the mass flow rate through the four loops at 100 s after the bottom of core 
recovery (BOCREC). The same tendency appears at 200 s after BOCREC. These 
discrepancies cancel each other and the predicted core flooding rate agrees well 
with the measured flooding rate.
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Figure 3 shows the measured and the predicted clad surface temperatures 
at the location of the maximum power density. Both EM codes predict a similar 
temperature transient; the predicted temperatures are higher than the measured 
ones. The predicted vessel pressure is lower than that measured. Using the 
measured core boundary conditions, a post-test calculation with the WREM 
code was performed to check the core heat transfer model. The post-test calcula
tion gives almost the same tendency as the pre-test prediction. It indicates that 
the discrepancies in clad surface temperatures are mainly due to the conservatism 
of the core model adopted in the code.
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3. PIPE-WHIP AND BLOWDOWN THRUST-FORCE TESTS

More than twenty tests have been carried out at JAERI under LOCA conditions 
for both a BWR and a PWR with test pipes of 100 mm and 150 mm diameter in 
the pipe-whip and blowdown thrust-force tests.

The blowdown thrust-force tests have been undertaken using almost the 
same test system as in the pipe-whip tests. The aim was to obtain the time history 
of the thrust force, which is necessary to analyse the pipe whipping and restraint 
behaviour. The experimental and theoretical results of blowdown tests for pipes 
of 100 mm (4 in) diameter are shown in Fig. 4. The maximum thrust force was 
50 kN at 0.2 s after a rupture disk was broken under BWR LOCA conditions, 
and 80 kN at 0.08 s under PWR LOCA conditions. The blowdown thrust force 
can be predicted well by the thermal—hydraulic computer code, RELAP4/MOD5 
[2, 3] in the PWR case. There are, however, some differences between the 
experimental and theoretical results in the BWR case. Work is now proceeding 
to clarify the reason for the discrepancy between the results.

In the pipe-whip tests, U-shaped restraints have been used to investigate the 
pipe whipping and restraint behaviour. The overhang length, defined as the 
distance between the restraint and the exit, is adopted as a main test parameter.
The maximum pipe strain, maximum restraint strain and restraint force were 
obtained in these tests. In Fig. 5 is shown the relationship between the maximum 
pipe strain and overhang length. At overhang lengths of less than 400 mm, as 
used in normal designs for controlling pipe whipping, the maximum pipe strain 
is limited to less than 5% by the restraints. The critical overhang length, i.e. when 
the restraints no longer work effectively, is nearly 800 mm in the BWR case and 
nearly 650 mm in the PWR case — if the experimental results are evaluated by 
Gerber’s instability criterion [4], as shown in Fig. 5 [5]. A structural analysis 
method of modelling pipe whipping is being developed using a finite-element 
method.

4. ANALYSIS OF FUEL BEHAVIOUR UNDER NORMAL OPERATING
CONDITIONS BY FEMAXI-III

The computer code FEMAXI-III [6, 7] for evaluation of fuel behaviour under 
normal operating conditions has been under development since 1978. It comprises 
thermal and mechanical calculation parts. The thermal part calculates the radial 
temperature distribution together with the internal pressure at every time increment, 
as well as the fission gas released in the rod.

The mechanical part of FEMAXI-III calculates local deformation of pellet 
and cladding in axisymmetric geometry using the finite-element method. This 
part treats thermo-elasto-plasticity allowing for creep, cracking, initial relocation,
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densification, swelling, hot pressing of the pellet and mechanical interaction 
between pellet and cladding.

Verification o f the FEMAXI-III code has been proceeding using the large data 
bases from the irradiation experiments performed in the Norwegian Halden boiling 
water reactor (HBWR) and the Swedish R-2 reactor [8], and data have been 
compared with the data obtained from post-irradiation experiments of commercial 
fuel (PIE) [9].

The fuel-centre temperature has been compared with an extensive data base 
of thermocouple readings from the instrumented test fuel rods in the HBWR.
Figure 6 shows the comparison of calculation with measurement. The agreement 
is satisfactory. With regard to the influence of bumup on fuel-centre temperature, 
the validity o f the models employed for describing the dependence of gap closure, 
such as fuel densification and swelling, on bumup have been verified. The 
calculated change in the fuel-centre temperature with burnup was in good 
agreement with measurement.

The code calculations have been compared with PIE gas analysis results from 
fuel rods irradiated in the HBWR, R-2 and commercial reactors, for which various 
power histories have been included. Figure 7 shows a typical comparison between 
calculations and PIE gas analysis results for Main Yankee Core I fuel rods. The 
figure indicates that the thermal feedback effect due to densification is properly 
treated in the code.
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Comparisons have also been made of the cladding diameter increase due to 
pellet/cladding mechanical interaction and the resulting deformation. Results 
are satisfactory.

Some attempt has been made to identify basic parameters in fuel failure 
due to pellet/cladding interaction (PCI). Since PCI failure is considered to be 
caused by stress corrosion cracking of Zircaloy cladding, two-dimensional plots 
of calculated hoop stress versus the calculated fission gas concentration o f the 
ramped rods were made. Figure 8 shows the results from the Interramp Project.
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FIG.9. The appearance o f  a previously pressurized fuel rod, post-test, showing high-temperature 
cladding rupture.

Failed rods are clearly separated from intact rods in the figure by the two- 
dimensional plots.

5. FUEL FAILURE BEHAVIOUR DURING REACTIVITY INITIATED
ACCIDENTS

Fuel failure behaviour under RIA conditions has been under study in the 
Nuclear Safety Research Reactor (NSRR) since October 1975 [10]. Failure 
mechanisms and failure threshold energy were determined by making an 
extensive number of experiments, which included tests for studying the effects 
o f both fuel design and cooling conditions [11], as well as the direct optical 
observation o f fuel-rod behaviour in the NSRR [ 12].

The fuel design variation tests indicated that an initial internal fuel rod 
pressure produced the most marked effect, which is characterized by the change 
of failure mechanism to high-temperature cladding rupture (see Fig. 9). The 
failure threshold energy decreases with increasing initial internal pressure. 
Another pronounced effect on the failure threshold energy is observed in the 
tests investigating variations in the cooling conditions [13]; an increase of
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failure threshold by approximately 40 cal/g U 0 2 with an increase of flow rate 
of 2 m/s was determined.

Several tests have been conducted using a high-pressure/high-temperature 
capsule or loop to simulate actual PWR or BWR cooling conditions. The same 
failure mechanisms were obtained in these tests as were found in the standard 
fuel-rod tests. The fuel-rod failure was found to be controlled by the cladding 
temperature or the extent of the embrittlement. A thermal—hydraulic analysis 
is under way to evaluate the cladding temperature history.

A high-speed optical system to record transient fuel behaviour was recently 
developed with great success [12]. An in-reactor optical observation system was 
designed and fabricated, following extensive irradiation tests of various kinds of 
glasses, optical fibres and film to solve specific problems resulting from high 
radiation fluence, limited space, shock pressure generation and fission-product 
release in a reactor. Both a non-browning lens periscope and a waterproof treated 
lamp are kept directly inside a test section. The periscope is covered by a tube 
with an anti-shock window in order to protect it from the shock pressure and the 
attack of hot fuel fragments. The periscope is connected to a high-speed camera 
at the top end. The system is in a leak-tight containment having sufficient shielding, 
and it is installed in the central experimental cavity of the NSRR.

The high-speed camera operates by remote control. The motion pictures 
taken by the system have recorded -  clearly -  fuel rod heating, coolant boiling, 
cladding melting and cracking, quenching etc. Phenomena such as cladding 
cracking in the red-hot state as well as at quenching, and the formation of 
enormously thick films during the film boiling state which sometimes follow  
hydrogen generation by the Zircaloy/steam reaction, were new results discovered 
from the films (see Fig. 10). These observations have made possible a better under
standing of fuel behaviour in detail, and have furthered investigations of heat 
transfer and the mechanisms o f fuel failure during accident conditions.

Only fuel rods that had not previously been irradiated have so far been 
examined; tests on previously-irradiated fuel rods are scheduled to be initiated 
in 1985.

6. SAFETY EVALUATION OF LWR ECCS PERFORMANCE

A set of computer codes for evaluation of the ECCS of light water reactors 
has been under development at JAERI since 1973. These codes are designed 
so as to provide a computational tool to analyse all phases o f LOCAs and to 
evaluate the performance o f an ECCS, including an evaluation model (EM) to 
comply with the requirements of the current Japanese Evaluation Guideline for 
an ECCS. These codes can be used for licensing purposes, i.e. for ECCS performance 
evaluation or audit calculations to cross-examine the methods used and results
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TABLE II. CSNI STANDARD PROBLEMS

No. Year Experim ents Main features Codes

1 1975 Edw ard’s horizontal pipe (UK) Single tube blowdown DEPCO-Multi

2 1975 Semiscale 1101 (USA) Isotherm al blowdown RELAP-3J

3 1976 IETI-1 rig (Canada) Heated blowdown ALARM-Pl

4 1976 Semiscale S-02-6 (USA) Small break ALARM-Pl

5 1977 LOFT L I -4 (USA) Isothermal large break ALARM -Pl, RELAP-4J

6 1977 SWR-2R (FR G ) Main steam  line break ALARM-B1

7 1978 ERSEC (France) Single tube reflood RELA P/REFLA

8 1978 Semiscale S-06-3 (USA) Blowdown and reflood ALARM-Pl

9 1980 LOFT L3-1 (USA) PWR small break THYDE-P, ALARM-Pl

10 1980 P K L (F R G ) Reflood THYDE-P

11 1981 LOFT L3-6/L8-1 (USA) PWR small break THYDE-P

12 1981 ROSA-III (Japan) BWR small break THYDE-B,
RELAP4/M OD6/U4/J 3

derived by applicants or vendors. In view of the differences in the reactor cooling 
systems, core structures and ECCS of PWRs and BWRs, separate code systems 
for these two types of reactor are being developed.

The first version of the BWR code system comprises several computer codes, 
each of which analyses a particular phase of a LOCA or a system blowdown, 
depending on the particular LOCA chosen for analysis, i.e. large or small breaks 
at various locations in the primary cooling system. The code system includes 
ALARM-B1, HYDY-B1 andTHYDE-Bl for analysis o f the system blowdown for 
various break sizes, THYDE-B-REFLOOD for analysis of the reflood phase, and 
SCORCH-B2 for the calculation of the fuel assembly hot-plane temperature. A 
number of verification studies [14] have been made through analyses of related 
experiments such as ROSA-III, and the system consistency, together with the 
system performance [15], has also been studied for a large commercial BWR. The 
first version has been completed and delivered to the Institute of Nuclear Safety, 
Japan (JINS), and it is being utilized for actual licensing purposes. As a result of 
performance studies, the second-phase development work, now in progress, 
is aimed at providing a system capable of making systematic analyses and of 
being used for routine production.

In the case of the PWR code system, major codes have been developed 
and verification studies of individual codes, together with modifications of the
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models adopted, are proceeding. Table II shows the JAERI’s participation in 
studies of CSNI Standard Problems together with the codes utilized for these 
problems. Most o f the problems have been analysed using PWR codes [16, 17]. 
The latest problem is LOFT L3-6/L8-1 (No. 11), which includes the thermal 
hydraulic response of a small break (L3-6) and a severe core transient (L8-1). 
These experiments have been analysed using THYDE-P [ 18], which is capable 
of a thorough analysis up to the end of reflooding. The calculated pressure 
history, as shown in Fig. 11, is in good agreement with data — except that the 
pressure was underpredicted after accumulator injection initiation. This under
prediction is due to the overprediction of condensation rate, which is calculated 
on the basis o f a time-delay model for density change. In parallel with the 
studies mentioned above, performance studies for a large commercial PWR are 
also in progress.

7. CONCLUDING REMARKS

Topical results have been presented from among the recent developments 
in LWR safety research conducted at JAERI, highlighting results obtained in the
CCTF during reflood in PWR LOCAs, blowdown-thrust and pipe-whip tests under
BWR and PWR conditions, the computer code for analysis o f fuel behaviour under
normal operating conditions, fuel failure behaviour under RIAs, and the JAERI
computer code system for ECCS evaluation.

In addition to the information given, a wide variety o f LWR safety research
activities related to plant safety are being conducted at JAERI. These include
research on BWR LOCA behaviour with the integral test facility ROSA-III, on
the thermal hydraulic behaviour of the emergency core coolant in the refill and
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reflood phases during PWR LOCAs with the slab-core test facility, on fuel rod 
cladding behaviour in LOCAs, on the hydraulic and structural responses of the 
pressure suppression system during BWR LOCAs and on the effect of containment 
spray on iodine removal.

It should be mentioned here that, since the Three Mile Island No. 2 reactor 
accident, emphasis has recently been placed on small-break LOCAs and transients 
at JAERI. JAERI started the ROSA-IV program for such investigations. The 
ROSA-IV program includes the Large Scale Test Facility (LSTF) for system-effects 
tests, and the Two-Phase Flow Test Facility (TPTF) for separate-effects tests and 
code development. The LSTF simulates a 3400 MW(th) PWR with a volumetric 
scale ratio of 1 /48 while preserving elevations. The LSTF is now under construction 
and is scheduled to be completed in April, 1984. The TPTF was completed in 
May, 1982. Data from TPTF and LSTF will be used to develop and verify a small- 
break LOCA computer code model.

The results o f these research activities have contributed not only to 
establishing, updating, or proving the safety evaluation criteria for regulatory 
purposes, but also to helping obtain a better understanding and interpretation in 
depth of the phenomena of concern in LWR safety assessment in Japan. Some 
of these subjects require several more years of study before work on them can 
be concluded.
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Abstract

IMPACT OF NUCLEAR SAFETY RESEARCH ON SAFETY ENGINEERING AND 
LICENSING IN THE FED ER A L REPUBLIC OF GERMANY.

Light-water reacto r technology was based on US concepts when in troduced in the 
Federal R epublic o f G erm any. Since then  light-water reactors have been substantially fu rther 
developed by Federal Germ an industry , taking in to  account also specific safety requirem ents 
by th e  licensing authorities. Nuclear, safety research and developm ent program m es sponsored 
by the  Federal Germ an Governm ent have supported  and supplem ented industrial activities 
to  prove and dem onstrate the  capability and reliability o f safety-related system s and com ponents 
and have provided a wide basis o f knowledge for licensing authorities on po ten tial courses and 
consequences o f  accidents. The paper outlines the  special features o f light-water reactor safety 
technology developed w ithin the  Federal R epublic of Germ any and discusses differences in 
relation to  the  developm ent in o ther countries. In a review of the  nuclear safety  research 
activities o f the  last decade, the  m ost im portan t results are presented and their im pact on 
safety technology and licensing assessed. Particular emphasis is placed on emergency core 
cooling for loss-of-coolant accidents. Also problem s related to fracture safety o f  pressurized 
reactor com ponents and special requirem ents for rem ote contro l non-destructive testing are 
dealt w ith in some detail. A comprehensive assessment o f the  safety achieved by m odern light- 
w ater reactor technology has been m ade w ithin the  “Germ an Risk S tudy”. This study, which 
is similar to  the US-Rasmussen study , has provided im portant indications as to  how LWR 
safety can be fu rther optim ized in the  m ost efficient m anner. The findings com pare very well 
w ith th e  conclusions to  be drawn from  the Three Mile Island accident. Finally an outline is 
given of fu ture  activities in the  field o f nuclear safety and po ten tial lines o f  fu rth er developm ent.

1. INTRODUCTION

The development of Federal German reactor technology — originally based 
on US licences -  very soon yielded independent concepts in the design and con
struction of reactors and related equipment. This outcome can be attributed 
both to the ideas o f Federal German manufacturers and utilities with regard to 
optimum reactor plants, and to the safety-related technological requirements 
as specified by the licensing authorities.

225
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This development, which determined the design characteristics of modern 
Federal German pressurized water reactors, is marked by:

The great number of redundant, independent, and sometimes diverse systems 
resulting from the requirement to guarantee essential safety-related functions 
even in the case of the coincidence of the repair of one system and the failure 
of another
A special concept for the emergency core cooling system 
The type of design and construction of the large dry full-pressure contain
ment with an integrated fuel storage facility
The construction of the reactor vessel, using seamless rings of forged steel 
and welded-on coolant nozzles; also the extent of remotely controlled 
ultrasonic testing of the reactor vessel
A wide spectrum of protective measures against the consequences of external 
impacts.

Remarkable contributions concerning the safety philosophy and safety-related 
technology are coming from the reactor research activities sponsored by the 
Federal Government. These activities contribute in many ways, e.g.:

By proving the proper function and reliability of the most essential safety- 
related installations 
By exploring the safety margins
By promoting the development and the experimental verification of analytical 
software; in particular those complex codes that are used within the licensing 
procedure to prove an adequate safety standard
By contributing altogether to the continuing development and optimization 
of safety-related technology.

It is the objective of this paper to illustrate the contribution of reactor safety 
research to reactor development and licensing. In the face of the limited extent 
of this presentation this can only be done by presenting examples from a few 
selected fields, namely component safety, emergency core cooling, and risk 
considerations, referring in particular to special features of Federal German 
reactors.

2. IMPROVEMENTS IN THE SAFETY OF REACTOR PRESSURE VESSELS 
AND OTHER COMPONENTS OF THE PRIMARY AND SECONDARY 
COOLING CIRCUITS OF LIGHT-WATER REACTORS

The first example showing the contribution of the research work to the 
improvement of safety applies to primary or basic safety. Basic safety means
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FIG.L Optimization o f  PWR pressure vessels in the Federal Republic o f  Germany.

the precautions taken to avoid catastrophic failure of pressurized-reactor compo
nents, the reactor pressure vessel in particular.

Last decade’s development within this field in the Federal Republic of 
Germany has been decisively influenced by results o f research and development 
work promoted by the Federal Government. This work interacted strongly both 
with the requirements of the licensing authorities and with industrial activities.

The arrows in Fig. 1 point to the improvements realized in two reactor 
pressure vessels of different sizes. The left one is that of the Obrigheim nuclear 
power plant (KWO, 300 MW(e) — in operation since 1968), the right one that 
of the Grafenrheinfeld nuclear power plant (KKG/BAG, 1300 MW(e) — in 
operation since 1981).
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The improvements aré the results of a development that has mainly been 
initiated by a status report on reactor pressure vessels (Statusbericht Reaktor- 
druckbehàlter). This report, which was prepared in co-operation with numerous 
experts, summarizes the current status of the level of safety, the remaining weak 
points and gaps in knowledge, and indicates potential starting points for further 
improvements. On this basis the research work was focused on the clarification 
of the causes and the importance with regard to safety of microcrack patterns 
underneath the weld deposit cladding and in the heat-affected zones of welds in 
reactor pressure vessels. From these investigations, it could be proved that a 
sufficient margin o f safety will remain, even after extended periods of operation 
and in the most pessimistic case (e.g. low ductility o f material combined with 
micro- and macrocracks within heat-affected zones).

It was shown by investigations covering a broad spectrum of parameters 
that the formation and propagation of cracks can be avoided and a high multi
directional deformability of basic material and welded connection can be guaranted 
by

Optimizing the chemical composition of the material 
Utilizing advanced steel-making processes
Proper selection of the most suitable welding procedure, welding parameters 
and subsequent heat treatment.

The endeavour for further improvements to attain an almost faultless reactor 
pressure vessel with sufficient ductility throughout its working life and the 
promise o f being easily tested at any time led to the realization of essential 
construction principles.

These were

To use exclusively the heaviest large-size forgings, thus avoiding longitudinal 
welding seams, even with increasing vessel dimensions 
To increase considerably the water gap, thus limiting the radiation dose 
to less than 1019n/cm2 and thereby decisively reduce the problem of 
neutron embrittlement
To reinforce the flange ring in order to optimize the nozzle junctions.

The effects are as follows:

By dimensioning the flange ring in a suitable way, any additional reinforce
ment of the nozzles becomes unnecessary. This in turn permits the reduction 
of the volume of the weld connection and the residual weld stress as well as 
facilitating the non-destructive testing procedure.
Reduction o f the flange membrane stress, with decreased nozzle load. 
Lessening the flange rotation with subsequent reduction of the bending load 
on the reactor vessel head bolts, resulting in a better sealing effect of the 
flange.
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In addition to all endeavours to take effective precautionary measures against 
a break of vessel and/or pipelines, a research project has been started comprising 
the investigation of the precise circumstances o f a vessel or pipeline failure and 
the determination of the most important influencing factors.

The test vessels have been manufactured using two different types of reactor 
vessel material having different ductility and initial crack length.

The test conditions for pressure and temperature correspond to those of a 
pressurized-water reactor (PWR) and a boiling-water reactor (BWR).

Detailed information as to the structure of parameters concerning test 
vessel geometry and related temperatures and test pressures can be seen in Fig. 2. 

Safety-related conclusions from the tests conducted so far are (Fig. 3):

Using the same characteristic strength values, the shape of the limiting curve 
separating a small leakage from a large-scale fracture mainly depends upon 
the material’s ductility.
In the case of failures originating from longitudinal cracks that are shorter 
than the critical length of crack, only small leakages or limited fractures 
will occur. The pressure drop under PWR conditions will cease within a 
few milliseconds when the saturation steam pressure is reached.
Once longitudinal cracks extend to their critical length or exceed it, there is no 
chance that they will stop under boiling water or live steam line conditions. 
Thus, in the case of ductile material and under given test conditions, a 
circumferential stress of 140 MPa and a crack length o f 1100 mm or more 
will lead to a catastrophic failure.
The crack-arresting stress depends upon the component geometry, the material 
properties and the starting length of the crack. Below the limit o f large- 
scale fracture, the crack comes to a stop when it reaches the full thickness 
of the wall. Under PWR conditions, this will happen before the pressure 
decreases to the saturation steam point.

A further decisive factor for warranting the safety of reactor components 
for longer periods of time is non-destructive testing.

By a close interplay o f research, industrial practice and specifications of the 
licensing authorities, a new state of testing technology has been established, 
which soon exceeded the existing standards applicable to conventional pressure 
vessels.

In particular, the development o f remote-controlled ultrasonic testing 
techniques was governed by the guidelines of the Reactor Safety Commission 
(RSK), which demand a volumetric test o f the entire pressure vessel. Moreover, 
in these guidelines a test sensitivity is demanded — even for plane defects 
perpendicular to the surface — that had been obtained in interim results of 
current research and development work, but which did not comprise a technical 
standard at the time.
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FIG.2. Structure o f  parameters in the case o f  failure o f  reactor pressure vessel (under PWR 
conditions).

Table I outlines the most important RSK and KTA requirements and their 
impact on research and development. The described procedure differs from 
these basic principles established by the US ASME-Code Section XI.

In order to meet the above requirements, the Federal Ministry for Research 
and Technology (BMFT) has started a research project involving in the final 
stage an original reactor pressure vessel for a 900 MW(e) nuclear power plant 
that has been provided with numerous natural and artificial defects. The main 
elements of this research project have been the following:

Fundamental investigations
Testing systems
Electronics as well as data acquisition and display manipulators
Tests for the applicability of testing equipment.

The research and development activities have led to new systems for inside and 
outside in-service inspection of reactor pressure vessels (RPV). Their capability 
to meet RSK’s demands could be demonstrated succesfully by means of test
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EXPERIMENT outside diameter x thickness = 7 9 0 x  47 mm

22N iM oC r37( m o d if ie d )  •  ¿0 J
320 *C

20M nM oNi55(O ptim um  ) 0 200 J

TABLE I. REQUIREMENTS VIS-A-VIS RELATED RESEARCH

Most im portan t requirem ents for 
non-destructive in-service inspections 
o f reac to r pressure vessels

Related research and 
developm ent activities

— m easurem ent sensitivity
m ethods for tracking and detection

— calibration

— type  o f defect
analysing techniques

— size o f defect

— special testing sections

— ex ten t o f  tests during m anufacture developm ent o f m anipulators
and of in-service inspections

— docum entation  for m onitoring
crack grow th

docum entation  by data  processing
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FIG.4. E xtent o f  in-service inspections o f  reactor pressure vessels in the Federal Republic o f  
Germany. Hatched areas are inspected.

models and a mock-up of the vessel. All the experts agree that the recent test 
results show that defects with dimensions of at least 4 by 20 mm can be detected 
with certainty even under unfavourable geometric conditions. Even a crack 20 
times larger than that would still result just in a leakage (Fig. 4).

Figures 4 and 5 show that currently there is no limitation as to the extent 
of testing reactor pressure vessels except the hole fields in the top or bottom.

Taken together, the improvements achieved in the fields of materials proper
ties, construction, welding techniques, heat treatment, etc., and also taking into 
account the reliability of early detection of cracks and their growth, and recognition 
of the 1100:20 proportion of critical crack length to detectable crack length 
have led to a new attitude of the licensing authorities. Following an RSK re
commendation, they nowadays exclude a catastrophic failure o f all o f the PWR 
components and particulary they rescinded the requirement to use a double- 
ended pipeline rupture as a design criterion for pipeline supporting systems and 
for the dynamic loading of RPV internals.
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FIG.5. Centre pole manipulator for internal testing o f  reactor pressure vessels.
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TABLE II. EMERGENCY CORE COOLING AND RESIDUAL HEAT 
REMOVAL SYSTEM (KWU 1300 MW PWR)

System activation pressure C om ponent Task

HP-safety injection 
p <  110 bar 4 HPSI-pumps

Mitigation o f loss o f 
coolant fo r medium  
and small leaks

Accum ulator injection 
p <  26 bar

8 accum ulators 
(4 cold leg, 4 ho t leg)

Refill and reflood for 
m edium  and large leaks

LP-injection 
p <  10 bar

4 LP-pumps 
4 heat exchangers 
4 borated w ater tanks

Core reflood in 
connection w ith 
accum ulators

Sump operation  
t >  103s

4 LP-pumps 
4 heat exchangers

Long-term residual 
heat removal

No containm ent spray 
system
Heat removal by LP- 
system

Design Basis: 4 Independent 50% Subsystem s

3. IMPACT OF NUCLEAR SAFETY RESEARCH ON SAFETY
ENGINEERING AND LICENSING IN THE FEDERAL REPUBLIC OF 
GERMANY

3.1. Emergency core cooling (ECC)

In order to cope with loss-of-coolant accidents, pressurized-water reactors 
are equipped with diverse and redundant safety injection systems. Adequate 
cooling through all phases o f the accident is assured for all leak sizes and leak 
locations by the following systems (See Table II):

High-pressure injection system 
Accumulator-type injection system 
Low-pressure injection system.

With the help of research work done in the field of emergency core cooling, 
a broad basis has been laid forjudging within the licensing procedure the emergency 
core cooling efficiency and for proving the existence of safety margins beyond the 
conservative requirements established by the authorities.
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The research work comprises the experimental investigation of dominating 
phenomena, the development of computer codes for the description of emergency 
core cooperating processes following loss-of-coolant accidents and the verification 
of these computer codes by means of experiments covering the integral behaviour 
of the tested system with the aim of obtaining a best-estimate description of  
loss-of-coolant accidents.

On research efforts, building on a basis of international knowledge, have 
focused on the technology of Federal German PWRs, and have proved that 
licensing requirements are met. This was mainly done by the quantitative 
description of

The blowdown rate caused by a coolant line break 
The mechanical stress imposed on internals of the reactor vessel, on its 
support structure and on other structures of the primary cooling circuit 
during rapid pressure relief processes
The heat transfer in the core during blowdown, refill and reflood phases 
and the resulting fuel rod temperatures.

The investigations also showed that a change of the core geometry which 
would seriously deteriorate the emergency core cooling ability (e.g. blocking 
of cooling channels) is not to be expected and that the criteria for maximum 
fuel rod temperature are met.

Further, reactor safety research has contributed to the realistic assessment 
of plant behaviour under accident conditions. This makes possible an optimization 
of safety-related systems (reactor protection systems) as well as the further 
development of licensing rules using best-estimate analysis with predetermined 
safety margins.

From all the research work done on emergency core cooling, one topic 
o f considerable importance for the Kraftwerke Union(KWU) pressurized-water 
reactors will be discussed below.

Differing from other manufacturers, KWU installs four core reflooding 
systems in their pressurized water reactors with simultaneous coolant injection 
into both the cold and the hot leg. This concept was expected to be a highly 
effective method of core cooling. The cooling process of a heated core is mainly 
determined by the efficiency o f the ECC injection systems and by the system 
response of the primary circuit components: main coolant pump and steam generator.

Therefore, a number of extensive research projects were aimed at the experi
mental investigation of the injection phenomena and the complex system 
response. For this purpose, the PKL test facility (Fig. 6) was constructed with 
Federal financial aid. This facility permits a systematic comparison of various 
injection modes and assessment of the influence of primary system components 
on the reflooding phase.
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FIG. 7. PKL reflood experiment series IB. Cladding temperatures in core midplane.
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FIG.8. PKL reflood experiments with and without end o f  blowdown phase. Comparison o f  
temperatures for 2A leak with combined injection.

PKL experiments using a realistic model of the systems’ effects confirmed 
the expectation that the combined injection would exhibit lower maximum 
temperatures and shorter quenching times than plain cold-leg injection.

In the latter case of plain cold-leg injection, a distinct influence of the 
system components’ behaviour on the reflooding process was observed. Thus, 
it turned out that the high loop resistance — mainly caused by the one- and 
two-phase behaviour of the main coolant pumps — impaired the steam generated 
in the core and led to a delay of the core reflooding process. However, when 
utilizing the combined injection method, most of the steam will be condensed 
in the upper plenum of the reactor vessel by means o f the emergency cooling 
water injected into the hot leg. This phenomenon will largely prevent negative 
consequences caused by a high loop resistance on the core heat-up (Fig. 7).

Furthermore, a first test including the end-of- blowdown phase (with 
pressures ranging from 26 down to 4 bars) has disclosed that even the accumu
lator type of injection will to a considerable extent bring about a primary core 
cooling effect. Further PKL tests planned for the period 1982—84 will concentrate 
on the confirmation of these results (Fig. 8).

An additional advantage of the combined injection method results from the 
fact that fission products carried away by the steam are to a large extent 
dissolved in the injected emergency cooling water. This in turn will lead to a 
considerable reduction in the release o f fission products into the containment.
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Augmented by the results o f risk analyses as well as by the Three Mile 
Island accident, safety-related considerations have been directed in particular 
to small-leakage accident sequences. For further confirmation of the emergency 
core cooling efficiency in these cases, a comprehensive test programme was 
accomplished utilizing the PKL test facility. The system behaviour was studied 
under gradual reduction of the coolant inventory, both with one- and two-phase 
natural circulation and under reflux condenser operation conditions. The latter 
mode of operation is characterized by a condensation cycle allowing — due to 
the reduced coolant level in the reactor vessel — steam generated in the core 
to flow up to the steam generator where it will condense. The resulting conden
sate then will flow back to the reactor vessel under counterflow conditions.

To ensure that the steam generator secondary side functions as an energy 
sink in KWU-PWRs the secondary side is automatically cooled by 100 K/h. PKL 
tests verified the effectiveness of this measure.

It was proved that the decay heat could be transferred from the core to 
the steam generator not only by natural circulation but also when the circulation 
broke down and even under adverse conditions, e.g. the presence of non-conden- 
sible gases, reduced secondary-side water level, etc. It was concluded that natural 
circulation is not a precondition for energy removal from the system.

These results confirmed the validity of the operational procedures related 
to ‘small leakages’. Moreover, these findings form a valuable basis for the 
assessment and verification of computer codes. In addition to the PKL experiments, 
investigations at ISPRA, also supported by the BMFT, are being conducted at 
the LOBI test facility, is designed to sustain the full system pressure. The LOBI 
tests are aimed at the thermohydraulic processes within the complete primary 
loop of a pressure water reactor during the blowdown phase of a loss-of-coolant 
accident.

The LOBI tests comprise an extensive programme characterized by the 
variation of important system parameters, such as the method of the accumu
lator-type injection.

To date, the LOBI results concerning the efficiency of the emergency core 
cooling injection for the case of large leakages show the same trend as the PKL 
experiments. An early rewetting of the whole core occurs if the emergency core 
cooling injection is applied to both the cold and the hot legs o f the main coolant 
loops.

3.2. Risk analysis

In the US Reactor Safety Study WASH-1400 the technical risk in the 
application of a particular large-scale technology was determined extensively 
for the first time in history. In this study the probability of serious accidents 
was determined as well as type and extent of potential damage.
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The evaluation of WASH-1400 in the FRG led to the conclusions that a 
direct transfer of the US results was not possible, as the Federal German approach 
to power plant design and construction is different from that in the USA. There
fore, the Federal Ministry of Research and Technology assigned the task of 
preparing a risk analysis o f its own under the designation “Deutsche Risiko- 
studie Kernkraftwerke” (German Study of the Risk of Nuclear Power Plants).
Both phase A (which has been completed) and phase В (still in preparation) 
place particular emphasis on the coverage of complex events of dynamic 
character and the overall response of the plant systems. This kind o f work has 
led to the identification of relatively weak points which otherwise could not 
have been identified when checking individual systems separately. All this 
resulted in recommendations that led to several alterations in existing installations, 
two of which are described below.

Both WASH-1400 and the German Risk Study came to the conclusion that 
the incidents ‘small leakage’ and ‘loss of electric power’ would produce relatively 
larger risk contributions than the case o f a double-ended break o f a main coolant 
pipe (a so-called design.basis accident).

Two reasons contribute to this result. On the one hand the high standard 
of quality assurance renders the break of a main coolant pipe highly improbable. 
On the other hand the larger number of system functions required in the more 
likely “small leak” case, in particular the operator interventions which are then 
required by the operating manual o f the reference installation (Biblis B), were 
considered to increase the total risk.

Once the incident ‘small leakage’ has occurred, reactor scram and turbine 
trip as well as the opening of the live steam bypass line will be automatically 
initiated. The reactor shutdown is accomplished by feeding the live steam directly 
into the condenser or blowing it off into the environment in case the condenser 
is not available (for example due to a ‘loss of electrical power event’). Thus, the 
decay heat is removed via the secondary circuit and the pressure and temperature 
are lowered.

The shutdown procedure, however, requires careful control as to its time 
slope. If the correct cooling rate is exceeded (cool-off too fast), the reactor 
protection system would misinterpret this event as a break o f a live steam pipe 
and initiate the related protective actions such as fast closing of the steam line 
isolation valve and the safety relief valve, thus preventing residual heat removal 
via the secondary circuit. Therefore, manual shutdown control puts a heavy 
burden on the operator who has to maintain the permissible temperature and 
pressure gradients. Following the findings of the German Risk Study, the risk 
of the small leak incident was lowered considerably by changing to an automati
cally controlled shutdown system for the steam generator in all German PWRs.
A second example from the German Risk Study shows that relatively weak 
points may be located and remedied by identifying the system functions and
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failure paths related to a certain initiating event within procedures for risk 
analyses.

Consider, for instance, the incident ‘loss of electrical power’, an event 
with a rather high probability of occurrence. Previously in this situation it was 
not possible to activate the shut-off valve upstream of the pressurizer safety 
relief valve, if this relief valve did not close properly, because there was no 
emergency power available. This has been remedied in the meantime.

Moreover, the position o f the pressurizer safety relief valve was only 
indirectly derived from the position of its controlling valve. In case of failure 
of the closing function of the safety relief valve and proper performance of the 
controlling valve, however, no closing signal for the shut-off valve upstream 
would have been initiated.

Nowadays, the closing signal for the shut-off valve is derived from the 
pressurizer safety relief valve’s actual position. If the pressurized relief valve 
does not close completely, the shut-off valve will be closed immediately, thus 
preventing a loss o f coolant into the pressurizer relief tank via the (still) open 
safety relief valve.

Last but not least, the Three Mile Island accident has provided confirmation 
that this range o f systems must be analysed in risk studies.

The benefit o f such risk analyses is not limited to the realization of technical 
improvements. Simultaneously, they serve to evaluate alternative concepts and are 
welcome more and more as a support in making decisions in the fields of licensing.

4. CONCLUSIONS

A few examples have illustrated the extent to which reactor safety research 
under sponsorship of the Federal Government has contributed to the improvement 
of the safety-related technology of Federal German nuclear power plants and the 
associated licensing process.

This important role will be played by reactor safety research in the future, 
too. The topics will shift, though, in the light of the progress and better insight 
gained so far. For instance, we shall intensify our studies on the analysis of the 
accident sequence in the case of small leakage and of transients combined with 
system failure or operator errors. In this connection, a main objective will be 
the potential reduction of operator errors by means of optimization of the man/ 
machine system ‘nuclear power plant’. Also, considering the working life of 
our nuclear power plants, we shall preferably deal with the long-term behaviour 
of vital components and with their reaction to extreme types of stress at the 
end of their lifetime.

Finally, we shall try to improve our risk assessments (supposed to be on the 
conservative side so far) by studying the time sequence of a core meltdown
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process for the entire interval until containment failure, because this sequence 
very much determines the level o f risk of the whole event. This work will be 
supplemented by more detailed and realistic investigations into the behaviour 
of fission products.

This future research work will bring about a gain o f knowledge that will 
— as previously — pay off in safety improvements for the manufacture, 
licensing and operation of nuclear power plants.
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Abstract

IMPROVING SAFETY ASSESSMENT: CONTRIBUTIONS OF THE COMMITTEE ON THE 
SAFETY OF NUCLEAR INSTALLATIONS.

An im portan t aspect o f nuclear safety is the  assessment o f nuclear power p lant safety 
system s and com ponents such as emergency core cooling and containm ent. It is equally 
im portan t to  check the  quality  o f vital p lant com ponents such as th e  reactor pressure vessel 
and to  quantify  the  possible ranges o f consequences o f a hypothetical accident. These different 
assessments m ake use o f tools such as com puter codes, instrum ented rigs, and m aterials test 
m ethods; they  vary to  some ex ten t betw een countries and m any o f them , being extrem ely 
com plex, are costly and difficult to  produce, to  use and to  in terpret. An effective means of 
refining these tools and increasing confidence in their validity and their proper application is 
provided by the  C om m ittee on  th e  Safety o f  Nuclear Installations (CSNI) In ternational Standard 
Problem s (ISPs) in w hich they  are gauged against one ano ther and /or against an agreed standard. 
A particular exam ple has been a series o f com parative tests carried ou t on different techniques 
and procedures fo r the  non-destructive exam ination (NDE) o f th ick  steel sections typical of 
reacto r pressure vessel plate. The capacity o f NDE to  locate and size flaws in th ick  steel 
rem ains one o f the  uncertain ties in understanding overall safety and reliability. In a round- 
robin  trial carried ou t betw een 1976 and 1979, 34 organizations in ten  OECD countries in 
tu rn  applied a standard ultrasonic procedure (based upon that laid dow n in the  ASME code) 
to  th ree  test plates containing a num ber o f im planted defects; the  plates were subsequently 
sectioned fo r precise determ ination  of th e  flaws present. While the  results are from  to o  small 
a sample to  be statistically significant, they  did show clear trends; it was concluded th a t although 
the  objectives o f  th e  ASME code were sound, current m ethods o f achieving them  seemed 
inadequate. A second Plate inspection Steering C om m ittee program m e was therefore  planned 
and began in  January  1982. It consists o f a round-robin trial on  four new test plates containing 
im planted defects, using up-to-date u ltrasonic detection  m ethods, accom panied by a parallel 
series o f  'param etric  studies’. The la tter innovation will involve separate investigations o f the 
effect o f  certain factors — such as defect position or equipm ent characteristics — on the  
reliability o f flaw detection . The round-robin trials will continue un til 1984.
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1. INTRODUCTION: STANDARD PROBLEMS

There are obvious and substantial advantages for co-operation in the broad 
and complex technical field of nuclear safety research, where together OECD 
member countries spend about US$800 million a year. Although international 
co-operation in the Committee on the Safety of Nuclear Installations has mostly 
taken the traditional forms of exchanging information and reviewing particular 
problems, a novel form of co-operation is rapidly gaining ground. This is the 
international ‘standard problem’ exercise, a yardstick for measuring the perfor
mance of nuclear plant safety systems.

To assess the safety of a nuclear installation, safety specialists use a number 
of highly specialized and costly ‘tools’: computer codes, experimental facilities 
and their instrumentation, special measurement techniques, advanced methods 
of testing materials and components and so on. For example one particular area 
in which safety authorities must rely on these tools is the loss-of-coolant 
accident (LOCA).

However, there still exists some uncertainty concerning the knowledge of 
the physical phenomena taking place during a LOCA, and this uncertainty is 
reflected in the results o f the calculations of reactor response. For this reason, 
licensing authorities use codes with built-in conservatisms ensuring that the un
certainties will not be detrimental to their assessment.

The international standard problem exercise has been developed to help 
overcome the limitations of experimentation. By comparing the results of actual 
experiments with the results o f the computer calculations performed by several 
analysts using different computer codes, it is possible to establish a certain degree 
of confidence in the ability of the computer codes adequately to predict the results 
of these experiments, and, in turn, adequately to assess reactor safety. It further 
helps to pinpoint the degree of conservatism used in the calculations by safety 
authorities.

Standard problem exercises are a departure from the traditional form of 
international co-operation in technical subjects. Being more ‘operational’ in 
nature, related to particular test facilities or models, and highly specific in 
content, they usually involve only those member countries which already have 
some commitment to the research topic in question. In recent exercises the 
number o f participating countries has ranged between six and fifteen. The results 
are of course provided to all member countries, and the rapidly increasing interest 
in this form of collaboration is ample indication of its value. Operational projects 
have been organized in other sectors of the OECD (for example on the control 
of chemicals, food production and preservation, and the long-range transport 
of pollutants) but the formula has proved highly appropriate to the complex 
problems of nuclear safety research, to the point that the NEA is planning special 
arrangements to augment the international co-ordination of the more involved
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types of standard problems. Since their inception seven years ago, eight different 
standard problems on LOCA have been attacked, and three more are currently 
in hand. More recently, the standard problem has been extended to other areas, 
notably computer codes for predicting containment response after a LOCA, 
comparison of models used for predicting the dispersion of radionuclides after an 
accident, and a comparison of codes for assessing criticality hazards in spent-fuel 
transport packages.

In all the above standard problems, the participants work in parallel; there 
is another kind, the main subject of this paper, where they operate in sequence 
in a so-called round-robin exercise.

2. THE PISC I PROGRAMME

In the early 1970s, as part of the USA’s programme aimed at assuring 
the integrity of nuclear pressure vessels, the US Pressure Vessel Research Committee 
embarked upon a series of round-robin non-destructive tests and had 1 2 test 
plates specially made for the purpose from reactor grade steels. These composite 
plates contained welds and/or nozzles into which artificial defects were implanted. 
Natural defects were also expected to be present. In the mid ’seventies, the US 
PVRC approached European organizations in the framework of a joint NEA/CEC 
working group on reactor safety technology and offered three of the test plates 
for inspection by European test houses. This offer was taken up enthusiastically 
and the so-called Plate Inspection Steering Committee (PISC) comprising represen
tatives from ten European countries, was set up by R. O’Neil o f the UKAEA 
Safety and Reliability Directorate to co-ordinate the programme. O’Neil set 
up a round-robin trial whereby the three test blocks were sent to the ten interested 
countries for examination by more than 30 inspection teams. The Safety 
and Reliability Directorate managed this part of the programme at its 
own cost. The avowed intention was to assess the performance of the different 
teams using largely manual ultrasonic methods and a single procedure, essentially 
that recommended in Appendix XI of the ASME Boiler and Pressure Vessel Code.

The three plates (two of them made up from butt-welded sections and the 
third with an inset nozzle welded into it) were inspected in this way over a period 
of two years. The teams taking part were required to examine the plates using 
the standard procedure mentioned above but were also encouraged to apply any 
other, ‘alternative’ techniques, they liked, so long as all results were submitted 
in a standard form.

The Ispra Joint Research Centre of the Commission of the European Commun
ities began to take an active part in the programme as the round-robin neared 
completion and finally undertook to section the test plates in its own laboratory, 
to allow a precise comparison of the defects actually present with the indications
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reported by the inspection teams. In the event, only the weldments were cut out 
and sectioned owing to the presence of an inordinate number of natural defects 
in the base metal.

The results were processed on the Ispra computer and the results of  
the trials were presented in a number of different forms, using parameters 
such as defect detection probability (DDP) and correct rejection probability (CRP), 
having regard to the apparent success of the different teams in locating and, more 
particularly, sizing the defects present in the steel, and to the decision which 
would have had to be taken in real life regarding the acceptance or rejection of 
each flaw.

A number o f factors conspired to make the PISC I exercise unsuitable as a 
scientific experiment: the test plates contained an unexpectedly large number of 
natural defects, differing in size and nature; the implanted defects were not very 
realistic and the quantity of data collected was insufficient for precise statistical 
conclusions to be drawn.

The Plate Inspection Steering Committee nevertheless concluded that on the 
basis of the very precise results obtained from the sectioning procedure, the inspec
tion data did in fact show fairly clear trends and gave indications that were 
particularly valuable when the defects were grouped into three size categories.

The defects found when the plates were sectioned were subdivided into 
three main groups:

(I) Small defects, less than 10 mm long and hence “acceptable” according to 
the ASME Code

(II) Discrete defects, in the form of vertical cracks, of length greater than 10 mm 
and hence “unacceptable” according to the ASME Code, and

(III) Clusters of small defects, which, when combined using the ASME proximity 
rules, would become “unacceptable”.

The results (see Fig. 1) show that there was considerable scatter between 
the results obtained by different teams as regards the detection probability for 
the Group I defects, with virtually no correlation between probability of detection 
and defect size. (The defect detection probability was calculated by comparing 
the measured results and those o f the destructive examination.) The size of the 
Group II defects is in the range of interest for reactor pressure vessels, and it can 
be seen that the probability of detecting a defect of, say, 25 mm in length was 
about 50%. It must be noted that there were only six defects in this size range 
but the result is nevertheless striking when it is remembered that 28 inspection 
teams examined the plates.

Analysis o f the results obtained using the ‘alternative’ procedures shows in 
general terms (the data shown are average values and not suitable for statistical 
evaluation) that these procedures, some of which were already in use in Europe, 
gave results better than the PISC procedure.
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These results of the PISC I programme, despite their obvious shortcomings, 
attracted considerable attention as a demonstration that although the objectives 
of the ASME XI recommendations were sound, the methods available for 
attaining these objectives were surprisingly unreliable.

As already mentioned, the PISC I project had a number of limitations, some 
of them outside the control of the participants. For example, the flaws were 
either small or large, and there were very few discrete flaws. The plates them
selves contained too many defects and for this reason analysis was confined to 
the weldments. Furthermore, none of the plates were clad.

As the PISC I project progressed, organizational changes brought it under 
the auspices of the NEA Committee on the Safety of Nuclear Installations (CSNI) 
and it was to this Committee that the final report of the project was submitted.

3. THE PISC II PROGRAMME

In November 1980, CSNI decided that there was a strong case for a further 
progamme to improve on the results of the first, and it agreed to sponsor such a 
programme on the basis o f a proposal drawn up by a PISC task force. It was 
decided that overall management of the new project, as one of the CSNI opera
tional activities, should be vested in a new Managing Group made up of 
representatives of participating countries, and serviced by the NEA Secretariat.
The Ispra Joint Research Centre of the Commission of the European Communities 
accepted an invitation to act as the Committee’s operating agent, to handle the 
detailed management of the project under the general guidance of the Managing 
Group. In the first place, this invitation was made in view of the invaluable 
contribution made by the Ispra Centre to the first project, but the new project 
has been inscribed in the Direct Action Programme of the Centre with the result 
that resources are available from the budget of the Commission for technical 
management, fabrication of test plates and for executing the series of parametric 
studies which are to be an important part of the project.

To maintain continuity of the now well-known PISC acronym, the new 
programme is entitled “Programme of Inspection of Steel Components” (PISC II).

It was decided that the PISC II programme would cover several methods, 
procedures and specifications, including automatic and advanced ultrasonic 
techniques currently used in the field. It was essential to face some of the 
criticisms levelled at the first project as regards standard of materials, test plate 
cladding and realism of the implanted defects. The limitations of a round-robin 
trial alone for assessing the effectiveness of non-destructive examination were 
recognized and it was agreed that the PISC II round-robin would be supported by a 
review of theoretical modelling aproaches and by carefully designed parametric 
studies to identify factors having an impact on the effectiveness of detection.
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F IG .2. The PISC I I  round-robin trial plates.

The objectives of the PISC II programme may be stated as:

(1) To evaluate the effectiveness of NDT techniques in use and being developed 
for the in-service inspection of reactor pressure vessels or components with 
respect to flaws induced in service

(2) To identify techniques for acceptance tests, pre-service inspection and in- 
service inspection which could be generally accepted; and

(3) To bring the conclusions of the programme to the attention of the regulatory 
bodies concerned with in-service inspection.

3.1. Round-robin test

The PISC II round-robin trials will involve four test plates; their characteristics 
are shown in Fig. 2. The test plates have been supplied from existing national or 
international programmes which have agreed to co-operate with PISC. The OECD 
issued a call for participation in August 1980 and as a result 15 countries with a 
total of about 50 teams have proposed techniques and procedures to be tested 
during the round-robin trial.
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Plates 1 + 2 
Flat plates with 
longitudinal weld

Year
M onth

Plates 3 + 4 
Nozzles

1982

Denmark: 1 team Jan. Spain: 3 team s

Norway: 1 team Feb. Spain: 3 team s

Finland: 1 team Mar.

France: 3 team s May USA: 6 team s

Belgium: 1 team Sept. Japan: 17 team s

FRG : 4 team s Oct. Japan: 17 team s

1983

U nited Kingdom: 4 team s Jan. Italy: 4 team s

Sweden: 2 team s Mar. France: 3 team s

N etherlands: 2 team s May Belgium: 1 team

June U nited Kingdom: 4 teams

Canada: 1 team Aug. Switzerland: 1 team

USA: 6 team s

USA: 6 team s Sept. FRG: 4  team s

Japan: 17 team s Nov.

Japan: 17 team s Dec. Netherlands: 2 team s

1984

Japan: 17 team s Jan. N etherlands: 2 team s

Feb. Norway: 1 team

Spain: 3 team s Mar. Sweden: 1 team

Spain: 3 team s April Denm ark: 1 team

May Spain: (nozzle 3): 3 teams

Italy: 4 team s June

After considerable detailed planning, the round-robin trials began in December 
1981 and will continue until early in 1984. The two ‘flat’ plates have already been 
examined in Denmark, Norway and Finland; the first nozzle plate is currently in 
Spain and the second is en route for the USA.

The time schedule for the round-robin trial is shown in Table I.
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3.2. Parametric studies

It became clear during the P1SC I exercise that there were a number of 
parameters that had a definite effect on the reliability of defect detection; 
six groups of parameters were identified and of these three groups have been 
defined as necessary to the P1SC II project.

3.2.1. E ffect o f  de fec t position  and geom etry

Defect parameters such as shape, position, height, inclination and surface 
roughness will be investigated to improve the understanding of the round-robin 
results. These parameters will be studied using a number of typical test blocks: 
analytical models developed in the United Kingdom and in the Federal Republic 
of Germany (FRG) will be taken into account to reduce the number of measure
ments and to generalize the experimental results.

3.2.2. E qu ipm ent characteristics

In this study, the effect of different electronic circuit parameters and probe 
types will be examined. It is hoped to construct a special electronic unit to 
allow independent variation of parameters such as pulse characteristics, frequency, 
impedances, rectification and filtering. The study will also cover the influence 
of transducer parameters such as frequency, damping, angle error, etc; the 
measurements will be carried out on a number of test blocks containing artificial 
defects.

3.2.3. E ffec t o f  cladding

This study is aimed at explaining inconsistencies and limitations that may be 
due to the presence of cladding. Initially the study will be confined to the types 
of cladding used on the round-robin test plates. Essentially, the programme 
will cover the influence of cladding characteristics on the sensitivity of a given 
technique, and its influence on beam shape and characteristics.

These studies will not only increase the scientific content of the programme 
but will also provide a check on the validity of the round-robin results. A not 
unimportant aspect will be to throw some light on the scatter in the PISC I data 
already mentioned. According to current planning, the parametric studies will 
begin in January 1983 and continue until the end of that year.
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FIG. 3. P IS C IIp la te  1 (FRG).

FIG.4. PISCI I plate 2 (UK).
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FIG .5. PISC 11 plate 3 (Italy, CEC).

FIG. 6. PISC I I  plate 9 (Japan).
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4. ORGANIZATION AND FINANCE

As mentioned earlier, overall management of the PISC II project has been 
vested in an international Managing Group made up of representatives of the 
countries taking part, and working in the framework of the OECD Nuclear 
Energy Agency, particularly its Committee on the Safety of Nuclear Installations. 
The Managing Group is chaired by Dr. R.W. Nichols, Head of the Risley Nuclear 
Laboratories of the UKAEA.

The operating agent of CSNI is the Ispra Joint Research Centre of the 
Commission of the European Communities, with Mr. Serge Crutzen as programme 
manager.

The on-the-ground costs of the round-robin testing, estimated to be about 
US$1 million, are borne by the different organizations taking part. The four 
principal test plates with implanted defects, representing a total outlay of some 
U S$850 000, have been supplied by the FRG, the United Kingdom, the Ispra 
Centre jointly with Italy, and Japan, respectively (see Figs. 3—6). The Commission 
of the European Communities attached sufficient importance to the project to 
include it in the Direct Action Programme; this move effectively made the PISC II 
exercise possible by making available some US$2.5 million, about half the total 
expenditure on the project, to cover management costs, procurement and prepar
ation of special test blocks, and executing the series of parametric studies.

Thus a project which, in its first phase, started as a fairly spontaneous and 
informal venture, has become a comprehensive yet trim exercise in international 
co-operation.
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Abstract

TOWARDS MORE SAFETY: OBSERVING SYNERGISMS IN REACTOR BEHAVIOUR.
A few, bu t dram atized abnorm al occurrences have haunted the nuclear debate on the 

issue of plant safety. While quality  assurance and quality  contro l m ainly provide for failure
proof com ponents and sub-assemblies, it is the man-designed and m an-operated s y s t e m  o f a 
nuclear power p lant that makes a fool-proof achievem ent o f safety particularly elusive.
Sound ways and means of m onitoring and of reacting properly to the behaviour of the highly 
complex, non-linear system  of a nuclear power p lant seems to  be one of the keys to improving 
nuclear safety, thus giving rise to  m ore confidence in the  viability o f nuclear pow er and 
less reluctance to  its expansion. The paper h ints at the possibility o f working out integrative, 
autom atic and low cost means of responding properly to  the pertu rbation  of a complex 
system. It bears on the design, licensing and, in particular, the operation o f a nuclear power 
plant. The basis o f the  suggested solution stays w ithin the  existing m athem atics of structural 
and dynam ic stability , as well as w ithin the possibilities o f present-day com m unications 
services. The outcom e might be a new approach to  safety assurance and safety control 
com plem entary to  present philosophies, and, as a practical result, a new m onitoring device 
in the  contro l room  of a nuclear power plant.

1. INTRODUCTION

There is an increased recognition of the fact that manpower quality  
is a crucial factor that controls the momentum and the amplitude of 
many national nuclear power programmes, particularly in the developing 
countries. Qualified manpower to build and operate nuclear power plants 
is a key to the viability and sustainability o f a nuclear power system.
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Owing to the direct link between manpower quality and nuclear safety, any 
question regarding the availability of high-quality personnel often becomes 
the basis for questioning the adequacy of the nuclear technological infrastructure 
in a great many countries wishing to go nuclear. Failures in the man-machine 
relations, commencing at the design stage and extending down to the “live 
dialogue” under operational conditions, are frequently revealed to have been 
the origin of abnormal occurrences at nuclear power plants. Such issues rank 
high among the priorities of the scientific programmes of the International 
Atomic Energy Agency. In this context, the need for new, complementary and 
more comprehensive approaches has been recognized.

The authors o f this paper have realized that one of the problems encountered 
in particular, but not exclusively, by countries or groups newly active in the 
nuclear power field relates to judging the general level o f “awareness” and 
“preparedness” of a prospective operator to be employed in a nuclear power 
plant. Beyond the skill to read gauges, an operator requires to have an 
integrative perceptiveness o f the “state” o f the system he is controlling, e.g. of 
the reactor whose functioning might be approaching its safety boundaries, 
critical regimes, etc. The “hard” approach, which relies on plant automation, is 
certainly indispensable, but there is increasing evidence that complementary 
procedures, designed to recognize the necessarily holistic nature o f the 
man- machine relationship are required.

Another critical factor is the tim e  of response. Operators are trained to 
react adequately to a large, but fin ite  set o f abnormal situations. Unfortunately, 
it may be precisely a situation outside this set which may be at the origin of  
an uncontrolled accidental development. The problem with a nuclear reactor 
is that its behaviour is non-linear. The non-linearity of the system is reflected 
in the misconception that it is unpredictable, supported by the knowledge that 
small variations in some of its many parameters acting in concert may entail 
a chain of sudden, dramatic developments. To cut such a chain and steer the 
system back to normality, a number of split-second decisions and consequential 
actions have to be taken, involving controls that may have no straightforward 
connection with what is actually happening. Tracking back mentally over the 
abnormal chain of events in few seconds, particularly under stress, might be an 
impossible task to expect o f an operator.

The great experience built into modern nuclear reactor design does its best 
to avoid such occurrences prophylactically, but the economy of thinking and 
cost considerations provide limitations. What is done in practice is to assume 
that a finite set of events are of most relevance to safety [ 1 ] and consequently 
to design the components, subsystems and the system itself to include built-in 
features that either avoid or handle those particular types of event. The rest is, 
again, up to the operators. Assessing at the design stage and/or during the 
licensing procedures the range of situations which may occur in the operation
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of a nuclear power plant can be of help, increasing the degree o f confidence in 
the decisions taken, while shortening lead-times.

In this context, the paper hints at a possibility o f elaborating and 
implementing a com plem entary  concept of monitoring the operation of a 
nuclear power reactor that would be responsive to the true nature o f the problem,
i.e. integrative, though o f a more qualitative nature, more capable o f  immediate 
apprehension and thus deliberately closer to the perception o f the average 
technician. This in no way should be taken as advocating the substitution of 
existing, reliable techniques or o f rigorous and extensive training o f the operators 
by any system derived from the concepts expressed here; the authors merely 
express their conviction that there still is room for improving the technological 
modality o f controlling a nuclear power plant with the aim of making it more 
“accessible” and better suited to its future users.

The mathematical exercise undertaken to illustrate the idea should not be 
regarded as ‘the solution’ to the problem, but only as a rough model. Further
more, the authors believe it to be stimulating and valuable to show how such 
sophisticated intellectual tools as the mathematics o f structural and dynamic 
stability can provide immediately apprehensible and accessible ways o f  depicting 
the operational state and trends o f a highly complex technical system such as a 
nuclear reactor.

2. THE MODEL

The model, as developed, should make apparent the “resilience” of a 
nuclear reactor, allowing, in principle, o f  continuous monitoring of its state 
within the resilience boundaries, which are presented as critical curves o f  
discontinuity in a space o f suitably chosen parameters.

The reactor system may be described to a first approximation by a system 
o f three equations that correspond to the well known reactor model having 
two temperature zones and ignoring the effects due to the delayed neutrons [2].

The main assumptions made in order to simplify the analytical treatment, 
though without sacrificing the essential non-linearity of the system, are:

(i) the power density, q, in the reactor is a fast variable; in contrast, 
the temperatures in both zone 1 (fuel and clad) and zone 2 (coolant) follow  
the power density fluctuations with enough o f a delay to make possible the use 
of an adiabatic approximation [3];

(ii) the total reactivity, including feed-back from fuel and coolant, is 
linear with zone temperature: the coefficients, too, are linear with zone 
temperature [4—6].
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FORBIDDEN 

2 SURFACE

F IG .l. Representation o f  a topological surface and its projection on to  the u,v-plane.
1. Topological surface (CUSP); 2. Trajectory o f  evolving system ; 3. B ifurcation set 
(CUSP branch); 4. Control parameter plane (u,v-plane); 5. S-fold; 6. Trajectory ‘ju m p ’ 
to avoid forbidden surface; 7. Projection o f  ‘ju m p ’ on to  u,v-plane (critical point).

With these assumptions, the following equation describes in an integrative 
manner the time-dependence o f the state o f the reactor system:

£q = q3 + u q  +  v (1)

This equation involves the fast variable q and two control parameters, u and v;
2 is a constant proportional to the lifetime o f the prompt thermal neutrons, 
and has a value of the order o f 10-4 s.

The control parameters “aggregate” in some intricate way the monitorable 
operational parameters such as coolant flow and control-rod reactivity, as well 
as other design parameters such as fuel volume, specific heats and the heat 
transfer characteristics (see Appendix I).

The representation in the space (q,u,v) of the equation:

q3 + uq +  v = 0 (2)

is a folded surface (Fig. 1) made up of all possible  states o f the reactor system [7, 8].
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FIG.2. Control parameter plane (u,v-plane). 1. Bifurcation set (CUSP branch); 2. System  
evolution trajectory projected onto u,v-plane (see Fig.l); 3. Critical point.

The actual state o f  the reactor at a given time is a point lying anywhere on this 
surface, ex cep t on the inner zone o f the S-shaped fold. This is to say that 
continuous (thus easily monitorable, predictable and controllable) evolutions 
o f the reactor state stay with only those variations in the primary variables 
aggregating the control parameters u and v which amount to trajectories that, 
when projected onto the u,v-plane, do n o t cross the solid cusp-like boundary — 
which is the outer edge o f the S-shaped fold projected onto the u,v-plane [8] 
(see Figs 1 and 2).

Indeed, even small variations o f the primary variables, when aggregating in 
such a way that, through u and v, the trajectory o f  the system’s state crosses 
the said boundary (the hazardous ‘jump’ from the upper to the lower sheet 
in F ig .l), force the whole system  into a disruptive evolution with a ‘chain o f  
jumps’ in many essential, interrelated parameters (however distantly related) 
pertaining to the effective control o f the system. One may call such an 
undesirable occurrence a shock.

A graphic display o f data processed by a mini-computer properly fed with 
simulated or real input data on reactor operation will dramatically expose 
both the imminence o f such an occurrence and the event itself. It will also
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FIG.3. Normal operation diagrams.

monitor continuously the ‘point-state’ o f the system, localizing it with respect 
to the dangerous critical borders, which makes it possible to pred ic t a solution, 
thus increasing the operator’s ability to cope with the forecast event, leading 
to increased plant safety.

The degree o f confidence in the prediction o f such a “shock” obviously 
depends on the quality of the model. There must be an optimum of refinement 
and gradual sophistication, reflecting a trade-off between accuracy and mastering 
capacity. The assumptions used for the present model were purposely of the 
simplest: as already stated, this model serves only to hint at a possible comple
mentary approach.

3. SAMPLE APPLICATIONS

To make a preliminary test o f the model, a series o f nuclear power plant 
case histories were chosen and transcribed into the model’s logics. The cases 
chosen describe possible modes o f behaviour of a BWR [5].

3.1. Small power variations

Small power variations during steady-state full power operation may result 
from the long-term reactivity change, caused by fuel burnup. The variation is 
compensated for by the reactor power control system via the coolant flow. 
Intermittently the control rod settings are adjusted to reset the pump speed, 
thus keeping the core coolant flow to recommended values.

Processing the data of such a case history results in the evolution of the 
trajectory given in Fig.3.
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FIG.4. Diagrams pertaining to reactor isolation.

3.2. Reactor isolation

Following a pipe-break accident inside the reactor containment or in the 
steam lines, a complete interruption o f the steam flow is automatically executed 
by closing the mainstream line isolation valves.

The same signals which initiate the steam line isolation also actuate the 
reactor scram and a fast reduction (in about 4 —5 seconds) in the recirculation 
and feedwater flow. The relief valves are opened to blow o ff the steam to the 
condensation pool. As a consequence o f the scram and the reduction o f the 
recirculation flow, the neutron flux is rapidly reduced.

The thermal power decreases more slowly because o f the fission product 
decay heat and the capacity o f the ceramic fuel to store heat. This is a typical 
example o f  a trajectory crossing the critical border.

Processing the data o f such a case history resulted in the trajectory depicted 
in Fig.4.

3.3. Turbine trip

A turbine trip may be initiated under certain abnormal conditions such 
as turbine overspeeding, high condenser pressure, generator faults, etc. Tripping 
causes all turbine control and stop valves to close. The reactor power is rapidly 
decreased by reducing the recirculation pump speed to a minimum within five 
seconds. Dumping o f reactor steam to the condenser is initiated by opening 
the dump control valves which control the reactor pressure (it is assumed that 
the condenser has a bypass capacity to receive the steam produced at 60% of 
reactor power or more). The fission power is rapidly reduced, apart from a small 
pressure-induced increase during the first one second. The feedwater flow is 
reduced by the feedwater controller and the steam production goes down.
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FIG. 5. Diagrams pertaining to turbine trip.

FIG. 6. Diagrams pertaining to power oscillations.

The reactor power temporarily stabilizes at a level of approximately 50%. 
However, the turbine trip reduces the feedwater temperature from 180°C down 
to about 30°C in a few minutes after feedwater reheating is stopped. The 
accompanying increase o f core inlet subcooling causes the reactor power to rise 
slowly. If the power reaches a prespecified value (60%) while the feedwater 
temperature is still below 100° С a ‘partial scram’ is actuated (only one scram 
group is inserted). This partial scram protects the fuel from cladding failure 
that may result if  the global power is allowed to increase over and above the 
spatial power redistribution resulting from supplying cold feedwater.

The full history o f the events in the reactor system in this case is shown 
in Fig. 5.

3.4. Power oscillations

Power oscillations can also be accommodated in the model, and the resulting 
display is shown in Fig. 6.
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Crossing the critical boundaries, as in the above or other possible examples, 
causes the reactor to suffer shocks [9]. Shocks erode reactor “resilience” .
How many shocks can a system accept before reaching the limits o f its ever 
diminishing resilience?

Besides providing for shock avoidance, the practical application of models 
of the nature described above also opens a normative way towards providing 
an answer. Indeed, the number and amplitude of the shocks can be quantified. 
And on this basis one may assess to what extent the generation o f power has 
influenced, in time, the system’s ability to continue to work safely. Such 
information can help engineers to readjust the in-service inspection plans for the 
nuclear power reactor.

4. SHOCKS

5. CONCLUSION
*

There are basically two ways of pursuing the line of thinking presented in 
this paper. One way is to elaborate the mathematical model further, based on 
more refined assumptions, and then to incorporate the resulting software into 
hardware able to display on a screen before the eyes o f an operator a red spot 
(representing the reactor state) drifting in the straits o f some cusp-like resilience 
séparatrices.

The other way, and the one the authors themselves prefer, is to give more 
thought to the variety of ways and means o f decoupling the many techniques 
of controlling nuclear power generation, performance and safety from their 
traditional reputation of inaccessibility, and to formulate new approaches to 
make this implacable technology more tolerable, from a human point of view. 
This is not only a question o f engineering, ergonomics and economy, but also, 
the authors believe, a question of guaranteeing nuclear power generation with 
a future.
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APPENDIX I

EQUATIONS DESCRIBING REACTOR MODEL USED

The system of equations describing a reactor with two temperature zones 
and with delayed neutrons neglected reads:

Q » £ q  < A 1 )

(Td • V ■ Cp )fif  = Vf • Q -  ks • S (tf-tc) (A2)

(7d 'v  ' ср > Л  = V  S(tf- t c) -  G • Cp • ip ■ tc (A3)

where:

Q is the power density (kW/m3);
tf is the temperature in zone 1 (fuel + clad) (K);
tc is the temperature in zone 2 (coolant) (K);
Vf is the fuel volume (m3);
Vc is the coolant volume (m3);
(Cp)f , (cp )c are the specific heats o f  fuel and coolant, respectively 

(kJ-kg-1 K_1);
ks is the global coefficient o f heat transfer (W- m~2 ■ K_1 );
S is the surface o f heat transfer (m2);
G is the coolant flow (kg/s);
p is the total reactivity (10~5 Дк/к);
Й* is o f the order o f 1 O'4 s for thermal neutrons;
ip is a constant o f  proportionality;
(7d)f> (7d)c are the densities o f fuel and coolant, respectively.

The adiabatic approximation reads:

tf = 0; tc = 0 (A4)

One obtains the system of equations:

V f Q - k s -S (tf - t c) = 0 (A5)

ks 'S (tf tc) -  G -cp-<0’tc =  0 (A6)



Solving this system one obtains:

t'"Vr(vrtw)Q'yQ;'t','wQ”®Q (A7)
where W = G ■ cp ■

The total reactivity p is composed o f the reactivity o f the control rods, 
which includes the effect of the fuel bumup (p¿) and two feedback terms:

p =  p 0 + a f -tf + a c -tc (A8)

Data in the literature [4 -6 ]  show that the coefficients o f reactivity to a 
first approximation vary linearly with the temperatures:

ac = a +  btc (A9)

af = с +  dtf

Introducing (A9) and (A7) into (A8), and (A8) into (A l), one obtains: 

fi* Q  = p0 Q +  (j* c  + ,^ a )Q 2 + ( л / 2 d + 3 S 2 b)Q3
(A 10)

£ * Q  = P o Q  +  bQ2 +  aQ3

With a change of variable:

q = Q - e  (A l l )

and with the condition that the coefficient o f q2 is zero, one obtains 
the equation:

£q = q3+ u q + v  (A12)

where:

__ JL
6 _  3a

_Po Ъ2 

U a 3a2

/b ^ \  bp0 
V = 2UJ”57
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DISCUSSION

(Summary of discussion held on the papers in Technical Session 4.1)

In the discussion the following points were raised. The importance of well 
representing iodine behaviour for understanding the TMI accident and others 
was pointed out (paper IAEA-CN-42/315). The reaction o f iodine with caesium 
in a wet environment like that o f the TMI accident is very rapid and seems to 
occur in a few seconds to produce a hydroxide which dissociates in products 
which remain in solution. It appears however, that also in other, nearly dry 
conditions such as those which occurred during the SL1 accident and PRTR 
accident the iodine release has been very small.

The special safety characteristics of nuclear district heating plants being 
built in the USSR were identified (paper IAEA-CN-42/101) as being a low 
pressure primary circuit, low power rating of the fuel, natural circulation o f the 
coolant, integrated design o f the plants and protection against external impact 
such as aircrash and chemical explosions. It was also explained that the external 
circuit distributing the steam to the district is designed for the standard conditions 
of 16 atm and 150°/70°C. The start-up o f the plants for district heating of 
Gorky is planned for 1985. The Voronezh plant will be started somewhat 
later. The expected cost o f the heat produced in the plant will be one and a 
half times lower than that o f fossil-fuel plants.

According to one of the speakers it is undesirable to have automatic safety 
valves in the primary circuit of nuclear plants for marine propulsion (paper 
1AEA-CN-42/386). The automatic safety valves reduce pressure by releasing 
cooling fluid. This is not always desirable in a nuclear power plant. The reduction 
of pressure could be better achieved by controlling the power production and the 
cooling o f the core. The installation of automatic safety valves derives from 
an extrapolation o f design approaches adopted for conventional nuclear plants.

The differences between probabilistic risk approach analyses requested 
in two different countries were discussed (paper IAEA-CN-42/321). In one 
country the analysis is taken only as far as the initiation o f core melting. In 
another country all the calculations o f the consequences of the accident are 
requested. One o f the reasons for limiting the analysis may be uncertainty in 
the source term used for evaluating the consequence.

It is necessary for the operator to prepare detailed reports for any 
significant events relating to safety that occur at a nuclear power plant and that 
inspectors from the regulatory body review the report before final publication.

Examples were given o f the results o f safety research (paper IAEA-CN-42/136). 
The design requirements for primary pipe support structure in the Federal Republic 
of Germany have been changed (no double-ended break to be assumed). The 
risk study has resulted in improved reliability o f systems which mitigate the
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consequence o f accidents. In the future a better understanding o f fission product 
behaviour will improve emergency planning.

The need for evaluating the remaining safety margin affected by embrittlement 
of welds in old pressure vessels is important particularly in the case o f thermal 
shock. However, it appears from the critical crack length and from the length of 
cracks which could be detected by remote-control ultrasonic testing that they 
would be identified before reaching dimensions dangerous in the case o f thermal 
shock.

The low reliability o f flow detection methods indicated by the PISC1 
programme o f NEA related only to the procedure checked in this programme and 
not to other procedures such as those recommended in the RSK guidelines of 
the Federal Republic of Germany, which are much more demanding.

In the Federal Republic o f Germany, “ feed and bleed” methods are not 
envisaged for cooling the core on the primary side; emphasis is given to the need 
for a very reliable feedwater system.
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Abstract

A HUMAN ER R O R  TAXONOMY AND ITS APPLICATION TO AN AUTOMATIC METHOD 
ACCIDENT ANALYSIS.

C om m entary is provided on th e  quantification  aspects o f hum an factors analysis in risk 
assessment. M ethods fo r quantifying hum an error in a p lant environm ent are discussed and 
their application to  system  quantification  explored. Such a program m e entails consideration 
o f th e  data base and a taxonom y o f factors contributing  to  hum an егтог. A multi-levelled 
approach to  system  quantification  is proposed, each level being treated  differently  drawing 
on the  advantages o f different techniques w ithin the  fault/event tree fram ew ork. M anagement, 
as contro ller o f organization, planning and procedure, is assigned a dom inant role.

INTRODUCTION

Awareness of the importance of human factors in nuclear 
power plants has increased markedly in recent years. The Lewis 
report [j0 on the WASH1400 risk assessment concluded that the 
results were critically dependent on certain human error rates. 
Analysis of TMI revealed that human error (including operator 
error and deficiencies in ergonomics and training) had a sig
nificant impact on the accident. This paper discusses the 
quantification of human reliability and its incorporation into 
the overall risk assessment, and gives general guidelines on 
what we consider to be the best approach to the human factors 
problem.

THE DATA BASE

Any data base to be used for the statistical analysis of 
human error must be structured according to the causative 
factors involved. Some classifications of the determinants of 
human error (called performance shaping factors (PSF's)) have 
recently been made p Q  . These PSF's are subject to wide
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MANAGEMENT

FIG .l. Framework for a human error taxonomy.

variability and complexity of interaction. They depend on, for 
example, intrinsic operator characteristics, various types of 
stressor and the nature of the task to be performed. Further
more, there may well be wide inter-plant as well as intra-plant 
variations in operator performance since the quality of 
management will be a primary influence. A schematic depicting 
the influences on an operator is given in Fig.l; it forms the 
framework for a taxonomy of human error developed for the 
industrial environment in general [jQ .

For the above reasons, large amounts of data must be 
collected to perform any meaningful statistical analysis. For 
example, complex contingency tables could be used to examine 
the dependence of human error on categories of attributes and 
analysed with a standard statistical package such as GLIM [ j ^ .
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Unfortunately, most data collected to date relate to routine 
operations and the general dearth of actuarial data relevant to 
accident conditions means that only subjective estimates can be 
made.

Data uncertainty

Human error rates usually come in the form of a best 
estimate together with uncertainty bounds [jQ • It is common 
practice to identify the best estimate with the median (M) and 
the upper (U) and lower (L) bounds with appropriate fractiles 
of a distribution. The assessment of fractiles however is 
liable to biases of various types [jQ such as anchoring to 
initial estimates. Assessors have a marked tendency to set 
their extreme fractiles too close together, being over-confident 
in their estimates. This should be borne in mind when analysing 
data. Further, estimating fractiles may unwittingly result in a 
distribution which is not unimodal. This last can be avoided by 
assuming that the distribution is of a particular type. In the 
lognormal case the specification of any two of M, U, L defines 
the distribution. Moreover, M is the geometric mean of sym
metric fractiles U and L which is often the case (5 and 95 
percentiles in particular). When calculating system charac
teristics the above remarks assume a greater significance for 
multiplication of distributions induces multiplication of 
fractiles and the errors will thus compound.

Finally we point out that whatever human error probabilities 
are used in a fault tree analysis there is a danger of double 
counting since hardware data must inevitably be contaminated 
with human error.contributions.

THE FAULT TREE APPROACH

In this analysis the initial construction stages are hard
ware oriented: human intervention potential is considered as a
contributory cause to hardware failure. There are currently two 
methods in this area which are now described.

The g-factor method

The $-factor is defined as the fraction of the total 
failure rate attributable to dependent failures, the unavaila
bility of the system being estimated from a common cause data
base. Thus, human error events are not explicitly identified; 
hardware data is considered to incorporate human error con
tributions. It should be noted that this technique can only 
really be used to account for dependency between identical
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components in parallel redundancy otherwise the identification 
of dependencies becomes virtually impossible. The main dis
advantage of the method is that it is essentially generic since 
without a detailed knowledge of the data base, plant specific 
biases in the common cause potential cannot be accommodated.
Thus this method is not sensitive to differences between plants - 
only an overall impression is given. Furthermore, the analyst 
must rely on the subjective identification of common cause 
failures in the data-base. However, the g-factor method is easy 
to use and the estimate of task unavailability obtained is not 
subject to systematic bias.

Human error identification method

The second method involves identifying the potential 
common causes explicitly and incorporating them into the fault 
tree. The potential number of facets in the man/machine inter
face is limitless and this makes the modelling of human inter
vention with the hardware system very difficult. It is con
venient to dichotomise human error into acts of omission and 
acts of commission. In acts of omission a human act is required 
for the successful completion of a task but is omitted. Such 
acts are easily identified as a source of failure. In acts of 
commission no human action is specified but nevertheless an 
erroneous act is committed. Such interferences are difficult to 
model because predicting the kind of act and the point in the 
process at which it intervenes is problematic. Moreover, human 
acts are in general goal orientated: this is particularly true
of non-routine acts which may, for example, involve fault 
diagnosis under emergency conditions. Hence, many of the identi
fied human error events may in fact be propagated by one error 
of judgement occurring in the initial stages of a chain of acts 
planned with a goal in mind. Thus,a goal wrongly formulated may 
give rise to common cause potential for human error and error 
recovery. Such human interventions are situation dependent and 
do not appear to be amenable to the essentially static nature of 
the fault tree.

Once the fault tree- has been constructed to include human 
error potential, the fault tree can be qualitatively and quanti
tatively analysed. For this, probabilities are assigned to each 
of the identified human error events. Given the nature of these 
events explained above the assignment of independent probabili
ties will underestimate the contribution of the human error to 
the task failure. In addition, the causes of human error cannot 
be incorporated in standard fault trees since the existence of a 
set of potential causes will not necessarily trigger the error 
event - a fuzzy jlogic would be more appropriate. However, human
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error probabilities have been estimated directly from two dis
tinct approaches which will now be examined.

The success likelihood index (SLI) technique Q7_|

This approach essentially constructs a utility function 
that represents the successful completion of a task. The 
utility function U (the SLI) is linear; that is, only first 
order influences on the performance of the task are incorporated 
into the analysis. In fault tree terminology, this will 
approximately correspond to the identification of first order 
minimal cut sets and common cause influences on the higher order 
minimal cut sets. Thus

U = I r (A) A

where the variables A are the so called performance shaping 
factors and the coefficient r(A) is a ranking of the importance 
of A to task success. The coefficients are normalised to sum to 
unity. Formally, the set S of attributes or influencing factors 
(detrimental to task success) is a fuzzy set with X, say, as, its
membership function. The function X may take values between
0 and 1 with X(A) representing the degree to which A influences
task success Le. the degree to which A is a member of S. The
quotient r(A) of X(A) by EX(A) is then a measure of the relative 
importance of A. In practice,in the general industrial situa
tion it is envisaged that U be determined by a human factors 
analyst and the absolute values of the factors by a factory 
inspector. Each A takes integer values in a pre-determined 
range, say 0-100. We point out that the A are the perceived 
values of the PSF's attributed by the inspector (subjective 
judgements) and not the actual values of the objective variables 
the relation between the two is thought to obey a power law.
The failure probability, P(U), is assumed to be of the form

UBP(U) = Ae where A and В are constants

These constants are determined by assigning probabilities to two 
values of the index function. The values normally chosen are 
0 and 100. It is usually assumed that P (0) = 1, and hence 
A = 1. This represents a conservative approximation. If P(100) 
was determined to be 0 this would be a non-conservative assump
tion and it is usual practice to set some lower bound on the 
failure probability. This lower bound, to some extent, 
represents the residual failure potential which has not been 
accounted for in the SLI. Thus U = 100 does not represent an 
unobtainable ideal.
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The main drawback to this method of approach is that the 
assumption of linearity used in constructing the SLI has little 
justification. This assumption leads to the conclusion that 
increasing A by 5 from 10 to 15 will have the same effect on U 
as increasing A from 90 to 95.

Technique for human error rate prediction (THERP) Q Q

The second approach for estimating the human error pro
babilities is the THERP method. This technique has the 
advantage that there is no linearity constraint on the con
struction of the human event probability. It essentially 
splits the operator actions up into a series of simple actions 
and to each action a conditional probability is assigned. These 
conditional probabilities are then assigned human factor analysts 
who will have a knowledge of the plant in question as well as 
the theoretical background to judge which of the various 
influences (performance shaping factors) are important to the 
task considered. The method is considered in detail in the 
human factor handbook {̂ 5 ]] .

Thus we see that the error probability in the SLI approach 
is produced directly from the PSF set while THERP makes an 
implicit use of the PSF influences.

THE EVENT TREE APPROACH

The use of event trees avoids the problems encountered in 
the last section because they are not essentially static 
representations of the task failure and are more amenable to a 
goal oriented approach. A potential disadvantage, however, is 
that event trees involve a much coarser treatment of hardware 
failures in that only a few nodal points can be considered 
(usually less than 20). If, in addition, nodal points for human 
errors are also included then even fewer component failures can 
be accounted for with a reduction to only (major) subsystem 
level.

GUIDELINES FOR THE INCLUSION OF HUMAN ERROR 
EVENTS INTO RISK ASSESSMENT

In this section we outline a multi-levelled approach, 
isolating three levels of human activity in a plant which are 
to be treated successively in the risk assessment. The levels 
are shown in Fig.2 with higher levels influencing lower levels.
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O PE R A T O R  A C T IO N  
EM ERGENCY C O N D IT IO N

Level 1

FIG. 2. Levels o f  human error influences.

In emergency situations (level 1) it is usual practice to 
analyse the failure development using an event tree in which 
planned operator interventions form nodal questions. There is 
a high probability of failure in such situations which depends 
crucially on the level of stress and quality of relevant operator 
training. Operator failures include the misdiagnosis of all or 
part of the accident and the subsequent attempts at corrective 
action. It is possible to conservatively treat this possibility 
by assuming that a misdiagnosis of the accident is sufficient to 
produce system failure. The assignment of probability to this 
question could also include the mitigative factor of error 
recovery at some later point.

The stresses under which operators and maintenance 
engineers are placed during normal operation (level 2) of the 
plant are of a lesser degree than the above. They may also 
arise from a conflict between profit seeking and safety 
especially in the less controlled industries. Human errors at 
this level affect plant availability and can either be 
explicitly incorporated as nodal questions in the event trees 
(in which case the trees would increase alarmingly in size) or 
implicitly accounted for in assigning the nodal probabilities.
If the assignment of the hardware unavailability uses fault trees 
then the human error can be qualitatively accounted for using 
one of the techniques,indicated earlier. However, it is believed 
that the common cause 'element in each human error basic event 
forms the major part of the probability. ' Thus it becomes very 
important to properly account for common cause events in the 
quantitative analysis. The only method available for this at 
present is the g-factor with its attendant drawbacks.
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Managerial decisions (level 3) should not appear explicitly 
at any point in the event and fault trees. Their influence on 
failures is indirect in that managerial actions influence but do 
not necessarily determine operator and maintenance engineer 
actions. It is often difficult to ascribe the word 'error' to 
these actions even though the analysis indicates they were a 
contributory cause to the human error. The problem of 
identifying which managerial decisions have this effect is part 
of the problem of identifying common causes of the human error 
events. There is a possibility that these identified causes can 
be explicitly included into the fault tree using fuzzy logic Q 0 .

CONCLUSIONS

By its very nature human behaviour is much less well 
defined than plant hardware behaviour and thus the problem of 
identifying the human error potential in a system is greater 
than that of identifying the hardware system failure modes.

The simplest type of human response analysis is the develop
ment, through heuristic arguments, of ways by which the human 
error potential can be minimised. These mitigative measures, 
once identified, can be incorporated into the design procedures. 
However, no attempt is made to quantify the human error poten
tial or to incorporate it into a probabilistic risk assessment.

The way in which the human error is best incorporated into 
a risk assessment depends on the type of error involved. This 
paper has identified three levels of human error.

a. Operator action under abnormal conditions. These 
actions will affect the response of systems to the 
abnormal incident. The most natural place for this type 
of human error is within an event tree framework as one 
of the nodal questions.

b. Operation or maintenance error. These actions affect 
the availability of systems and thus the most natural 
place for this type of human error is within the logical 
framework used to evaluate the system unavailability.
This will usually be a fault tree. Thus the human 
errors would appear as basic events in the fault tree.

c. Managerial action or decision. These actions affect 
the way in which the operators and maintenance crew 
respond to the plant demands. They can thus be regarded 
as influences on the other levels of human error and
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should not appear explicitly in the event/plant tree 
framework. They should be used as PSF's in quantifying 
the human error events.

If human error events are identified in the fault trees or 
event trees there still remains the problem of how to quantify 
the events. Of the two available methods, SLI and THERP, it 
seems that the THERP technique offers the more flexible approach. 
However, both methods will tend to underestimate the human error 
potential due to common influences between the identified basic 
events. This drawback leads to the consideration of the 
6-factor method in quantifying the fault tree. This method 
implicitly accounts for all types (hardware and software) of 
common influence/cause between identical components in systems. 
However, little qualitative insight into the nature of the human 
error will be obtained.

This paper cannot claim to have solved the problem of 
incorporating the human component into probabilistic risk 
assessment. However, we hope that it has indicated the right 
direction for further fundamental research.
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Abstract

NORDIC CO-OPERATION IN THE FIELD OF HUMAN FACTORS IN NUCLEAR POWER 
PLANTS.

Nordic co-operation in the field of hum an factors in nuclear power plants is described. 
The project has been divided in to  the areas o f control room  design, hum an reliability and 
operator training. The project has had an im pact on bo th  national and international work in a 
field where the participating institu tions have had an opportun ity  to  broaden and deepen 
their areas o f com petence. The main results o f the project are reviewed and im plications for 
the design of new contro l room s and for fu ture  research in the area are discussed. In addition, 
a brief description is given of the objectives and organizational aspects of this international 
research project and the lessons that have been learned.

1. INTRODUCTION

Interest in the field of human factors in nuclear power plants has increased 
tremendously since the incident at Three Mile Island in 1979. The Nordic Project, 
which was started in 1977, therefore pioneered a co-ordinated international 
research project in an area which is today a focal point o f intensive work 
world-wide. The project evolved from the different national activities in Nordic 
countries. In Denmark reliability analyses and human factors have been o f major 
interest since the end of the 1960s and contact was established with the Swedish 
National Defence Research Institute in the mid-1970s. The OECD Halden 
Reactor Project started developing process computer systems in the early 1970s 
and demonstrated the applicability o f a computerized control room. At the end 
of the 1960s the Technical Research Centre of Finland (VTT) started control and 
simulation studies for the first nuclear power plants to be built in Finland; 
Studsvik Energiteknik AB had the same role in Sweden. Thus, the experience 
available in the research organizations was to a large extent complementary and

2 8 1
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formed an ideal multi-disciplinary basis for beginning a project in the human 
factors field.

It is immediately clear that the advent of cost-effective process computers 
will result in changes in control room design. An important example is increased 
automation since, in addition to simple feedback control and plant protection, 
complex control sequences during plant startup and shutdown will also be 
automated. This will introduce a change in the role of operators since they will 
have to become supervisors instead of being active process controllers. At the 
same time, the system designers’ problems will change from typically one-input, 
one-output to multi-input, multi-output displays and controls. Thus, human 
factor problems, which have traditionally been limited to the so-called knob and 
dial ergonomics, will have to be taken further into account, since human infor- 
information coding and problem-solving strategies will also have to be considered. 
The visual display unit (VDU) introduced into the control room will provide new 
opportunities to combine information and display selectivity, but will also 
introduce new dangers by the sequential nature of the display and the need to 
call up particular information. Designers, therefore, have to know explicitly and 
in detail what the operators’ tasks will be in order to benefit from the new 
possibilities.

However, automation has created an additional burden in that operators will 
have little or no opportunity to gain any experience. On the other hand, the high 
emphasis placed on rare disturbance will stress the importance of providing the 
operator with suitable tools for diagnosing plant events. Experimental validation 
of proposed designs, since highly skilled operators will be responding to an 
unfamiliar complex event, is also extremely difficult to carry out.

In summary, new possibilities are at hand but it has not been possible to use 
hard experience to advance the concepts in small evolutionary steps because the 
systems, operators, processes and training are constantly changing. One of the 
main goals was to provide some guidance for development of the new systems.

Final reports on the project have been published and distributed inter
nationally [1—3]. A complete reference list of the project is given in Ref. [4].

2. NORDIC PROJECT

In 1975 the Nordic Council o f Ministers commissioned the Nordic Liaison 
Committee for Atomic Energy to submit a proposal on an enlarged co-operative 
programme on nuclear safety [5]. An ad hoc committee was established to 
prepare a proposal containing six different areas and a total of 35 different sub- 
projects. One of the main programme areas was Safety Aspects in Connection 
with Control Room Design, Operator Training and other Human Factor Items.
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The programme contained four sub-projects: a system and job analysis study 
(PI), control room design (P2), human reliability (P3), and operator training (P4).

The first sub-project was a pre-project which provided a basic understanding 
of the work situation in a control room to be used in the other sub-projects. The 
sub-project was carried out mainly in Finland and Sweden, where system and 
job analysis studies were done at the Loviisa 1 and Oskarshamn 2 nuclear power 
plants.

Sub-project P2 on control room design addressed present and future trends, 
new types o f operator aids and displays, etc. A considerable part o f the project 
was aimed at developing experimental methods and performing experiments with 
proposed concepts.

Sub-project P3 considered human reliability in general, with the aim of 
obtaining methods to explain human errors and to use the explanations for 
risk assessments. The work was performed mainly in Denmark using data from 
nuclear power plant reports published in the United States of America.

The last sub-project (P4) on operator training dealt with general aspects, 
especially the use of simulators for training. The job analysis performed in sub- 
project PI was particularly used both for planning the training programme on 
the Loviisa training simulator and for consideration of the formal operator 
qualification and competence evaluations in Sweden.

The countries and organizations that participated in the project and their 
areas o f professional interest were:
(1) Denmark: Risĉ  National Laboratory (operator modelling, human reliability,

interface design)
(2) Finland: Technical Research Centre of Finland (control and systems

engineering, power plant control, simulators, automation)
(3) Norway: Institute for Energy Technology — OECD Halden Reactor

Project (computer and display technology, man/process interface,
control system design)

(4) Sweden: National Defence Research Institute, Ergonomrad AB
(task analysis, operator training)
Studsvik Energiteknik AB (reactor technology and control,
simulators).

The project was administrated by a steering committee which was responsible 
for preparation of plans, administrative reporting, division o f funds, etc. Technical 
co-ordination was carried out by holding three to four plenum meetings or 
workshops annually at which new results were distributed and discussed by the 
project members.

Funding was provided by the Nordic Council o f Ministers and national funds 
in such a way that when an organization obtained Nordic money, it agreed to 
provide the same amount from national funds for the benefit o f the project. The 
total effort spent on the project from 1 Septemberl977 to 20 June 1981 was
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of the order of 38 man-years of qualified researchers. In addition to efforts 
directly co-ordinated by the steering committee, there was an indirect national 
contribution o f the same order of magnitude in the form o f separate national 
studies in the same programme area.

It should be noted that such a multi-disciplinary project required a 
comparatively long run-in period. During this time, a common language of 
communication was established between the project members from different 
organizations, with different backgrounds and from different fields o f expertise.
In this respect, the workshops made possible with Nordic travelling funds were 
crucial to the project. It is quite clear that a considerable synergic effect has been 
achieved and that the participating organizations have had the opportunity to 
broaden and deepen their fields of interest.

It is also clear that no lone organization could have launched such a massive 
programme. The common background and similarity in traditions, practices, 
laws and regulations that exist in Nordic countries have also made it much 
easier to integrate the project.

3. TECHNICAL RESULTS

3.1. Control room design

Any attempt at a systematic approach to the design of a man/machine inter
face must rest on suitable characterization o f the human as a part o f the system. 
Thus, one of the objectives of the sub-project was to survey models of the human 
operator in his work situation and especially those having to deal with rare 
disturbances [6]. The models developed mainly in the avionics field are, however, 
of limited applicability in describing the multitude of different tasks present in 
the control room o f a nuclear power plant. During the project it became clear 
that a different type of modelling was required,’based on a more holistic and 
qualitative approach. The model, developed mainly by Risqi, suggests three relevant 
categories, i.e. skill-based, rule-based and knowledge-based behaviour for coping 
with the array of tasks. Under knowledge behaviour two concepts exist: field 
of attention and level of abstraction, both of which are significant in control 
room work [7]. In diagnosing an unknown plant state the operator could be seen 
choosing between different search strategies o f two basic types: symptomatic 
and topographic [8].

Operator attitudes and preferences must be considered when attempting 
to describe what an operator will do in a given situation. In a study made by 
Halden, the attitudes and views towards a computerized control room in a pulp 
and paper mill were followed as a function o f time [9]. Introduction of new 
equipment was sometimes followed by doubt, although most of the operators 
thought they had a better overview of the process with the new equipment [10].
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In connection with the studies at Halden, colour preferences and use of coulour 
VDUs were investigated [11]. It is generally recommended that colours be 
used sparingly.

One of the goals of the project was to prepare guidelines that could form 
the first step towards recommended practices for control room design. The 
question was approached in two ways: first, by surveying the state of the art and 
the predicted trends in control room design [12] and, second,by preparing a 
guideline for automation system design based on the available international 
guidelines [13]. In preparing design guidelines, it is important to identify the 
key decisions and the persons who are selecting between the design alternatives 
and to provide them with proper guidance. The design decisions will always be 
made on the basis of judgement and it is therefore important to provide the 
designer with a set o f design criteria. On a general level, two types o f design 
criteria, process oriented and operator oriented, could be considered. The 
operator-based design criteria related to the quality o f working life are not in 
conflict with the process-oriented criteria related to safety and availability if a 
computer interface is designed to match the operator’s needs as an intelligent 
decision maker [14].

Specific support systems, as could be provided by process computers and 
VDUs, were one of the main items of the sub-project. It is clear that support 
systems and displays should take into account details of the operators’ tasks 
and behaviour. Essentially this implies that different types of displays should 
be provided on the basis of a multi-level consideration of the process, sub
processes and components and their different states. Such displays should 
provide the overall goals and state of the plant, an overview of the main plant 
production path including necessary supply and support, and individual supply 
and support as provided by sub-processes and displays on physical equipment with 
its functional properties and limitations. The multi-level approach corresponds 
to viewing the process at several different levels o f abstraction [15]. In addition, 
the displays should support rule-based behaviour in procedural tasks by supporting 
rule memory and rule execution [16]. Diagnostic support has been addressed in 
studies of disturbance analysis systems, alarm handling and flow modelling as a 
basis for automated diagnosis.

The primary aim of the sub-project was to investigate the effectiveness of 
computer-based displays as an aid for operators. To verify the proposed concepts, 
experimental work has to be carried out. In the sub-project an experimental 
facility was established in Halden consisting o f a simulated PWR plant and an 
experimental control room. To set up and operate such a test facility the test 
bench has to be sufficiently realistic, it has to provide a flexible man/machine 
interface, the methods of recording and evaluating the operational performance 
of an experimental subject have to be developed and the subjects have to be 
selected and trained. The simulator used was based on the STUDS simulator
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developed at Studsvik and the experimental control room on earlier developments 
of experimental control rooms in Halden [17]. The experimental methodology . 
was based on advanced logging facilities developed for the simulator, which was 
used in a self-confrontation mode, i.e. confronting the operator with the 
behaviour he actually demonstrated and having him comment on it [18].
Because the most interesting situations are rare disturbances, during which the 
operator by definition must function on a knowledge- or rule-based level, it is 
not necessary to have highly experienced subjects and complicated situations; 
less experienced subjects and simpler situations are preferred [19].

3.2. Human reliability

International work aimed at rough quantitative estimates of the possibilities 
of human errors has been carried out. The approaches have, however, been 
quite simple and have not taken into account the generic psychological error 
mechanism. This, in connection with the fact that very little useful empirical 
data on human errors exist, means that quantitative risk assessments involving 
human errors are, to say the least, unreliable.

In the sub-project, licence event reports from the USA were studied and 
the contributing factors were classified into different groups that were correlated 
with each other. It was shown that the majority of the errors committed during 
maintenance and calibration tasks could be attributed to errors in the restoration 
of the circuit being worked on. For control room tasks a larger share was 
associated with incorrect procedure execution. These findings, therefore, have 
immediate application in plant and control room design.

Another finding was that current reporting procedures are too crude 
to enable analysis of human errors that would provide an in-depth generalization 
of human reliability being dependent on different tasks. This resulted in a 
proposal for a reporting system, which was worked out in co-operation with the 
OECD/CSNI group of experts on human error analysis.

3.3. Operator training

A description of a nuclear power plant and its operators was provided as a 
part of pre-project PI. An attempt was made to formalize the description of the 
plant, the systems, the sub-systems and the components. The state of the plant 
and the different systems could be visualized by a state diagram where the main 
states (cold shutdown, hot shutdown, power operation and disturbed states) 
could be characterized with different degrees of accuracy. The state diagram 
could then be used to define procedures that take the plant from one state to 
another.
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The state diagram was used to collect information on the task the operators 
performed during different stages of operation; the tasks were grouped into the 
sub-functions and functions that determined the job. A special group of typical 
tasks characterizes the job content. These were used for a questionnaire, from 
which the task requirements were assessed. The study was used in Sweden to 
derive the demands on skill and knowledge and in Finland to plan the simulator 
training for the Loviisa training simulator.

Training was analysed by defining the knowledge categories, knowledge 
objects and required knowledge levels. An attempt has been made to relate the 
training-oriented concepts to the human information processing model [20].

The requirements of the training system in terms of recruitment, knowledge 
and skills o f the operators, basic and continued training, training organization 
and follow-up of operator competence and training were considered in a Swedish 
study [21] that was used in the development of formal requirements in Sweden.

A review of the literature on training simulators was done in Finland [22].
A system of descriptions has been worked out in order to compare different 
training simulators [23]. The training session design and the role of the instructor 
during simulator training have been considered as a part of these studies.

4. CONTINUATION PROJECT

In 1979, when the project was approaching its end, a new ad hoc committee 
was appointed with the task o f evaluating the on-going research programme, of 
identifying possible new areas where research would be needed, and of preparing 
a detailed plan for continuation o f the on-going projects. In preparing plans for 
the programme, the steering groups of each project were consulted. Regarding the 
human factors field, the TMI incident had clearly indicated the need for research 
results and there was therefore no doubt that the project should be continued. 
Earlier work, as a project constricted both in funding and time, had not been 
able to pursue all the suggestions that had been raised. The new project was 
thus built up around some of the most important findings of the previous 
project [24].

The continuation project [25] was divided into the following sub-projects: 
human errors made in connection with maintenance, safety-oriented work 
organization and human reliability, and new approaches for the integrated design 
and operation of information, control and safety systems.

Human errors made outside the control room, e.g. in repairs and maintenance 
and calibration tasks, could make a considerable contribution to the operational 
risks of nuclear power plants. Work organization and the planning and execution 
of procedures could have a great influence on the quality of human work and 
organization could introduce common mode errors that are difficult to identify.
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The quality of the control, seen from an operational point o f view, is to a large 
extent determined by the design process and how well the control room has been 
adapted to the critical tasks o f the operator. Use of computer support during the 
design process introduces new possibilities, both to verify the design and to 
construct new operator aids. An important part of the project will be directed 
towards experimental validation o f the proposed concepts.

During 1982 the project was enlarged and a fourth sub-project on planning 
and evaluation of operator training was introduced.

The countries and organizations participating in the continuation project are: 
Denmark: Risçi National Laboratory
Finland: Technical Research Centre o f Finland
Norway: OECD Halden Reactor Project
Sweden: Swedish Nuclear Power Inspectorate and Swedish State Power Board.

The organization is very similar to that used during the first phase. The 
project will run until the end of 1984, with a checkpoint approximately in the 
middle of the project to re-examine the goals and the timetables for the 
sub-projects.

5. CONCLUSIONS

The Nordic Project has been evaluated in all the participating countries and 
it is considered to have been very successful in all respects.

The decision by the Nordic Council of Ministers to allocate funds for a 
joint research project on the safety implications of human factors in nuclear 
power plants appears to be very far-sighted and important. The general 
impression is that the project has produced results which in the long run will 
decrease the risks associated with nuclear power.
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Abstract

HUMAN FACTORS DESIGN OF NUCLEAR POWER PLANT CONTROL ROOMS 
INCLUDING COMPUTER-BASED OPERATOR AIDS.

The design o f con tro l room s for early nuclear power plants was based on those of 
conventional plants. Some features o f ergonom ic design were already incorporated  on  the 
contro l panels, e.g. flow diagrams of the  process and switches showing clearly the  switching 
conditions. The scientific handling o f hum an factors problem s in contro l room s began around 
1970 on the  basis o f safety considerations. Some recent research w ork deals w ith  the  develop
m ent o f com puterized system s like p lant balance calculation, safety param eter display, alarm 
reduction  and disturbance analysis. F o r disturbance analysis purposes it is necessary to 
hom ogenize th e  inform ation  presented to  the  operator according to  the actual p lant situation 
in order to  supply the  operato r w ith the  inform ation he m ost urgently  needs a t the  tim e. 
D ifferent approaches fo r solving this problem  are discussed, and an overview is given on what 
is being done. O ther research projects concentrate on  th e  detailed analysis o f operators’ 
diagnosis strategies in unexpected  situations, in order to  ob tain  a b e tte r understanding of 
their m ental processes and the  influences upon  them  when such situations occur. This project 
involves the  use o f a sim ulator and sophisticated recording and analysis m ethods. C ontrol 
room s are currently  designed w ith  the  aid o f m ock-ups. They enable operators to  contribute 
their experience to  the  optim ization  o f the  arrangem ent o f displays and controls. Modern 
contro l room s are characterized by increasing use o f  process com puters and CRT (Cathode 
Ray Tube) displays. A general concept fo r the  integration o f the  new com puterized system 
and the  conventional con tro l panels is needed. The technical changes m odify operato rs’ tasks, 
and fu ture  ergonom ic work in nuclear plants will need to  consider the  re-allocation of function 
betw een m an and m achine, the  incorporation  o f task changes in training program m es, and the 
optim al design of inform ation  presentation  using CRTs. Aspects o f developm ents in control 
room  design are detailed, typical research results are dealt w ith , and a brief forecast o f the  
ergonom ic con tribu tion  to  be m ade in th e  Federal R epublic o f Germ any is given.
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1. Introduction

During the past five years the control room design has been substantially 
influenced by two important factors:

- the growing evidence to make extensive use of human factors engineering
- the progress in electronics, especially new display techniques and 

process computers.

In comparison with three decades of experience in the industrial appli
cation of nuclear power, the conscious application of human factors 
engineering or ergonomic knowledge in the design of nuclear power plants 
is still in its infancy. Nevertheless, it is worthwhile to consider the 
application of a young scientific discipline within the still young nuclear 
pcwer industry.

Concerning the technology available today there is no doubt about its high 
flexibility in presenting information to the operator. This holds not only 
for the format but also for the level of information provided. Consequently 
the requirements of human factors engineering (HFE) can more likely be met. 
This is not to say that the interfacing problems became smaller; on the 
contrary they may cause even more difficulties to decide on the optimal tech
nical solutions. Human factors engineering is to play an important role in 
the course of the decision making process involved.

This paper deals with the human factors design of nuclear power plant control 
rooms in the Federal Republic of Germany and highlights the development 
trends of computer-based aids illustrated by various examples.

2. Consequences of technical developments for control rooms

Up to the fifties pcwer plants in Germany were controlled at local control
panels. The development of remote measurement technology and automated 
control systems, the enlargement of the power stations with the increasing 
importance of availability and last but not least safety questions led to
a concentration of control functions in one single control room.

The increasing size of main components which needed complex auxiliary 
systems has led to the necessity for further automation of process steps.
For nuclear power plants, the development of reactor protection system has 
in particular contributed to the amount of instrumentation and control 
within the plant. The fast development in the area of process computers 
did not only enable the automation of many technical processes but is also 
used for the processing of primary information (sensor information) from 
the plant. Process computers are mainly employed with large or complex 
processes where, due to the many subsystems to be supervised, a large 
number of sensors producing indications and alarms have become necessary 
in the control rooms. Consideration has to be given to the fact that an 
increasing degree of automation relieves the operator from many control 
tasks, but the amount of information in the control room is not necessarily 
reduced; it is, at best, shifted to other areas. This means that instead of 
the observation of the process itself the operator has to observe automatic 
control systems to turn over to manual control, should this become necessary 
and should it be possible from time considerations. The development of 
centralisation and automation at the same time offered the possibility of 
doing the control job with a smaller number of people.
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Due to the large quantity of displays and controls in a central control 
room a new generation of small instrument modules for control rooms was 
developed around 1960. Since then the surface area of panels and desks 
has still been growing. New generations of process computers have been 
developed as operators aids. They in turn have added new forms of displays 
such as printers and CTRs to the control room panels. The picture of an 
increased quantity of information and a small team coping with it, charac
terises well the field of ergonomic topics to be discussed in relation to 
nuclear power plant control rooms.

3 . Human factors considerations

The described technical development of control rooms was accompanied by 
continous attempts to build on the experience of earlier plants for 
Improvements in the control room design. At the beginning of the seventies 
it became obvious that because of the recent advances in technology it was 
no longer possible to rely on transferring experience from earlier systems. 
Particularly from the point of view of safety, this traditional way of 
fitting machine interfaces to human performance characteristics was questioned. 
Starting with unexpected incidents obviously caused by manual actions, a 
deeper analysis involving the application of ergonomic knowledge was 
initiated around 1970. These considerations were brought into the licensing 
procedure in 1974, when the Federal Ministry of the Interior published 
safety criteria for nuclear plants, which require under point 2.5 "Design of 
workplace, work sequence and work environment" that "work places and work 
sequences in nuclear power plants shall be designed with respect to ergonomic 
aspects in such a manner that they provide for optimum personnel contribution 
to safety".

3 .1 Levels of consideration

The primary task of control room design is to establish information/ 
intervention needs according to the operator tasks and to select and place 
the equipment for monitoring and controlling the process In the control 
room in such a way that the operators can carry out their tasks reliably. 
This can be achieved by appropriate representations of the individual 
systems and their interconnections, by adequate grouping within systems 
representations, and by proper design of the instruments.

If an individual design - either Implemented or planned - does not meet all 
of these requirements, it usually tends to be discussed and justified on 
heterogeneous levels of argumentation, the relative merit of each argument 
being judged a posteriori rather than by a previous analysis. Such levels 
of judgement are, among others, economy (e.g. minimising the number of 
differently looking Instruments); planning (e.g. planning decisions are 
irreversible); hardware (e.g. displaying different parameters on the same 
recorder) ; mounting (e.g. wiring problems prevent a preferable arrangement) ; 
history (e.g. decisions have been made years ago) ; and licensing (e.g. 
licensed blueprints are practically unchangeable).

Obviously there have compromises to be made between these requirements. 
Ergonomic considerations, as an additional requirement, would contribute to 
these compromises, provided that they are introduced early enough into the 
design process. The decisions made should be recorded in a way that they 
can be tracked and - if necessary - corrected at a later date.
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On the other side there are several levels of consideration even within 
ergonomic analysis, design and evaluation that should not be mixed up. The 
following levels should be distinguished:

Appropriate and sufficient information and intervention possibilities for 
reliable controlling and monitoring of plant status and processes
Modes of information presentation to ensure easy and reliable sensory and 
cognitive apprehension
Quantity, nature and combination of information on displays and controls
Structural elements of displays/controls likely to facilitate sensory motor 
perf ormance
Transparent layout of groups of displays/controls representing individual 
sections for easy apprehension, learning and recall
Arrangement of representations in the control room (Including environment) 
considering task sequences, viewing conditions and ccmmunication
Clear allocation of tasks for the relative specialists in the control room
Communication devices satisfying communication needs and their integration 
into work sequences
Flexibility (hardware; planning and licensing procedures) for easy interface 
modifications, if necessary
Weak points arising from work sequences and situations with increased demands 
on operators.

Apart from the need for traceability of decisions on these topics it is clear 
that work and task analysis are the major tool for arriving at deliberate 
design decisions.

3.2 Ergoncmlc design: status and needs

It is not a canmon practice so far to distinguish between the above levels 
of consideration, nor is there a formal procedure adopted for embedding 
HFE considerations into the design process. There is, however, a steadily 
growing awareness of the relevance of these considerations to the design 
of the man/machine interface, and considerable progress has been made in 
recent years in areas such as anthropometric design, environmental design, 
and layout of system representations on control room panels and consoles. 
Compare e.g. the different structure of instruments in Fig. 1. An overview 
on such HFE activities is given in Table 1.

From this state of affairs it can be concluded that the comprehensive body 
of kncwledge on factors affecting the physiological responses of operators 
is increasingly considered in control room design. This will be equally 
necessary for their psychological responses. HFE expertise, however, is 
not applied systematically. Not infrequently, the identification of possible 
problems as well as their solution are carried out on a'haphazard basis, and 
some errors are corrected afterwards rather than being avoided beforehand. 
Moreover, the higher and different demands on the operators occasioned by 
increasingly sophisticated process technological and control systems and 
new modes of information presentation are less understood. Hence new 
instrumentation and display technologies tend to be introduced without 
proper consideration of their effects on operator performance and reliabilty.
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Table 1. Ergonomic considerations In control room design and 
in standards

Design
object

Occurrence in 
nuclear power plant 
control room design

Occurrence in 
standards
(e.g., DIN, KTA, VDI)

Display/с ontrol 
design

Display/с ontrol 
arrangement

Use of traditional 
electromechanical 
instruments; high 
level of coding; mini
aturisation. Ergonomic 
considerations on design 
of CRT displays

Investigated by use of 
mock-ups. Subsystem 
representations, flow
1 ines

Design of scales, 
controls, status and 
alarm annunciations, 
visual display 
terminals

None (draft)

Anthropome tries Applied within the con
straints of instrumen
tation dimensions

Body dimensions; 
anthropometric design 
of work places (draft)

Viewing condi- 
t ions

Applied within the con
straints of instrumen
tation dimensions

None (draft)

Arrangement of 
control room 
ins tal lations

According to systems 
and to plant control 
levels

None (draft)

Physical envi
ronment

Selection of 
mode of presen
tation

Application of light
ing, climate, noise 
design criteria

Mainly under technical 
с ons ide rat ions

Lighting, climate, 
noise

None

Devices for 
operator assist
ance

Test & evaluation phase None

Systems Design on subsystem Ergonomic design
ergonomics level. No formal systems of work systems

ergonomic procedures
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FIG.2. Major steps in systems ergonomic analysis and design.

3.3 Systems ergonomic approach

A systematic approach to the design of the control room interface is 
therefore suggested. A systems ergonomic design procedure would consist 
in applying ergonomic expertise throughout all design stages from the 
beginning of planning until operation. Major steps of this approach are 
shown in Fig. 2. The anticipated achievements of implementing systems 
ergonomic design are outlined in Table 2.

3.4 Dynanic aspects and operator strategies

The procedures and methods, described previously, which are used to 
implement ergonomic principles into the design of control rooms are 
more or less concentrated on the static face of the panels and desks. 
The operator's task, especially during unexpected incidents, is a 
time-dependent dynamic one. The actions taken are based on a diagnosis 
of the system state. The task of the operator changes in relation
to the nature of the incidents. Incidents are uncommon, unpredictable
and must be rapidly resolved. One must therefore ask what aids the 
control room personnel require to cane to a quick and reliable 
assessment of the actual situation.

Human factors design of nuclear power plant control rooms should be 
able to take satisfactory account of the special requirements related 
to the plant dynamics. There is, hcwever, a lack of systematic investi
gation of the interaction between man and machine in the nuclear pcwer
plant control roans. There is also a need for further research in the
field.
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Monitoring and control requirements achieved by appropriate use of operators
Safety and reliability requirements met by man/machine interaction
Automated versus manual operation traded off by function and task analyses
Control room designed in conformance with state-of-the-art ergonomic design 
criteria
Operators can perform their operation, test and maintenance tasks reliably
Layout and arrangement of control room interface affords efficient commu
nication and use
Potential error-reducing design features minimized
Efficient, reliable and safe operating, test and maintenance procedures
Necessary manpower and technical capability to accomplish these objectives 
is provided by design team

The Federal Ministry of Research and Technology (BMFT) sponsors two 
topics within the man/machine programme; one, research work investigating 
the better understanding of the operator's mental processes when 
diagnosing the causes of incidents, the second being a project concerning 
the development of computer based operator aids which will be discussed 
later.

The first project mentioned concerns experimental investigations of 
the behaviour of nuclear power plant personnel in the event of unusual 
dynanic plant conditions. IfU in cooperation with Kraftwerk Union are 
carrying out the project at the Kraftwerk Union's Power Plant Simulator 
at Karls te in.

As a result of training and operational experience the control room 
personnel acquire a mental representation or a conceptional model of 
the nuclear plant, its functioning and the interdependencies between 
the parts of the plant. The behaviour of the personnel can only 
be fully explained by considering their mental representation of 
the plant. The project is intended to give a better understanding 
of how operators cope with incidents. This should enable us to support 
or stimulate the operator by considering such factors as control room 
design, the representation of information compatible with the operators 
mental interpretation of the plant, operator training, and job aids.

During the pilot phase of the project we have developed and tested 
the method and analysis techniques on which the study would be based.
Two teams of operators (experienced commissioning personnel) were 
confronted with two types of incident. The incidents were based on 
faults used in training exercises but included abnormal complications.
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® Description of simulation: Column Headings
Event table an amalgamation of
many information sources 1. Operators behaviour

-  V ideo and sound record ings

-  C om m entaries

-  P rin tout and pen record ings

-  Expert appraisal

-  Shift leader's report

-  Questionnaire

2. Reason for behaviour

3. Information sources used operators

4. Plant status

5. Other available information sources

6. Implications

® Analysis and interpretation 
using the event table and 
commentaries

-  C olum n 6 o f event table

-  Team stra tegy d iagram m

-  Training

-  In form ation

-  Control room  design

-  Job  aids

-  Team com m unication

-  Task allocation

etc.

FIG.3. Analysis programme. FIG.4. Event table.

Using three video cameras and microphones the operators' activities 
were recorded. The heart rates of the operators were transmitted 
telemetrically. In addition, the CRT displays of alarms and plant 
process variables were recorded. After the trials, each operator was 
asked to comment on his actions while viewing a recording of his 
activities on the CRT displays. Other sources of information collected 
are presented in Fig. 3.

The evaluation of the trials began by concentrating important information 
in an event table. Also noted in this table are the more obvious indica
tions about possible improvements in different topics, e.g. control room 
design (see Fig. 4). Another step in the evaluation was based on the 
concepts of abstraction hierarchies and the different levels of operator 
behaviour (skill-based, rule-based, knowledge-based) as proposed by 
Goods tein and Rasmussen /1/. When applying these concepts in our evaluation, 
we need to consider both the characteristics of the operators' mental 
strategies as well as hew far these concepts can be used in this situation.

Measuring heart rate may give a useful indication of the operators' 
stress level, which certainly would be present during real incidents.
The graphs for seme operators show an increase in heart rate at the 
start of the simulation and a further sharp increase when the incident 
itself begins. This perhaps indicates that the operators experience 
a similar stress level during the experiment as would be present in 
real ity.

One cfcvious result concerned the use of alarm communications displayed 
on a CRT in list form. Just at the moment the incident occurred the process 
canputer which updated the CRT display failed. It was 8 minutes before 
the operators noticed that this failure had occurred. In the meantime 
the operators collected more direct information elsewhere. This example 
suggests that presenting the alarms in list form on the CRT does not
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meet all the operators' needs. Another obvious result concerns the team 
work of the operators which we observed. For instance if one of the 
team members gives his opinion about possible causes of the incident 
this prompts the others to check the likely consequences of such a 
presumed event on the appropriate panels, and they are thus able to 
confirm or reject the proposal. Future solutions to control room design 
problems therefore should allow the team to act in cooperation as they 
obviously do at present.

The BMFT research activities represent only one facet of the work in the 
field of HFE in the Federal Republic of Germany. Several research studies 
have been initiated and funded by the Federal Ministry of the Interior, 
e.g. on human factors in nuclear power plants, on designing operating 
procedures manuals, and on ergonomic aspects of nuclear power plant 
control room design. Considerable effort is also undertaken by the 
utilities. Existing control rooms have been reviewed by an RWE and 
Siemens research group with the aim of developing planning rules for 
future control rooms /2/. Further, a study concerning the design of 
control rooms is planned by VGB (the Utility association) together with 
manufacturers of power plants and other research groups.

Some special topics are also within the Utilities' program, such as 
the development of hard-wired logic calculators dealing with special 
incidents in the plant. These could present for example the page of 
Interest in the manual, or carry out post accident signal analysis.

4. C om puter based operator aids

In the field of nuclear power, process computers for supervision have 
been employed for quite sane time (for example the computer for alarm 
logs and disturbance logs). However the computers have rather increased 
the possibilities for information of the operator and have not been 
developed with the goal to produce greater information density. Only 
recently, systems are being developed to pursue this goal and to produce a 
specific kind of synthetic information which has not been available to the 
operators until now. These systems encompass:
- Status surveillance of automatic controls
- Disturbance analysis
- Alarm analysis (reduction of information density)
- Computer-based operation manuals.
In parallel to these developments CRT's are increasingly employed in 
control rooms. Even though the development is far from completion, 
systems are available which permit the display of the status of the 
process or process dynamics in a very wide spectrum.
All these systems have in common that primary information from the plant 
or from technical systems is processed by means of computers to improve 
the information that is given to the operator. These systems, therefore, 
are generally termed "Computer-based operator aids". The goals of 
these systems are to improve the information available in the control 
room. The operator aids are to make available to the operators in a better, 
faster and clearer way information, but not at all to replace the operator's 
decision making or even control the process directly.
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The basic idea of disturbance analysis, which has been verified in systems 
developed in England, the United States, Japan and the Federal Republic of 
Germany, is essentially the same. Let us recall some of the requirements for 
disturbance analysis systems as listed by EPRI /3/ î

Improvement of quality and contents of the information given to the
operator and reduction of secondary alarms depending on the plant
mode of operation

- Determination of the cause and the consequences as well as possible
corrective actions on the basis of ccmputer-stored plant models

- Integration of the methods for the display of results into existing or
future control room concepts.

Depending on which goal prevails the design basis of a disturbance analysis 
system and which subsystems should be covered with such a device several 
task areas can be identified
a) Status surveillance of the overall plant
b) Status surveillance of special subsystems
c) Analysis of the primary causes when fast transients occur - post

trip analysis (to facilitate the restart of the shut-down systems)
d) Analysis of the primary causes and the possible disturbance paths

when slow transients occur (to enable timely rectification).
In accordance with the type of tasks that have to be carried out by the 
systems, different names have been coined for them. For example, to 
make it clear that in addition to problem areas c) and d) a status surveil
lance should be carried out the name DAS has been extended to DASS 
(disturbance Analysis and Surveillance System) . As a second example 
recent investigations with the STAR (Storungsanalyserechner, Disturbance 
Analysis Computer) have shown its aptidude for the tasks of a compute
rized operations manual (Problem area b) ), whereas the STAR application 
in the Grafenrheinfeld nuclear power plant concentrates on d) .

The transformation of the basic concepts of disturbance analysis into 
process computer-stored models presume that the task could be accomp
lished by means of logical canbinations of primary information. Especially 
useful methodologies were decision tables, cause-consequence analysis or 
fault-tree analysis. Based on the universality of the application of these 
methods there is a possibility to solve a variety of problems by means of 
the same software. This is in addition facilitated by computer programs
by means of which description of process dynamics and logical signal
combination may be easily transformed into a computer data base. Early 
experience with disturbance analysis systems in England have shown that 
there is an essential requirement to include software tools which enable
the user to improve or modify the ccmputer-stored data base of process
models /3/ /4/.

For the STAR concept, for example, the methodology of cause-consequence 
diagrams has been chosen beginning with a basic form as was used in 
risk analysis and was then further developed. Through inclusion of time 
delays or implementation of step approximations with which trends of plant 
parameters could be modeled at least a rough consideration could be given 
to dynamic transients without sacrificing the essential advantages of the 
methodologies, namely the fast and easy way of processing the diagrams 
on a computer which eventually guarantees a high analysis computation 
speed. To date even a complex diagram may be analysed within less than
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a second. It is in the nature of binary signals that they carry less infor
mation than analog ones so that for canplex situations pretty large dia
grams may result. This disadvantage will now be discarded by direct 
processing of analog values and the use of small dynamic simulation models 
so that considerable improvement of the descriptional power of dynamic 
transients is achieved without losing transparency and clarity of cause- 
consequence diagrams. These problem areas are covered in a man/machine 
communication project carried out by GRS and sponsored by the Federal 
Ministry for Research and Technology (BMFT) /5/.
A l a m  analysis systems generally have the goal to reduce the great number 
of alarms during complex disturbances to only a few but important ones. The 
problem itself already shows the proximity to disturbance analysis, for, to 
select relevant signals according to a specific disturbance situation and to 
suppress the unimportant alarms, the alarm analysis system must be able 
to recognise which type of disturbance is present. This so-called situation- 
dependent alarm filtering is, according to experts, very desirable, but 
most of the alarm analysis systems currently under development do not 
comply with this task. So is, for example, the declared goal of the HAL0- 
system (Handling of Alarms with LOgics) of the OECD Halden reactor 
project to select those signals which are most relevant to the operator by 
means of static logical combinations of process signals /6/. The main 
underlying philosophy being:

- Generation of alarms if automatic functions which should be triggered 
have not been performed
Suppression of alarms which are the normal and expected consequence 
of specific process situations, for example low primary pressure 
when the reactor is shut down
Suppression of multiple signals indicating the same process state, 
e.g. only the alarm "very high" is displayed if the level "high" has 
been exceeded.

The generated alarms are displayed on colour CRT's. An overview diagram 
represents the described systems of the plant schematically. Those systems 
whose subsystems are affected by at least one alarm are given an alarm 
colour. On a second level detailed diagrams are planned in which the 
individual alarms should be incorporated at the power locations. On a 
third level the alarms are displayed chronologically in an alphanumeric 
format. Several formats are provided as to grouping of alarms according 
to alarm sets or ordered according to priorities.

4.2 Diagnosis systems

While the previously described systems deal with the future processing 
of single signals from the plant, diagnosis systems employ special 
measuring and analysis methods to provide diagnostics about subprocesses 
or the status of different systems of the plant before a disturbance occurs 
which has to be rectified by means of control systems. The systems to be 
described here are to detect loose or loosened parts, monitor vibrations, 
detect leakages and supervise the dynamic behaviour of subsystems or 
subprocesses.
Common to all those systems is the analysis of dynamic signals. As long 
as stationary processes are concerned noise analysis techniques are 
applied. One of the first ideas in early days of noise analysis research 
namely, to identify the system dynamics by examination of the inherent 
noise has been used by the Hitachi diagnosis system. The transient
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behaviour of subsystems was described by simple models of their transfer 
functions. A disturbance of a subsystem could then be detected by comparing 
measured output signals of the subsystems with the theoretically inferred 
values when deviations were present /7/. The realised system indeed 
lises an algorithm that permits discrimination between an error in 
some subsystems and an error in the measuring equipment. In a boiling- 
water reactor application the following input signals are utilised: neutron 
flux, reactor pressure, water level in the pressure vessel, steam flow, 
feed-water flow, feed-water temperature, reactor coolant flow at core 
inlet, pressure difference of the reactor coolant pumps, output signal of 
the speed controller for the coolant pumps, speed of the coolant pump 
generator, output signal of the main controller for the coolant pumps, 
output signal of the feed-water control, output signal of the pressure 
controller, flow in the coolant loops and the position of the turbine control 
valve.
Loose parts monitoring is performed by means of acoustical measuring 
methods. It is a diagnosis tool which meanwhile is used in all nuclear 
power plants. Besides that, acoustical methods have been investigated with 
regard to leakage detection and cavitation monitoring. Loose parts monitoring 
systems installed today produce an alarm if a certain noise level is 
exceeded. In seme cases tape recorders are started automatically in order 
to store the burst signals ccming from the various accelerometers, and 
then permit later analysis of the signals from the tape. Consequently the 
main part of signal investigation has to be done off-line. Developments of 
today concentrate on two objectives:

the improvement of the interpretation of burst signals
- the automated analysis of burst signals including loose parts

localization.
An advanced system has been recently demonstrated by Framatome /8/.
The LOCAPAR is able to distinguish in between operational noise (e.g. 
caused by control rod motion) and impacts caused by loose parts; further
more localisation of the loose part is possible. This is achieved by 
applying the principle of spatial discrimination. The acoustic waves 
emitted from the source are received by a so-called four sensor array 
detector and analysed by means of a comparator. The order of signal 
arrival is determined, and compared to reference signal arrival sequences. 
When the order of arrival is the same as the reference order, the loose part 
zone has been identified.
Vibration monitoring of nuclear power plants concentrates on the main 
coolant circuits and their major components. In most of the plants measure
ments are taken discontinuously from neutron flux signal, accelerometer 
or displacement signals, and sanetimes from pressure signals. If specific 
vibration problems should occur, special measuring and analysis programs 
are established. There are few prototype systems, aimed at developing a 
tool which can be handled more easily by the staff on site. One important 
task is the screening of the measured noise data, so that only those data 
have to be further analysed which depart in a statistically significant 
manner from normal signal patterns. A system with this ability has been 
developed by ORNL and has now reached the stage of initial demonstration 
at Sequoyah Nuclear Plant /9/. In cooperation between KWU and GRS, long
term investigations in vibration signals are performed in the framework of a 
project sponsored by BMFT. The main aims are to investigate the influences 
of the vibration behaviour due to irradiation and load cycles, the long
term behaviour of the instrumentation and the development of structural 
models adapted to the measured signal patterns. The monitoring and
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diagnosis system based upon the experience gained from these systematic 
analyses of the measured signals will use a monitoring algorithm with 
multiple likelihood test based on Bayes' risk function. The hardware will 
consist of a hierarchically structured multi-processor system, which 
guarantees a high degree of extensibility and adaptability to changing 
system requirements /10/.

A .3 Integration in the control room
Most of the canputer-based operator aids were designed as stand-alone 
systems. This facilitated implementation in existing control rooms, but it 
also led to an increasing amount of information, i.e. the capability of the 
operator aids to replace conventional displays was not taken into account.
In parallel new control room concepts have been developed providing the 
necessary hardware and software structure (data preprocessing, generation 
of high level information, display techniques) which should make it 
possible to integrate the operator aids in a much better way than before. 
However, priorities are different from one country to another. Utilities in 
Sweden and Finland seem to favour the so-called computer-assisted 
guide-book for the operator, developments in USA have been strongly 
influenced by the NRC requirement for a safety parameter display system.
A most interesting effort for achieving an integral solution for the 
application of operator aids is in Japanese NUPOMAS (Nuclear Power Plant 
Operation Aid System Development Association) project /11/. The Operation 
Instruction System is designed for the following modes of operation 
and functions:

a) Normal operation including start-up and shut-down

- Surveillance of the process and guidance of the operators (for example
to ensure the safety margin of important process variables by supervision 
of the operational set points)

- Surveillance of system and guidance of the operators (for example 
supervision of control rod operation).

b) Operation under disturbed or accidental conditions

- Disturbance analysis and guidance of operators (detection and 
identification of disturbances and prediction of its consequences)

- Post-trip analysis (error messages when designed function sequences 
do not properly occur)

- Diagnosis (loose parts detection, leakage detection of pressure relief 
valves).

Conclus ion

Ergonomic (HFE) criteria are being applied to nuclear power plant control 
room design to a differing extent at different levels. Representative 
design criteria on topics such as the design of displays and controls, the 
anthropometric dimensions of workplaces and the physical environment are 
gradually being included in standards; efforts aimed at implementing these 
standards in nuclear control room design yield increasingly satisfactory 
results. Considerable progress is also being made in the clear layout and 
arrangement of system representations on panels and consoles. The development 
of a comprehensive and systematic ergonomic specification to bring together 
these standards and criteria would seem to be advisable.
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Less attention has been paid as yet to the way man/machine interface 
characteristics affect the cognitive behaviour of operators. Higher and 
differing task demands on the operators originate from advances in 
process technology and control systems which in turn entail new modes of 
information presentation. Appropriate work and task analyses are needed to 
deliberately determine the necessary and appropriate information and 
intervention facilities on the interfaces, together with the most effective 
presentation mode. The recent establishment of control room mock-ups giving 
opportunities for static simulation can be viewed as a valuable first 
step in this direction. Deliberations are at present under way on the 
suggestion of adopting a systems ergonomic approach to control room 
design aimed at a systematic consideration of human factors throughout 
the entire design process.

New control room concepts under development today make much use of 
advanced CRT display systems with the aim of reducing the number of 
conventional displays. By providing system mimic diagrams with integrated 
measurement values, the status of components, and tables, etc., an 
essential concentration of the information can be achieved but care 
should be taken not to sacrifice clarity. The move from presenting many
information sources in fixed locations in the "parallel world" of the
control room to the graphic diagrams stored in the process computer, which 
are presented serially when called for by the operator, should be judged
from the point of view of operator performance.

Knowledge of the mental strategies used by operators in their tasks 
is still poor but essential to select and structure the information 
needed for plant monitoring, control and diagnosis, and to find the 
most useful application of computer-based operator aids. Also further 
research is needed in a realistic setting on how operators working 
in teams diagnose plant disturbances.

The most recent developments in control and instrumentation provide 
comprehensive access to process information from the plant.
Computer-based operator aids presently being tested side by side with 
the existing facilities will modify operator tasks and yield new 
experiences. These results should be fed back into the control room design 
process as soon as possible. Together with the research mentioned earlier 
this feedback process may result in new requirements for computer-based 
operator aids.
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Abstract

LOVIISA NUCLEAR POWER STATION TRAINING SIMULATOR: EXPERIENCE IN 
TRAINING, RESEARCH AND DEVELOPMENT ACTIVITIES.

The Loviisa Nuclear Power Station  training sim ulator (LOKS) was constructed as a 
jo in t undertaking w ith Im atran Voima Oy (IVO) as the buyer, Nokia Electronics as the 
supplier and the  Technical Research Centre o f Finland (VTT) as the  consultant. C onstruction 
o f the  sim ulator started in May 1977 and it was handed over to  IVO in January 1980. After 
an updating period, th e  sim ulator was moved to  Loviisa where training started in October 1980. 
LOKS is an advanced, full-scope, on-site training sim ulator. The reference unit is Loviisa 1, 
a W WER-440-type PWR plant w ith six prim ary loops, tw o turbogenerators and a high degree 
of autom ation . Besides training Loviisa 1 and 2 operating staff, the sim ulator is used for 
various research and developm ent (R&D) tasks. These include, for exam ple, operator/process 
interface problem s and developm ent o f sim ulator modelling techniques. A brief description 
is given of the technical properties o f LOKS and the main experience gained in operator 
training and the  R&D area. In addition, some on-going and fu ture  R&D activities are described.

1. INTRODUCTION

In October 1980 the full-scope nuclear power plant training simulator was 
put into operation at the Loviisa Nuclear Power Station (NPS) by the owner 
and operator o f the station, Imatran Voima Oy (IVO). The simulator was 
intended mainly for the completion and improvement o f the control room 
operators’ training. In addition, it is extensively used for research and develop
ment purposes.
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FIG.l. Main control room layout.

The most important arguments for purchasing the simulator were:

(a) The training needs of the nuclear power plant personnel are exceptionally 
high owing to the complexity of the process and the strict safety requirements

(b) The real power plant cannot be used for training of malfunctions and 
other transients

(c) The efficiency o f the simulator, especially for the training of operation in 
transients, malfunctions and startup and shutdown.

For the value o f training it was considered important that the simulator 
not differ too much from the actual plant. In this respect, no suitable training 
simulators were available elsewhere.

The Loviisa NPS consists o f two 465 MW(e) PWR units of the WWER type.
The first unit has been in operation since 1977 and the second since 1980.
Some typical features o f the plant are:

(1) A complicated process (six primary loops, two turbogenerators)
(2) A high degree o f instrumentation and automation
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(3) A highly technological safety philosophy
(4) A modern control room concept with wide use o f computer CRTs and 

mosaic techniques in conventional panels. The layout of the main control 
room is shown in Fig. 1.

2. SIMULATOR IMPLEMENTATION

As agreed in the purchase contract, Nokia Electronics delivered all the 
simulator equipment and software except for the control room desk and panels. 
IVO owns the simulator and was responsible for constructing the simulator 
building and for planning the training programme for which the Technical 
Research Centre o f Finland (VTT) was used as the consultant. Collection of 
plant data needed in the modelling and testing of the simulator was also IVO’s 
responsibility.

VTT put considerable effort into the modelling work. Some specialists 
from IVO also worked in Nokia’s project organization.

After signing the purchase contract at the end o f April 1977, the simulator 
was constructed at the Nokia Electronics works in Helsinki. After acceptance of 
the simulator in January 1980, there was a period during which it was updated 
according to the plant modifications that had occurred since the simulator data 
freeze point in autumn 1978. At the same time small additions and fine tuning 
were performed as deemed necessary owing to the training requirements.

After fine tuning, the simulator was disassembled and transported to its 
final location at the Loviisa power plant site.

Experienced operators and simulator instructors from Loviisa participated 
in the testing o f the simulator models. Testing also proved to be an excellent 
training for all the participants.

3. TECHNICAL PROPERTIES OF THE SIMULATOR

The simulator control room is a duplicate of that of the actual Loviisa Plant. 
The operator’s desk and panels match the actual ones in size and layout. 
Practically all the instruments and devices included are exact copies o f the real 
ones and are precisely simulated. However, some instruments, which in the 
specification phase were regarded as insignificant from the training point of  
view, were not simulated.

The simulator also includes a duplicate o f the plant computer system, 
processing approximately 3000 potential alarams, 1200 analog measurements 
and some 50 mimic formats showing the most important binary and analog 
measurement data.
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FIG.2. Simplified diagram o f  the simulator computer system.

The simulator computer system is made up of two parts: a simulation 
computer system and a plant computer system, as shown in Fig.2. The former 
consists o f two PDP 11/70 and one PDP 1 1/34 computers configurated around 
a multiport memory. The PDP 11 /70s run all the simulation models, while 
the PDP 1 1/34 takes care o f the panel communications. The plant computer 
system is a duplicate o f the actual Argus 500 plánt computer with its extensive 
functions and sophisticated communication software. This approach provides 
the most cost-efficient and accurate representation o f the real system and 
substantially cuts down updating and maintenance.

The number o f input/output points is: analog inputs 10 and outputs 520; 
binary inputs 2280 and outputs 3500. The input/output system has been 
implemented by using Nokia Electronics’ standard PP 8000 interface equipment 
with intelligent controllers, thereby minimizing the computer load.

The main aim in designing the instructor’s desk was to release the instructor 
from lengthy operating sequences and other routine work. The instructor’s 
facilities include session selection, initial conditions, malfunctions, freeze, start, 
snapshot, backtrack, parameter setting, reporting, etc.
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FIG.3. Instructor’s desk o f  the Loviisa training simulator.

Malfunctions are addressable and provided with severity and delay para
meters. Up to 40 malfunctions can be active at the same time. The parameter 
setting includes external parameters (e.g. sea water temperature) and locally 
controlled components. After a training session the instructor is provided with 
printed reports indicating the actions o f the operators and the instructor during 
the session and the values of pre-selected parameters.

The instructor’s communication with the system is implemented by an 
alphanumeric CRT with a keyboard and 19 function buttons for the most 
frequent operations. In addition, eight multi-function keys are mounted on 
both sides o f the CRT, providing the primary addressing and selection mechanisms.

Additional CRTs at the instructor’s desk display operator-selected plant 
computer formats in a slave mode, or instructor-selected formats in an independent 
mode. The instructor’s desk is shown in Fig.3.
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To minimize programming and the amount of testing, standard simulation 
models and centralized solution methods are employed wherever possible [1]. 
Examples o f components modelled by this approach are controllers, valves, 
pumps, motors, generators, etc. The centralized thermal hydraulic load flow 
programme simulates a network o f 800 valves, 70 pumps, 800 branches,
500 pressure nodes and 70 heat exchangers using a fully non-linear model. As 
such it provides a more flexible, powerful and accurate simulation of the piping 
networks than the models employed in the past.

Standard operating systems and a newly developed data base management 
system (DBMS) especially designed for large training simulator applications 
are used [ 1 ]. This DBMS has proved to be an indispensable tool in cutting down 
initial programming, testing and documentation, as well as later modification.

4. TRAINING

4.1. General

The Loviisa training simulator (LOKS) is used for the training of Loviisa 1 
and 2 operating staff. Training with the simulator is, of course, only one part 
of the total training programme of operating personnel.

Simulator training is given mainly to the control room operators, i.e. to 
shift supervisors, reactor operators and turbine operators.

The entire control room crew participates in the simulator training 
simultaneously. Special courses are also held for other members o f the shift 
crew and other operating personnel when needed.

Initial training o f  the new control room operators lasts 1.5 to 2 years. The 
duration of simulator training varies, but it is expected to grow to about 2 months 
in the future.

At present, emphasis is put on retraining, because the need for initial training 
of new operators is small owing to the low turnover rate o f operators.

The simulator is mainly used for the training of disturbance situations, as 
well as for startup and shutdown operations. In 1981 the share o f disturbance 
situations training was about 70% of the entire retraining. In initial training, 
familiarization with the operation o f various plant sub-systems is also included.

Annual retraining originally consisted o f two periods of 5 days: one during 
spring and the other in autumn. Every shift goes through the same training 
programme. Analysis o f the exercises and possible reruns are performed 
immediately after the training session in the simulator control room.
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In general, instructors and operators are satisfied with the facilities, operation 
and availability of the training simulator.

The defects in simulators, e.g. differences between the simulator and the 
real plant control room, errors in simulation models, etc., strongly decrease the 
motivation of the trainees. Therefore, some improvements o f the LOKS 
simulation models and a number o f changes due to modifications at the real 
plant have been performed.

The reductions originally made in the scope of the control room simulation 
with respect to the reference plant have caused some differences in operating 
procedures and extra manual work for the instructors. Therefore, some of the 
components that had been eliminated have been reinstalled into the control 
room panels and the process models. In future, most of the discrepancies in 
the control room will be gradually removed. Also, communication equipment 
in the control room will be simulated more realistically.

The reactor operator has fewer activities during training than the turbine 
operator. Therefore, the amount of simulator training is not equal for these 
operators. To correct this, the degree o f primary circuit simulation will be 
extended, especially in auxiliary systems.

To extend the utilization area o f LOKS, some malfunctions, e.g. new 
instrument failures, have been added and some new process conditions modelled. 
Additional malfunctions will be provided in the future, e.g. simulation of fuel 
damages.

To improve the flexibility of simulator operation, some modifications have 
been done, e.g. to the instructor’s system and the simulator’s system software.

The continuous 5-day retraining period has been found to be too heavy from 
the trainees’ point o f view. Therefore, yearly retraining will be divided into 
four periods of 2 to 3 days, such that the total amount of retraining for every 
shift remains 10 days per year.

Experienced operators suggest more training in disturbance situations at 
the expense o f shutdown and startup training. Therefore, the share o f disturbance 
situations in retraining will be further increased in the future. In addition, 
training in some frequent malfunctions, such as leakages in primary and secondary 
circuits, will be carried out yearly. The level o f difficulty o f training situations 
will be increased by gradually activating more malfunctions.

In addition to careful analysis o f the simulator exercise, constructive 
criticism o f operator actions after the simulator run is found to be o f great 
importance. However, interruptions of the simulator runs should be avoided 
if possible.

Sometimes the proximity o f the power plant has caused delays to the 
pre-planned training programmes when operators are suddenly needed at the 
plant. However, in the updating and further development o f the simulator and

4 .2 . E xperience and im provem ents
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simulator training a close working relationship between plant and simulator 
personnel is a more important factor.

5. RESEARCH AND DEVELOPMENT ACTIVITIES

5.1. General

LOKS is one o f the few full-scope training simulators in the world which 
has been extensively used for R&D work. The R&D tasks have been carried out 
in co-operation with VTT and IVO. The research possibilities at LOKS have 
also attracted international attention and have led to concrete research projects 
with several foreign research organizations.

Some o f the most active R&D sectors are simulation technology, human 
engineering, process and instrumentation design, and development of power 
plant operating instructions.

Because o f an international lack o f experience, a considerable amount of 
effort has been spent on developing methods o f using the simulator for 
experimental research. One o f the most essential conclusions is that in many 
cases it is possible to combine successfully normal operator training and 
experimental work.

5.2. Simulation technology

Simulation technology represents a significant and natural R&D object 
for a training simulator. An example o f this is the fast-running simulator code 
which has been installed for small break analysis o f a PWR (SMABRE) to study 
small break transients and two-phase conditions from the operators’ point 
of view [2].

5.3. Human engineering research

Examples o f human engineering studies are:

(a) Typical operating errors and their reasons
(b) Organization of tasks in the control room
(c) The decision-making process of the operators under different plant 

conditions
(d) Use o f various information sources in the control room
(e) Methods o f simulator training.
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Some experiments in these fields have already been performed at LOKS 
using experienced operators and this work will continue in the future. Preliminary 
results have been published in several reports, for example Ref. [3].

Even though human engineering studies belong typically to basic research, 
the work performed so far has also produced some practical results, e.g. in the 
area o f training and in the general understanding o f operator actions.

5.4. Process and instrumentation design

A co-operation project between IVO and VTT concerning the realization 
principles o f  alarm handling systems and alarm suppression during abnormal 
situations in nuclear power plant control rooms has been carried out. In addition 
to the positive results related to these main objectives, valuable observations 
were made of control room operations in general and of the simulator and its 
use for training.

One o f the on-going activities at LOKS is the validation experiment o f the 
critical function monitoring system (CFMS), carried out in co-operation with 
the Combustion Engineering Inc., the OECD Halden Reactor Project, IVO and VTT.

LOKS has already been used successfully as a testing tool for modifications 
in plant systems, e.g. in the plant main controller and the alarm system. This 
experience shows that the simulator is well suited to developing and testing 
modifications in the plant logics and controls and in the software o f the plant 
process computer.

5.5. Operating instructions

LOKS has been used for development and checking of plant instructions, 
especially emergency procedures. So far, the work has been of a technical 
nature, i.e. testing the correctness and exactness o f the instructions. The 
simulator is also well suited to developing new formats for the instruction manuals.

6. SUMMARY

From the utility’s point of view the most important thing is that the 
Loviisa simulator has fulfilled the training objectives for which it was originally 
purchased. One indication of this is the positive change in the attitudes o f the 
plant operators. The originally rather sceptical attitudes towards the simulator 
have changed to positive ones, after the simulator system and its capabilities 
were realized and it was noticed that the simulator really behaves like the 
actual plant.
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The training simulator has a large potential for research and development. 
It is especially useful in the fields of ergonomics and human engineering. 
Proposed changes to the plant can be tested with the simulator before their 
implementation at the real plant. The value o f such testing has proved to be 
very great.

In addition to simulator maintenance and updating, research and develop
ment activities also benefit greatly from the efficient program development 
system and the advanced simulation methods employed in the Loviisa 
training simulator.
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Abstract

CANDU MAN/MACHINE INTERFACE AND SIMULATOR TRAINING.
The m ost significant features o f the  m an/m achine interface for CANDU (CANada 

Deuterium  U ranium ) reactor stations are the  extensive use o f com puter-driven, colour-graphic 
displays and th e  small num ber o f m anual controls. The m an/m achine interface to  CANDU 
stations is designed to  present the  operato r w ith  concise, easily com prehended inform ation. 
For exam ple: (1) Alarm conditioning is used to  suppress the  m ajority  o f  the  consequential 
alarms w hich result from  a prim ary, im portan t event such as a pow er loss; (2) In the  event 
o f a m ajor disturbance, alarm reports are sorted in  order o f p rio rity , giving the operato r the 
m ost im portan t first; (3) Colour-graphic displays th a t show key-related process variables 
on the  same screen serve to  enhance understanding o f the  process; (4) Panel-m ounted 
indicator-lam ps are used only to  highlight abnorm al o r alarm conditions; the ‘dark panel’ 
approach to  hum an factors engineering. F u tu re  developm ents in the use o f com puters in 
safety shutdow n s y s t e m s ,  and the use o f  data-highway technologies in plant-regulating systems 
will present special requirem ents and new opportunities in the  application o f hum an factors 
engineering to  the  contro l room . The resulting contro l room  evolution is discussed. Good 
m an/m achine in teraction  depends on operato r training as m uch as on control-room  design.
In Canada, com puterized training sim ulators, w hich indicate p lant response to  operator 
action , are being in troduced for operator training. Such sim ulators support training in 
norm al operation  o f all p lant system s and also in the  ‘fault m anagem ent’ tasks following 
m alfunctions.

1. INTRODUCTION

Reliable operation of nuclear power plants is achieved 
through a combination of sound principles for design, 
construction, maintenance and operation. CANDU (CANada Deuterium 
Uranium) nuclear power plants have been world leaders in the 
reliable production of electricity [1]. This leadership can be 
credited in part to carefully trained operators working in plants
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that incorporate a high degree of automation in combination with 
well-integrated interfaces between the operators and the plant. 
The design of controls and man/machine interfaces is related to 
the task of designing training simulators and operator training 
programs. They are both related to effective plant operation.

This paper reviews the CANDU control rooms, the role of 
computers, and their effects on man/machine interfaces from the 
early CANDU plants to the most recent ones. It shows how the 
training of operators and the simulators used for operator 
training have developed during this evolution. Continuing 
developments in man/machine interface and training-simulator 
designs are discussed. The simulator experience comes from 
Ontario Hydro, the utility with the most CANDU experience to 
date.

2. EVOLUTION OF CANDU DESIGNS

CANDU power station designs have evolved over the past 
quarter century from small prototypes to large, multi-unit 
stations. In order to illustrate the concurrent changes in 
man/machine interface designs and operator training, the following 
stations are referred to in this paper:

Station MW(e) In-Service Date
Douglas Point 206 1968
Pickering A 2060 1971
Bruce A 2960 1977
600 MW(e) standard design 600 1982
Darlington 3524 1988 (Forecast)

The man/machine interface is reviewed from several 
perspectives:

1) The physical arrangement of panels, desks, controls, 
displays, and alarms to facilitate operator actions.

2) The evolving role of the digital computers in the 
man/machine interface.

3) The continuing increases in intelligence in alarm and 
processing annunciation.

4) The change from conventional meters and recorders to 
computer-driven displays and computer recording of data.
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2.1 Physical arrangements

All CANDU control rooms feature a sit-down operator's desk 
facing stand-up panels (Fig. 1). This allows the operator to 
monitor the panels from his desk, but requires him to stand at the 
panels to carry out control actions. To aid monitoring, stations 
since Pickering A have had some display capabilities and operator 
action at the operator's desk. This trend is continuing with 
Darlington which has much more control and monitoring capability at 
a larger sit-down area in front of stand-up panels.

The stand-up panels have a sloping front section with manual 
controls, a vertical section with monitoring devices, and an 
inclined upper section for alarm windows. Beginning with the 
Pickering A station, there has been a strict systems approach to 
the layout of these panels. At each panel section, the controls, 
displays, and alarms are all dedicated to the same plant system.

Standardized devices are used on the panels within each 
station. Colour-coded labels describe the types of functions. 
Handswitches are used for control functions and indicating lights 
for status indication. Beginning with Bruce A, many indicating 
lamps have been replaced by Electro-Magnetic Indicators (EMIs). 
These are small, three-position indicators that can be directly 
incorporated into mimic diagrams on the panels. There has been an 
expanded use of mimics and of coloured lines to help group 
functions on the panels (Fig. 2).

The 600 MW(e) stations have extended these ideas to a "dark 
panel" approach. Lights are on only for discrepancies. EMIs 
provide normal indication. Handswitch handles are illuminated 
whenever the state of the controlled device is in disagreement with 
the selected state. These techniques have allowed further 
expansion of panel graphics and mimics.

2.2 Computers and the operator interface

All CANDU stations, beginning with Douglas Point, have had 
digital computers incorporated into the control systems.
Pickering A and later stations have direct digital control (with no 
analog or manual backup) for all major control loops. These 
include in present designs: reactor control, overall plant
control, boiler level and pressure control, heat transport system 
pressure and inventory control, turbine runup and on-power 
refuelling. Operator interaction with these control functions is 
through keyboards and displays.

This extensive use of control computers has made it easy to 
provide computer-based information to the operators. In
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FIG.2. 600 MW fe) control panels.

Pickering A, the computer's role in providing operator information 
was limited to actuating conventional meters and presenting alarm 
messages to supplement the hard-wired annunciation. In Bruce A, 
the computer's role in the operator interface was expanded to drive 
a large number of Cathode Ray Tube (CRT) displays and provide an 
intelligent annunciation system.

The role of computers in Darlington will be further expanded, 
especially in safety system applications.
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Douglas Point has a conventional window annunciation system 
consisting of more than 600 windows. It uses colour-coded windows 
and a limited recording capability, along with an audible alarm 
that differentiates between a new alarm, an acknowledged alarm and 
a return-to-normal situation.

Pickering A improved on this system by using the plant
computers to give alphanumeric CRT messages with each alarm and a
printed record of alarms and messages. The number of alarm windows
was reduced because of the abilities of the plant computers to
present alarm messages.

At Bruce A the alarm windows are supplemented by two, alarm- 
message, CRT displays and high speed, electrostatic printers. All 
alarms are categorized as major or minor. However, under certain 
upset conditions, only the major alarm messages are displayed on 
the CRT; both the major and minor ones are available on high speed 
printers. The computer also removes certain messages when they 
give redundant information. For example, a low-flow message would 
be removed if there was a message that the associated pump had 
tripped.

These principles have gained wide acceptance among operating 
staff at Bruce A, and have been incorporated, with improvements, 
into the next generation of stations. The 600 MW(e) stations have 
a reduced number of alarm windows. The windows give information on 
system problems, but the detailed information is on two, 
side-by-side, colour, CRT displays. The alarm windows are 
hard-wired and therefore provide required information even if both 
computers (and thus the plant) are unavailable. The alarm windows 
and the CRT messages are colour-coded to identify systems and alarm 
priorities.

The three alarm priorities are safety, major, and minor. New 
alarm messages are identified by a blinking symbol (its colour 
identifying the priority) and by an audible alarm. As at Bruce A, 
during major upsets, the minor alarms are suppressed from the CRTs 
but not from the printers. A change in alarm status triggers a 
change in the identifying symbol and the audible alarm. Thus 
cycling alarms will not cause the CRT to fill up with unwanted 
messages•

Additional features include conditioning to suppress 
unnecessary alarms, computer-generated alarm summaries on the 
printer, and a software facility that allows nuisance alarms to be 
temporarily removed.

2.3 Intelligent alarm annunciation
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In Douglas Point, the plant computer played no role in the 
normal presentation and recording of plant data. In Pickering A, 
the computer system had an essential control function, some role in 
alarm annunciation, but a very limited role in information display 
and recording. The control panels in Pickering A are dominated by 
large numbers of meters amd recorders, although a number of these 
are driven directly by the plant computers.

The development of reliable and inexpensive raster scan CRT 
displays and better printers allowed Bruce A to become the first 
CANDU station to replace large numbers of conventional meters and 
recorders by computer-driven devices. Eight control panels and the 
operator's desk each have a keyboard and monochromatic, CRT monitor 
as the main operator interface at that specific panel. Each 
communication station can access a wide variety of displays - from 
its own system and the others. Display formats include graphical 
trends, barcharts, alphanumeric information, and special purpose 
pictorial displays. Electrostatic printers provide copies of any 
display on demand in addition to output of regular logs.

This system is used for information necessary to normal 
operation, but has not been employed for special safety systems 
which may be required when the computer system is unavailable. It 
has led to a 40% reduction in the numbers of meters and recorders. 
It has had such unanimous operator acceptance that separate 
computer-based monitoring systems are now being retrofitted to the 
plant safety systems. The operators had found that the 
conventional, safety-system displays led to more operating problems 
and errors than the computer-driven displays in the rest of the 
plant.

The 600 MW(e) stations are based on the Bruce A design, but 
use full colour instead of monochromatic displays. They use more 
communication stations (11) and more pictorial displays. Colour 
has allowed the consolidation of some displays, and a further 
reduction in conventional indication. The reduction in 
conventional instrumentation at both Bruce A and the 600s has left 
more room for mimic-style, panel layouts, and has also allowed 
certain controls to be brought to the main panel instead of being 
placed in remote locations.

The Darlington station will further extend the use of 
computer-driven, colour CRTs and computer data-logging to the 
special safety systems. The separate, safety-system computers will 
also be used in semi-automated system testing. The safety-system 
displays will be mainly of a bar-chart type that will allow good 
display density and clarity.

2.4 Displays and data recording
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3. THE EVOLUTION OF OPERATOR TRAINING BY SIMULATORS

Effective man machine interaction depends on suitable operator 
training as well as on sound interface design. An important 
development in operator training in Canadian nuclear plants is 
the introduction of training simulators. These are full-scale, 
computer-based simulators that present an operational replica of 
the generating unit main control panel (including the switchyard 
and electrical services panels). All the indications and the 
responses to operator actions are faithful reproductions of those 
in the real control room.

Instructor facilities are provided, through which an 
instructor can perform functions appropriate to the training 
situation. He can choose the initial conditions for any desired 
situation, and then 'run' the simulation. He can 'freeze' it at 
any point to allow inspection and explanation time during an 
exercise, and then let it run again from the frozen position.
Large numbers of individual faults can be entered, ranging from 
very minor ones to the most severe. Where an appropriate trainee 
action is to request corrective action in the field, the instructor 
can act as the simulated maintenance crew or field operator and 
enter the correction. These instructor functions can be performed 
either in the simulator control room or at an instructor's console, 
separated from the control room by one-way glass. Communication 
with the computer system is through dedicated-function pushbuttons 
and interactive 'menu-selection' CRT displays.

One such simulator, in service now (at the Pickering Nuclear 
Training Centre), is a replica of one of the four Pickering 
Generating Station units (540 MW(e)). It was built after the 
station had been in operation for several years. The success of 
the simulator approach to training within Ontario Hydro has been so 
great that all their CANDU stations will have a dedicated 
simulator. The next simulators (now in the design and acquisition 
phases) will be available earlier in the lives of their stations. 
The newest station (Darlington) is scheduled to have a working 
simulator before the first unit (of four) is in service.

3.1 The contribution of simulator training

Simulator training is part of a lengthy process of operator 
selection and development [2]. A typical candidate for unit first- 
operator training has secondary school education (to university 
entrance level, usually emphasizing sciences and mathematics), and 
has employment training in various areas of technology, scientific 
fundamentals, technical skills, safety, and management skills. He 
has on-the-job training and experience in specific plant systems, 
field work, and radiation protection and safety, and has worked as
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an assistant operator and field (or second) operator. He has 
demonstrated the personal qualities and abilities, the motivation, 
and the capability for responsibility, essential to the 
first-operator job. This typically requires a period of six years 
from secondary school graduation.

The first-operator training extends over another two years and 
during this period, simulator training is integrated into a program 
of further training in scientific fundamentals, equipment 
principles and operation, control systems and procedures. There 
are also on-shift rotations at several stages in the two years.

The main thrust of the simulator training comes in three 
courses, each of three weeks duration, as shown in Table I. During 
each day of these courses, time is divided between the simulator 
control room and a classroom, so that lessons can be illustrated 
and techniques exercised. The first three-week course concentrates 
on the steady-state condition at full power, with routine 
operations and manoeuvres around this state. It provides a 
hands-on introduction to the normal, day-to-day, unit operation.
The second course is concerned with major manoeuvres, such as 
start-up and shutdown of individual systems, and of the whole unit. 
It includes such situations as the approach to critical, and the 
recovery from reactor trip. The third course focusses on response 
to malfunctions, from minor ones up to events such as loss of 
coolant, loss of power supplies, steam leaks, etc. Responses to 
these malfunctions are practised under various plant conditions.
The final course culminates in a one-week session of 'simulator 
field check-outs' where trainees are evaluated in normal and 
abnormal scenarios requiring successful operation and understanding 
of the entire, over-all, unit action. Examples are: start-up (to 
full load) following a poison shutdown, turbine trip and recovery, 
and full load rejection and re-establishment of unit operation.

Once a first-operator is fully authorized, he continues to 
attend simulator refresher courses, divided into three one-week 
sessions per year. During these refresher sessions, start-ups, 
shutdowns, and major malfunction scenarios are practised.

3.2 Benefits of simulator training

In all the simulator-based training, and throughout the 
training program, emphasis is placed on two important elements: 
developing experience through practice, and being able to relate a 
knowledge of fundamental principles to the behaviour of plant 
systems in both normal and abnormal conditions. These two elements 
provide the operator with the tools he needs to respond
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TABLE I. SIMPLIFIED OUTLINE OF FIRST OPERATOR TRAINING 
(WITH SIMULATOR COURSES HIGH LIGHTED)

MONTH
1 SIMULATOR INTRODUCTION -  1 WEEK
2 -  INTERVIEWS AND SCREENING

—  ON SHIFT
3 —  COURSES
4 —  SEMINARS

—  SELF-STUDY
5 —  ASSIGNMENTS

NUCLEAR GENERAL EXAM
6 —  COURSES

—  SEMINARS
7 —  SELF-STUDY
8 —  ASSIGNMENTS

9 CONVENTIONAL GENERAL EXAM 
10

—  ON SHIFT —  FIELD CHECKOUTS
11 —  COURSES

12 RADIATION PROTECTION EXAMS
13

—  ON SHIFT —  FIELD CHECKOUTS
14 —  PANEL WATCHER QUALIFICATION

15 FIRST SIMULATOR COURSE -  3 WEEKS

—  ON SHIFT -  FIELD CHECKOUTS
16 —  SEMINARS AND SELF-STUDY

CONVENTIONAL SPECIFIC EXAM

17 SECOND SIMULATOR COURSE —  3 WEEKS

18 —  ON SHIFT —  FIELD CHECKOUTS
—  SEMINARS

19 —  SELF-STUDY

20 NUCLEAR SPECIFIC EXAM

THIRD SIMULATOR COURSE —  2 WEEKS

21 —  ON SHIFT -  FIELD CHECKOUTS

22
23

24
25 —  INTERVIEWS

—  APPLICATION FOR AUTHORIZATION
26 AUTHORIZED UNIT FIRST OPERATOR

THIRD SIMULATOR COURSE -  1 WEEK CHECKOUT 

—  CO PILOT

appropriately when faced with situations not specifically covered 
by written procedures. To appreciate when procedures do or do not 
apply, and to understand the connection between the fundamental 
principles and the behaviour of the systems he observes, are among 
the most important attributes of a good operator.
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There are additional benefits that have accrued from the 
availability of the training simulator, such as identifying the 
need for, and allowing the development of, improved operating 
procedures.

4. FURTHER DEVELOPMENTS

The Darlington station now under construction will extend the 
principles already proven in operating CANDU stations. There will 
be further improvements in computer displays and annunciation. 
Operator communication will include the use of light pens along 
with dedicated keyboards. The extension of computer use to safety 
systems in this plant will allow better testing procedures and will 
free the operators from the more tedious aspects of regular testing
[3]. Greater use of remote logic and multiplexing along with a 
data highway concept will be another feature of newer designs.

The CANDU operator interface already includes a limited number 
of displays which use computer intelligence to predict the course 
of ongoing transients. Studies are in progress to allow extensions 
so the computer intelligence can be of greater assistance to 
operators in diagnosing malfunctions and assisting the operator in 
responding correctly. This system, Abnormal Incident Decision 
Support (AIDS) System, is expected to be implemented first in a 
training simulator before incorporation in an operating station. 
This shows another link between the operator interface and 
simulator training.

One technological development in the training simulators now 
being designed and built is particularly interesting in the context 
of the man/machine interface. It is the development of 'stylized 
instrument displays' for the instructor, which will portray, on a 
CRT screen, simplified pictorial views of any desired part of the 
control panel. These displays will be continually updated to show 
meter readings, status indications, handswitch positions, etc. just 
as they are on the control panel, and the instructor at his console 
will thereby be able to observe the state of all panel devices, 
despite being too far away to see them directly.

5. SUMMARY AND CONCLUSIONS

The CANDU experience with the operator interface and with the 
design and use of operator training simulators points to a number 
of important principles:

1) Computer-driven displays are in general more versatile and 
easier to arrange to suit operator requirements. They 
should simplify the operator's task by replacing 
conventional instruments, not just supplementing them.
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2) Rationalized, computer-assisted, alarm-annunciation 
systems including prioritization, grouping and suppression 
of less important alarms, help to quickly point operators 
to the causes of trouble.

3) Much of the station record-keeping is better done with 
computer monitoring rather than conventional chart 
recorders. Again, the computer records should replace 
conventional records, not merely supplement them.

4) The overall design of the man/machine interface should be 
treated as an integrated task to assure rational layout of 
panels and consistent rules for colours, switch positions, 
lights, display formats, etc. from one panel to another.
It should also assure convenient operation without 
excessive movement among panels.

5) Operator training-simulators allow a reduction in the 
amount of in-plant training required by operators. This 
benefit is greater if the simulator is full-scope and is 
a faithful reproduction of the plant for which the 
operators will be authorized.

6) There should be a mechanism to allow feedback from 
operator experience in the plants and on training 
simulators to modify designs of the man/machine interface 
when appropriate. Computer-based designs should include 
enough flexibility to allow well-controlled changes.

7) CANDU reactor capacity factors have exceeded those of all 
other reactor types, in part, because of their 
well-planned and automated interfaces and thoroughly 
trained operators.
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Abstract

APPLICATION OF PROCESS COMPUTERS AND COLOUR CRT DISPLAYS IN THE 
PLANT CONTROL ROOM OF A BWR.

The recent application of a CRT display system  in an 1100-MW(e) BWR plant control 
room  and the design features o f a new contro l room  whose installation is planned for the next 
generation are discussed. As reactor un it capacity and the need for p lant safety and reliability 
continue to  increase, instrum entation  and contro l equipm ent is growing in num ber and com
plexity. In consequence, contro l and supervision o f p lant operations require im provem ent.
Thus, because o f recent progress in the  field o f process com puters and display equipm ent (colour 
CRTs), efficient im provem ents o f the  contro l room  are under way in the  Japanese BWR plant.
In the  recently constructed  BWR plant (1100 MW(e)), five CRTs on the  bench board and two 
process com puters were additionally installed in the contro l room  during the construction 
stage to  improve p lant contro l and supervisory functions by im plem enting the lessons learned 
from  the Three Mile Island incident. The m ajor functions o f the new com puters and display 
systems are to  show integrated graphic displays o f the  p lant status, to  m onitor the standby 
condition o f the safety system , to  show the condition of the  integrated alarm system , etc. In 
practice, in the  actual plant, this newly installed system perform s well. On the basis o f the 
experience gained in these activities, a new com puterized contro l and m onitoring system  is now 
being designed for subsequent dom estic BWR plants. This advanced system  will incorporate  no t 
only the functions already m entioned, bu t also a surveillance guide system  and p lant autom ation. 
For fu ture  plants, a diagnostic system  and an instructional system  th a t can analyse a disturbance 
and give operational guidance to  the  p lant operator are being developed in a government- 
sponsored program m e.
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A nuclear power plant is an extremely large system, and safety and reliability 
considerations must be given special emphasis in operation and control. The central 
control room is interfaced with the operators of the plant and is the place where 
the overall operation is centralized, so special considerations including allowance 
for the human factor are necessary to ensure operational safety o f the plant.

For this purpose, great effort has been made to improve the central control 
room by incorporating step-by-step changes to the operator interface using newly 
available technology. Because o f advancing electronics technology, the process 
computer is smaller, more reliable and less expensive than formerly and is therefore 
used more widely in control rooms as an aid to the operator. Moreover, the TMI 
incident in the United States o f America also helped to motivate the improvement 
process.

This paper reports on the experience gained in improving the man/machine 
interface using process computers and CRTs in the central control room of 
the BWR plant in Japan.

1. IN TRO DU CTIO N

2. HISTORY OF CENTRAL CONTROL ROOM IMPROVEMENT

The first nuclear power plant in Japan was imported and then the BWR 
plant was constructed in almost the same form as that of the standard US plant 
(Tsuruga — Unit 1, and Fukushima Daiichi — Units 1 and 2).

Since then, equipment has been produced domestically with the imported 
technology as a base; some modifications based on the safety and reliability re
quirements peculiar to Japan have been added. In this period one colour CRT 
was introduced in the central control room by focusing attention on extensive 
use of the process computer (Hamaoka — Unit 1, Fukushima Daiichi — Units 3 and
5). On the CRT, power distribution o f the reactor core, indication of the control 
rod position, exposure distribution of the fuel, etc. which had previously been in 
print form were graphically displayed, as were certain information messages.

Consequently, the computer, which was once only a tool for the engineering 
staff, has now become the interface with the plant operator.

Since it was verified that the computer and the CRT were effective as a m an/ 
machine interface, further extensive use has been made o f them.

This experience was reflected in the original design o f the 1100-MW(e) BWR 
of the Fukushima Daini — Unit 1 Nuclear Power Plant owned by TEPCO (herein
after named 2F-1). In 2F-1, installation of five CRTs in the control room was 
first planned, and graphic display o f the operating status of major systems was 
added; a two CPU computer system was adopted to improve reliability.



IAEA-CN-42/297 331

After completing the designed system for the plant at the factory, the lessons 
learned from the TMI incident were reported, and it was decided to add the 
computer system. As a result, two more computers and one more CRT were in
stalled in the control room. Finally, the display monitoring system (DMS) was 
completed; the six CRTs in the control room had the following functions:

(1) Graphic display o f the operating status of major systems
(2) Standby state monitor o f the safety related system
(3) Integrated alarm displays on CRT
(4) Automatic CRT display of plant disturbance.

This system was completed in 1981; verification tests including operational 
training were performed during the startup test, and the usefulness o f the system 
was confirmed. It is now used for commercial operation.

In 2F-1, extensive computer application was planned apart from use in the 
central control room (radiological protection system, radioactive waste disposal 
control system, refuelling machine control, control rod drive handling machine 
control, etc.).

Then, Plant Operation by Displayed Information and Automation (PODIA), 
in which research and development were continued in order to proceed to further 
CRT use, was introduced, to perform as the new control panel in the Fukushima 
Daini Nuclear Power Plant — Unit 3 and the Kashiwazaki Kariwa Nuclear Power 
Plant — Unit 1 owned by TEPCO.

Section 3 describes the contents o f  the DMS for 2F-1.

3. THE DMS OF 2F-1

This system is the first in which the computer and the colour CRT were 
used to improve the man/machine interface o f the Japanese BWR plant. The 
system is already being used in commercial operation and operational experience 
is being accumulated.

Figure 1 shows the central control room o f 2F-1.

3.1. Configuration of the DMS

The DMS consists mainly of two sets o f  computer systems and six colour 
CRTs in the control room.

To obtain enough hardware capability, a computer system equipped with 
two CPUs was added to the existing process computer system, with communication 
links between the two.
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FIG.l. Central control room o f  2F-1.

In all, two CPUs of a conventional process computer and two CPUs of an 
additional computer form a four CPU multi-computer system; each CPU shares 
its roles and load.

The most powerful 32-bit main frame, a high speed (5 ms) and large capacity 
bulk memory device (12 Mbyte magnetic drum), a high speed (250 ms) and high 
resolution 4200-character colour graphic CRT display with high speed hard copy 
(18 s) and a high speed process input system (100 //s/point) were used.

The configuration o f the system is shown in Fig. 2 and the layout o f the CRT 
and controls is shown in Fig. 3.

3.1.1. T h irty-tw o-b it process com puter TOSBAC series 7¡70

This 32-bit multi-process computer system with sufficient capacity in its 
semi-conductor main memory (1 Mbyte) can bring about a complete change in 
the man/machine interface.
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FIG.2. The display monitoring system (DMS) configuration.

3.1.2. High speed colour CR T display

A colour CRT display which has 4200 characters per page can produce good 
graphic display format. The newly designed cathode ray tube reduces surface 
glare and improves screen brightness.

Hard copy for the CRT display, without freezing the display data, can provide 
a most powerful data recording tool to replace the conventional printers.
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FIG.3. Layout o f  CRT and controls.

3.1.3. Process inpu t  system

A high speed process input system was used to attain a very fast process 
input scanning rate of 100 /us/point. High speed process input hardware was used 
to reduce CPU loading.

3.2. Functions of the DMS

The purpose o f the DMS is to offer intelligible and integrated information 
(required for supervising and controlling plant operation) to the operator using 
the computer and the CRT. This system is used effectively not only in normal 
operation but also under abnormal plant conditions. The functions are outlined 
in the following sub-sections.

3.2.1. Graphic d isplay o f  the operating status o f  m ajor system s

Primary process parameters involving analog, digital and pseudo data of the 
major systems are graphically displayed with full plant piping and instrumentation 
diagrams on the colour CRT.

Process values are updated at such a fast rate (0.5 s) that the operator can 
control the plant using the data on the CRT display.
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FIG.4. Examples o f  graphic displays o f  the operating status: (a) PLR; (b) ECCS.



336 ITOH et al.

Many process parameters are displayed as time plot trend curves which can 
indicate the plant state trends in normal or abnormal plant conditions.

Sample display formats are shown in Fig. 4.

3.2.2. S tandby sta te  m onitor

Safety related systems such as the emergency core cooling system (ECCS) and 
feedwater and condensate water control systems are monitored to determine 
their standby state. To assist the operator in monitoring these systems, newly 
developed logic algorithms, which can identify non-standby state equipment, 
e.g. pumps, valves and power supply, are used and the results are displayed on 
the CRT.

3.2.3. In tegrated alarm display on the CR T

Investigations o f the lessons learned from the TMI incident have led to im
provement o f the alarm system in the control room. The DMS provides a multi
level alarm system and the result is displayed on the CRT.
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The first indication of a plant event appears on the CRT automatically, and 
primary equipment trip status is displayed as an annunciator display. A predictive 
alarm system is also provided to detect abnormal conditions at an early stage. 
Alarm messages are categorized into levels according to their importance.

One example o f a display format is shown in Fig. 5.

3.2.4. A u tom atic  C R T  display on p lan t disturbances

When major plant disturbances such as scram, turbine trip, generator trip and 
isolation valve closure occur, the pictures displayed on the CRT are automatically 
changed to suitable formats.

3.3. Major design features o f the DMS

3.3.1. N um ber o f  display form ats

Approximately 50 display formats are provided, each o f which is normally 
assigned according to the system and use to the five CRTs located on the bench 
board; the format can be selected freely by the select switch provided for each 
CRT. If any disturbance occurs in the plant, suitable formats for the case are 
selected automatically, as mentioned in sub-section 3.2.4.

3.3.2. Human fa c to r  engineering

Consideration has been given to human factor engineering in order to present 
to the operators in an understandable and correct manner the information on the 
CRT display.

Information is displayed as graphically as possible and process values are pre
sented clearly in the form o f bar charts.

Symbol and character size have been chosen for easy comprehension o f graphic 
displays and messages. To facilitate the understanding of information and to lessen 
eye fatigue during long periods o f CRT monitoring, subdued colours have been 
used, with green as the keynote.

Using the powerful computer system high speed has been realized so that no 
objectionable phenomenon is caused in the operation; that is, information on the 
screen is renewed automatically every 0.5 s, and the response time required for 
display format selection by the select switch is within 1 s. The trend curve display 
is also renewed every 0.5 s.

Reflection on the CRT surface is lessened by using the non-glare cathode 
ray tube and by setting the control room lighting to make the display on the CRT 
easy to see.
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3.4. Evaluations from operational experience

The evaluations obtained from operational experience so far are as follows:

(1) The DMS, the plant operation and monitoring system using the computer 
and CRT, is effective for supervising plant operation. It is desirable to further 
extend use o f the computer and CRT display. For example, introduction of 
the surveillance guide system, etc. is considered effective.

(2) The symbol and character size, colour coding, etc. used in the DMS are more 
or less adequate.

(3) The present display speed of the CRT is quite suitable.
(4) Additional information is required, e.g. individual sensor information in a 

water level display, information on the off-gas system, the cooling water 
surge tank level, the residual heat removal cooling mode, etc.

Furthermore, the authors are considering improving and extending the system 
as operational experience is accumulated.

4. NEW CENTRAL SUPERVISORY AND CONTROL SYSTEM (PODIA)

The new central supervisory and control system being manufactured applies 
to the 1100-MW(e) BWR plant now being constructed. Further man/machine 
improvement has been achieved by combining the experience of the DMS and the

FIG. 6. Overall view o f  the central control room o f  PODIA.
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OBJECTIVE METHOD

IM P R O V E M E N T  OF O PER ATO R  A C T IO N

S P A C IA L  SCOPE OF O PER ATO R  ACCESS 

TO A V O ID  M IS JU D G E M E N T 

TO  A V O ID  O PER ATO R  ERRO R

IM P R O V E M E N T  OF S A F E T Y

TO A V O ID  O PER ATO R  ERRO R 

TO  A V O ID  M IS JU D G E M E N T

IM P R O V E M E N T  OF O P E R A T IO N  M A N A G E M E N T  

TO  IN S T A L L  CR T ON S U PE R VISO R Y DESK 

TO  R ECO RD MORE

S E P A R A T IO N  OF C O N T R O L CO NSOLE 

M A IN  BENCH BO AR D  

ECCS BENCH BO AR D  

BOP BENCH B O A R D  

G R AD E-U P OF CR T A N D  CO M PUTER SYSTEM  

D IS P L A Y  FOR N O R M A L  

D IS P L A Y  FOR EM ER G ENC Y 

EASY ID E N T IF IC A T IO N  OF CO NTRO LS 

CO LO UR L A Y  O U T  A N D  SHAPE 

EASY R E C O G N IT IO N  OF A L A R M S  

CO LO UR A N D  L A Y  O U T 
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FIG .7. Improvement o f  PODIA.

FIG.8. PODIA computer system configuration.
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lessons learned from TMI, etc. with PODIA, which has been researched and 
developed by Toshiba, as the basis for proceeding to further use of the computer 
and the CRT display. Figure 6 shows the overall view of the central control room 
PODIA.

4.1. Outline of the system

This system features the bench board designed on the basis o f human factor 
engineering, a multi-computer system comprising seven CPUs, a display system 
with thirteen colour CRTs, and automation o f plant operation by the computer 
system. Considerable improvements have been made, as shown in Fig. 7; the 
system configuration is shown in Fig. 8.

4.2. Computer system function

The multi-computer system continuously monitors and displays information 
on the plant and also controls the plant in startup, shutdown and normal power 
change periods.

The major functions o f the computer system are as follows:

(1) Plant operating status monitor through the computer-based colour CRT 
graphic display

(2) A surveillance test guide through the CRT display
(3) Computerized plant automation and an operational guide through CRT and 

voice information
(4) Reactor core performance prediction and data display
(5) Conventional functions such as nuclear steam supply system calculation, 

balance of plant calculation, rod worth minimizer, scram log and alarm, etc.

4.3. Plant operating status monitor

Thirteen computer-based colour CRTs (seven on the main control board, 
two on the ECCS bench board, two on the unit supervisor’s console and two in 
the result centre (for technical personnel)), are used as the major man/machine 
interface device. The basic functions o f the plant operating status monitor are the 
same as those o f the DMS.

4.4. Surveillance guide

Surveillance test procedures during plant operation and plant outage are 
displayed on the CRT in order to avoid mis-operation in surveillance routine 
operations.

The test results are recorded automatically.
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Computerized plant automation, from plant startup to shutdown, reduces 
the operator’s burden to a certain degree and therefore the operator can monitor 
the plant more carefully.

The scope of plant automation is as follows:

(1) Turbine startup and shutdown
(2) Generator synchronization
(3) Reactor power control automation using recirculation flow control.

During plant startup and shutdown some operator actions are required and 
some operational guide functions are adapted. Some guidance will appear on the 
CRT display and also in the voice output device when operator action is required. 
When an event occurs, the necessary operator action will be displayed in checklist 
form.

5. CONCLUSIONS

Some typical applications of the process computer and colour CRT were 
introduced in the recently constructed Japanese BWR plant. In the case o f the 
DMS applied to the 1100-MW(e) BWR now in commercial operation, it has been 
shown that the computer and colour CRT are an effective means o f improving 
man/machine communication in plant operation. It can be said that the DMS 
shows the value of further use o f  the computer and CRT.

With the results obtained from operational experience of the DMS and PODIA, 
a new control panel in which further man/machine improvement has been achieved 
is being manufactured for the 1100-MW(e) BWR plant now under construction.

For future plants, a plant diagnostic system and an instruction system that 
can analyse a disturbance and give operational guidance to the plant operator are 
required to improve even further the man/machine interface and to attain high 
plant availability and safe operation.

These systems are now under development in a government-sponsored pro
gramme and we believe the results will be reflected in an actual plant in the 
near future.

4 .5 . Plant au tom ation  and operational guide
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Abstract

MODERN METHODS OF TECHNICAL DIAGNOSIS FOR NUCLEAR POWER PLANTS.
Technical diagnosis has becom e a valuable too l for enhancing the technical safety of 

industrial plants. A pplication at nuclear power stations has the  main aim of achieving higher 
p lant availability ; in addition, a fu rther increase in safety is expected. The m ethods and 
problem s of technical diagnosis are outlined. D istinctions are made betw een surveillance of 
technical safety during norm al p lant operation  by means of special extended instrum entation  
and advanced signal analysis, and betw een com ponent tests during p lant standstill by means 
of well know n conventional m ethods and new m ethods, e.g. acoustic emission techniques.
The m ethods are shown to  com plem ent each other. Experience in developing the m ethods 
and their application in PWRs is discussed. The special item s of this research are stress analysis 
of materials, application o f acoustic emission techniques, use o f noise diagnostics, and use of 
in-core neu tron  detectors.

1. INTRODUCTION

The safety and economy o f a nuclear power plant are enhanced by careful 
design, a comprehensive quality assurance programme during construction and 
production, arid after startup proper operation and an appropriate technical 
diagnosis.
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TEC HNICAL DIAGNOSIS
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FIG .l. Principal methods o f  technical diagnosis.

This paper deals with the methods used to identify the technical condition 
of the plant in order to determine deviations from a normal state as early as 
possible so that prophylactic measures can be taken in time to prevent failures 
developing. The importance of technical diagnosis increases with the age o f the 
plant. As a country that purchases main components we consider research in 
this field to be our main contribution towards improving the safety and economy 
of a nuclear power plant.

There are two principal methods of technical diagnosis (Fig. 1):

(a) Identification o f the technical condition during plant standstill by different 
inspection techniques

(b) Surveillance of the technical condition during normal plant operation by 
observing the appropriate output signals.

At present technical diagnosis is based mainly on inspection methods which, 
in a more or less direct manner, allow identification of the material’s condition and 
proper functioning of the components. These methods range from the simple, 
e.g. visual examination, to the sophisticated, e.g. ultrasonic techniques. Important 
components, especially those that are moving, e.g. the drive mechanisms of control 
elements, also undergo maintenance procedures. The methods have reached a high
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level o f technology and allow reliable identification of plant conditions. However, 
two principal drawbacks should be mentioned:

(1) Exclusive application of the inspection methods only identifies the technical 
condition at relatively long intervals, i.e. o f the order of 1 year. During this 
time failures can develop with a non-negligible probability.

(2) Comprehensive application o f the inspection methods gives a well founded 
diagnosis but it is very time consuming.

These drawbacks can partly be reduced, but not entirely avoided, by 
developing faster, more advanced inspection methods. A better way of alleviating 
these drawbacks is by using the second method of technical diagnosis, i.e. sur
veillance during normal plant operation. This has become more and more 
important during the last decade because o f the drawbacks o f conventional 
inspection and because of the remarkable development o f signal analysis. Today 
surveillance methods range from well known direct ones, e.g. supervision of the radi
ation level outside the primary loop that indicates leakages, to new indirect methods, 
e.g. use of noise analysis that identifies unwanted processes in the system [1, 2].

In spite of the remarkable results that have been achieved recently, 
especially with indirect surveillance techniques, it is essential that attention be 
drawn to the principal limits of such methods. They ensure the operator that the 
plant is in a proper technical condition but do not provide information on the 
state of the materials, e.g. radiation hardening of steel. However, in the event 
o f deviation from normal conditions an exact diagnosis is only possible in a few 
extraordinary cases; in general, diagnosis will be of a probabilistic character and 
will need substantiation by means of additional investigations. Therefore, 
surveillance techniques will never fully displace inspection methods but they are 
suited to filling the gap between inspection intervals and reducing inspection 
demands to the lowest practicable level by pre-selecting the problems (condition- 
based inspection and maintenance). In this manner both main branches of  
technical diagnosis complement each other and will achieve the best results if  they 
are applied co-ordinately.

2. TECHNICAL DIAGNOSIS METHODS DURING PLANT STANDSTILL

During a planned plant standstill it is mainly the material state o f the most 
stressed components of the system that is inspected and maintenance procedures 
are carried out for the moving components (pumps, drive mechanism of control 
elements, etc.). In the German Democratic Republic (GDR) nuclear power plants 
(equipped with PWRs of the type WWER) are inspected according to regulations. 
Special attention is paid to the constructional components of the pressure vessel
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and the piping system. The main defects are flaws, particularly in the internal 
surface and in the welding seams of components. To detect these flaws 
simultaneous application of surface testing (visual inspection with and without 
optical instruments, magnetic particle tests, electromagnetic testing, dye 
penetrant testing, eddy current method) and volumetric testing (ultrasonics, 
gamma radiography) is necessary. Visual inspection inside the piping system is 
performed by a moving television camera. A testing container has been developed 
for in-service inspection o f the pressure vessel. This is an alternative solution to 
underwater testing of PWRs regarding defect detection, radiation exposure, use of 
personnel and repair possibilities. The testing container is a system that contains 
test instruments and personnel. It is inserted into the pressure vessel after 
decontamination and acts as a biological shield. Exchangeable testing devices 
and also, if necessary, repair equipment is installed in the container walls. An 
hydraulic system enables motion of the container with an approach accuracy of 
± 1 to 2 mm. Outside the core the pressure vessel bottom, all reactor nozzles and 
the flange are directly accessible from the testing container. Welding seams 
inside and outside the core are tested by ultrasonic methods [3].

Another method used to inspect the material state is the acoustic emission 
technique. In theory, this method can be used for surveillance during normal oper
ation but up to now the difficulties have not been overcome. The main problem 
is suppression of the disturbing noise from the operating plant. However, because 
of the great advantage of this method, especially for detection of flaw propagation 
under cyclic loading (even for big system components), attempts are being made 
to use it at least during plant standstill using the necessary technological operations 
for startup of the plant, e.g. the pressure test. For this purpose special measuring 
devices have been developed [4].

For interpretation of the findings it is necessary to know the load conditions 
at the appropriate points in order to find the correct adjustment o f the signals 
to the events. This is the aim o f stress analysis. Furthermore, by using this method 
it is possible to optimize the number of measuring points and their arrangement. 
The premise for use o f the stress analysis is the existence of appropriate calculation 
models [5].

3. TECHNICAL DIAGNOSIS METHODS DURING NORMAL PLANT
OPERATION

These methods make use of the information in a number of output signals 
of the plant to identify its technical condition. For measurement and evaluation, 
there is a distinction between the so-called short-time average signals as they are 
used in the conventional instrumentation and the use o f noise signals (fluctuating 
parts of the signals). In both cases a realistic physical model is needed to describe
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the dependence of the characteristic parameters of the signals on the processes 
in the plant which are to be determined by the diagnostic measurements.

In Fig. 1 some typical applications of short-time average signals are listed.
An important example is the continuous supervision o f power distribution and hot 
spots in the reactor core. In this field wide experience has been gained at the 
Greifswald nuclear power plant. The installed in-core system of one reactor 
consists of 216 thermocouples and 12 measuring lances for the neutron flux, 
each o f which contains 5 self-powered Rh-detectors. Analysis of these signals 
and surveillance are performed by means of a process computer. This system, 
developed and produced in the GDR, has worked successfully for 6 years. The 
Rh-detectors have demonstrated their high reliability, with a failure rate of less 
than 5% [6]. To measure prompt processes, Pt- and Co-detectors are to be 
developed and tested. To control the neutron spectrum in an axial direction as 
well as to calibrate the self-powered neutron detectors, a multi-component 
wire activation detector has been developed. It is also intended that this detector 
be used to measure the radiation exposure of the reactor pressure vessel.

In addition to out-core instrumentation, the in-core system is also used for 
determination and control o f the dynamic parameters such as the power 
coefficient of reactivity and the differential efficiency of control elements. These 
measurements are carried out during normal operation of the reactor by means 
of small changes of the control element position without disturbing the power 
regime [7].

Noise diagnosis is a new method that is not yet in general use. It is based on 
the fact that the fluctuating part o f the output signals of a system contains 
valuable information on unwanted processes endangering the technical safety. 
Figure 1 illustrates this method. The breaking of a component’s fastening is 
generally preceded by a mechanical vibration process, the unwanted process 
inducing the development o f the failure. If the mechanical vibration process can 
be measured and the dependence of the break on the vibration load is known, 
the actual remaining operational time can be estimated. Determination of the 
characteristic parameters of vibration is possible by means of noise measurement. 
When a vibrating pipe is located outside the reactor vessel direct measurement 
by means of acceleration detectors is possible. However, when a component is 
inside the reactor vessel indirect methods must be applied, e.g. reflection of 
mechanical vibrations in the neutron field. Already many examples are known 
of successful identification of the mechanical vibration processes of internal 
components (core barrel, lower support plate, control elements [8], fuel pins, etc.) 
by means of in-core and out-core detector signals, especially neutron detector 
signals. A similar situation exists for the other processes mentioned in Fig. 1.
This means that the problem of determining unwanted processes is more or less 
solved. It is, however, more complicated to forecast failure on the basis of the 
known parameters of the processes. Improvement o f the models that show the 
dependence of a failure on certain processes is necessary.
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Practical use o f noise diagnosis can be made in two ways. On the one hand 
use is based on the assumption that a great number o f deviations from normal 
technical conditions are reflected in the noise signals. In this sense the sum total 
of these signals will represent the condition of the plant. By means of the 
methods of pattern recognition it is possible to decide, with a certain degree of 
reliability, whether the system behaviour is ‘normal’ or ‘anomalous’. On this 
basis surveillance o f the whole plant, regardless of the single process, is possible 
(screening). In general, such a method gives only imprecise information, i.e. it 
detects only greater disturbances of the technical conditions. Therefore, it is 
necessary to combine this method with the second (monitoring) which determines 
with higher sensitivity certain well known dangerous processes by special analysis 
procedures. For some processes, e.g. the sudden appearance of loose parts, a 
continuously operating automatic device (monitor) for surveillance is the most 
efficient solution. For other processes, e.g. mechanical vibration, continuous 
supervision is not absolutely necessary ; measurements at greater intervals are 
sufficient to obtain information on the present state o f the special process and 
to determine the integral load induced by this process up to this time. The latter 
parameter is used for decisions concerning later inspections and maintenance.

At the Greifswald nuclear power plant noise analysis systems have been in 
operation since 1975 [9]. Each reactor is equipped with such a system, including 
out-core and in-core detectors for nuclear signals and pressure and acceleration 
detectors distributed throughout the reactor and the primary circuit. The signals 
from two reactors are sampled in a measuring room, where they are analysed 
and supervised by means of process computers and special monitors. Hardware 
monitors are being tested for the surveillance of loose parts, control element 
vibrations and operational behaviour of the main circulating pumps and turbines. 
Other processes, e.g. movements of the pressure vessel, are to be supervised only 
at longer intervals by means of a special software routine in the process computer.

A great deal of practical experience has been gathered on noise analysis 
systems. The two main results are:

(1) The system has to work as automatically as possible and has to inform 
operational staff o f deviations from the normal condition

(2) In only a few cases is spectral analysis sufficient for surveillance by means 
of noise signals; in most cases special characterizing functions have to be 
found to characterize more directly the expected anomalous situation.

Thus, for surveillance of control element vibrations great success has been 
achieved using amplitude distribution as the characterizing function. The results of 
surveillance and inspection during plant standstill were 80% in agreement, the 
remaining 20% being on the safe side.

Noise analysis systems are only supplementary techniques, which means 
they are operated by noise specialists and are not included in the general
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A utom atic start of special programs

FIG.2. Principal structure o f  an advanced noise analysis sytem.

instrumentation and control systems of the reactor unit. At present investigations 
are being focused on developing these systems into large automatically operating 
devices with direct communication with the operator, using combined screening 
and monitoring [10].

The principal structure of such an advanced noise analysis system is shown 
in Fig. 2. Pre-amplified noise signals, together with short-time averaged values 
(only for DC signals), are collected at a signal distributor from where on the one 
hand all signals are accessible to the process computer for general screening as well 
as special investigations including discontinuous monitoring and on the other hand 
selected signals are connected to several hardware monitors for continuous 
surveillance o f special processes. For these processes, which are supervised only 
discontinuously, special software routines are loaded into the process computer 
which automatically selects the necessary signals and their amplification and 
filtering, compares the results with earlier data and gives a diagnosis of the 
present state and trend of the process. A prototype advanced system of this kind 
will go into operation in 1984.

To develop methods of identifying local coolant boiling in a PWR, testing 
physical and thermophysical models and improving the necessary input data for 
computer programs experimental fuel assemblies were developed and introduced 
into the Rheinsberg nuclear power plant. These are of the WWER-440 type and
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are equipped with detectors for measuring the temperature, pressure and neutron 
flux inside the assembly. To force coolant boiling a throttle is installed inside 
the assembly which reduces the coolant flow through the fuel element bundle.
This research has been done by several institutions in Council for Mutual Economic 
Assistance countries. Investigations with a first assembly have been completed and 
a second assembly has been installed. Many results and considerable experience 
have been obtained during normal plant operation without disturbing the power 
production [11].

4. CONCLUSIONS

Control o f the reactor pressure vessel and the first circuit during plant stand
still is a necessary safety precaution to ensure safe and reliable operation of a PWR. 
Despite the high costs and considerable inspection time, material control at the 
main facilities of a PWR will remain an important measure to ensure nuclear 
safety and optimal operations. Use o f technical diagnosis with suitable measuring 
and analysis procedures is a profitable and necessary supplement to the 
conventional surveillance methods o f operating a nuclear power plant and 
contributes towards improving safety and increasing plant availability.
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Abstract-Аннотация

PROVIDING OPERATOR-DOSIMETRISTS AT SOVIET NUCLEAR POWER STATIONS 
WITH INFORM ATION.

The problem  of protecting m an’s environm ent from  the harm ful effects o f wastes from 
unenclosed industrial processes is becom ing m ore pressing and more im portant with every year. 
In view of the rapid grow th of nuclear power, the task o f providing those in  charge o f personnel 
and environm ental p ro tection  at nuclear power stations w ith inform ation  has becom e an 
im portan t aspect o f nuclear instrum entation  construction. In the Soviet Union a m odular 
system  of nuclear instrum entation  has been designed fo r this purpose and the technology for 
series p roduction  has been developed; in the  late 1970s its in troduction  at a num ber o f nuclear 
power stations began. In form ation is gathered in the  main safety m onitoring room  and helps 
the operator-dosim etrist to  anticipate possible variations in radiation conditions, to ensure their 
re tu rn  to  norm al in good tim e and to  prevent contam ination  of the environm ent by radioactive 
materials. The centralized system  is supplem ented by individual m onitoring devices (therm o
lum inescence and ionization dosim eters) and means o f m onitoring the degree of surface 
contam ination  (on  clothing, transport devices, hands, body).

ИНФОРМАЦИОННОЕ ОБЕСП ЕЧЕН И Е ОПЕРАТОРА-ДОЗИМ ЕТРИСТА НА СОВЕТСКИХ АЭС.

П роблем а охраны  среды , окруж аю щ ей человека, от  вредного воздействия отходов не
зам кн уты х  пром ы ш ленн ы х технологических процессов становится с к аж д ы м  годом  все актуаль

нее и важнее. В у слови ях  бы строго роста атом ной  энергетики важ ной задачей ядерного  приборо

строения явл яется  инф орм ационное обеспечение операторов служ бы  охраны  труда и экологи 
ческой безопасности АЭС. В С оветском  Союзе создана и освоена в серийном п роизводстве 

агрегатированная система технических средств ядерного  приборостроения д л я  реш ения этой 
задачи и с кон ца сем идесяты х годов  началось внедрение ее в эксплуатацию  на ряде АЭС. 

И нф орм ация собирается в  помещ ении оперативного к о н тр о ля  безопасности и п ом огает опера- 

тору-дозим етристу прогнозировать возм ож ны е изм енения радиационной обстановки , своевре
менно норм али зовать ее, устранять загрязнение внеш ней среды  радиоактивны м и вещ ествам и. 

Д ополняю т централизованную  систем у средства индивидуального ко н тр о ля  (термолю минес
центные и ионизационны е дози м етры ) и к о н тр о ля  загрязненности поверхностей (одеж ды, 
транспорта, р у к , т е л а ) .
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СРЕДСТВА РАДИАЦИОННОГО КОНТРОЛЯ

Наиболее эффективным подходом при рассмотрении аспектов радиационной 
безопасности крупных атомных объектов является концепция ’’защитных барьеров” . 
Источниками радионуклидов на АЭС являются продукты деления и активации.
При герметичности оболочек твэлов, оборудования первого контура, парогенера
торов, оборудования второго контура и т.д. радионуклиды локализованы в прост
ранстве и не предстваляют опасности. В случае протечек радионуклиды могут распро
страниться по технологическим средам и в конечном счете попасть в окружающую 
среду. Барьерами на пути распространения радионуклидов являются технологичес
кое оборудование: оболочки твэлов, первый контур, парогенератор, второй контур, 
вспомогательное оборудование, помещения АЭС, специально организованный режим 
прохода персонала и проезда транспорта.

Утечку радионуклидов можно в большинстве случаев своевременно предотвра
тить без остановки работы АЭС, если на ранней стадии предоставить дежурному 
оператору-дозиметристу информацию о появлении разгерметизации оборудования, 
радиоактивных загрязнениях персонала и транспорта, увеличении радиоактивных 
сбросов и выбросов. Для получения этой информации разработаны технические 
средства [1], контролирующие состав воды первого контура по содержанию 132 J ,
87Кг, 88Кг, по общему гамма-излучению, по запаздывающим нейтронам; пар второго 
контура, продувочную воду парогенератора и воду промежуточного контура — по 
уровню гамма-излучения, сдувки из эжекторов — по уровню бета-излучения, тех
нологические газы до и после очистки -  по уровню бета-излучения инертных 
газов и по содержанию 131J; поле гамма-излучения в помещениях в нормальных 
условиях и в условиях малой и большой аварий, воздух в помещениях — по уровню 
бета-излучения' инертных газов и аэрозолей, поверхность тела и рук — по уровню бета- 
излучения, личную одежду в проходных и транспорт — по уровню гамма-излучения, воздух в 
вентсистемах и на выбросе в венттрубу — по содержанию бета-газов, аэрозолей и по 
131J , воду на сбросе — по уровню гамма- излучения, поле гамма-излучения на террито
рии АЭС, индивидуальные дозы облучения и содержание радионуклидов в организме.

СТАНЦИИ СБОРА ДАННЫХ

Информация для дежурного оператора-дозиметриста поступает в помещение 
оперативного контроля безопасности энергоблока (или двух смежных энергоблоков) 
от распределенных станций сбора данных радиационного контроля. На этих станциях 
сигналы от 10 блоков детектирования излучений преобразуются в цифровые кодо
вые сообщения и последовательно передаются в центр по общей линии связи.

Станции сбора данных являются основным звеном распределенной структуры 
(рис. 1). Станции могут работать в автономном режиме, обеспечивая местную сигнали
зацию превышения уровней излучений. Базовый модуль станции производит обра
ботку поступающей от блоков детектирования информации и ее преобразование
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Рис. 1. С труктура систем ы инф орм ационного обеспечения:

1 -  аппаратура рабочего места опера тора-дозиметриста ; 2 -  линия связи  магистрального 

канала передачи данны х; 3 -  м агистральный усилитель; 4 -  ш ины приема и передачи 

инф орм ационного сообщ ения; 5 -  базовы й м одуль; 6 -  ш ины приема и передачи сигналов 

инф орм ации и управления; 7 -  станции сбора данны х; 8 -  система отбора проб  воздуха  на 

газо-аэрозольны й к он троль ; 9 — местные зв у к о в ы е  и световы е сигнализаторы ; 10 -  устройства 

детекти рован ия ионизирую щ их излучений, в том  числе содержащ ие м еханизм ы  перемещ ения 

ф ильтрую щ ей ленты и кон трольного  источника излучения ; 11 -  связь  с АСУ ТП энергоблока.

в цифровой код, вырабатывает низковольтный и высоковольтный токи для питания 
внешних устройств, принимает управляющее сообщение из центра и вырабатывает 
на его основе сигналы включения местных устройств, формирует ответное сообще
ние для передачи в центр по магистральной линии связи.

МАГИСТРАЛЬНАЯ ЛИНИЯ СВЯЗИ

На первых энергоблоках советских АЭС использовались аналоговые системы 
радиационного контроля. В этих системах информация от каждого блока детекти
рования передавалась в помещение оперативного контроля безопасности по отдельной
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физической линии связи — отдельному проводу в многожильном кабеле или по отдель
ному кабелю. Также по отдельным линиям передавались сигналы дистанционного 
управления отбором проб, контрольным источником излучения и др.

В семидесятых годах проводились работы по созданию уплотненных линий 
связи в системах радиационного контроля АЭС и по разработке информационных 
каналов передачи данных [2]. Параметры канала выбраны из условий обеспечения 
высокой живучести, непрерывности и оперативности [3]. В целях обеспечения 
сопрягаемости блоков при их разработке и изготовлении выпущен Государственный 
стандарт [4].

Технические параметры линии связи выбраны исходя из условий их экономич
ности и помехозащищенности. Используется недорогой телефонный кабель (ТПВ, 
ТПП) с попарной скруткой жил. Количество станций сбора информации (до 10 стан
ций) , подключаемых к  одной магистральной линии, определено из условия передачи 
всех информационных сообщений в одном цикле сканирования длительностью не 
более 1 с. Тактовые, адресные и стартовые импульсы цикла передаются по отдель
ным шинам. По информационной шине передаются сообщения, каждое из которых 
содержит команды управления — 7 бит, ’’квитанции” об их исполнении — 7 бит, 
информацию о превышении установленных порогов и об исправности блока детекти
рования — 4 бита, число в форме 888 X [± 19] (в квадратных скобках — степень 
числа 10) — 18 бит, указание о единицах измерения контролируемой физической 
величины — плотности потока ионизирующего излучения, мощности экспозиционной 
дозы, объемной активности, направления и скорости ветра, температуры и влажности 
воздуха — 4 бит и т .п ., всего — до 64 бит. Расстояние по кабелю между магистраль
ными усилителями — до 1 км.

РАБОЧЕЕ МЕСТО ОПЕРАТОРА-ДОЗИМЕТРИСТА

Станции сбора данных радиационного состояния помещений и оборудования 
одного энергоблока охвачены пятью магистральными петлями сбора информации 
(всего до 500 блоков детектирования). Петли замыкаются в контрольном поме
щении безопасности энергоблока. Аппаратура рабочего места оператора-дозиметриста 
(РМОД) обеспечивает сканирование всех 500 контрольных точек с циклом 1 с, 
отображение результатов контроля и измерения — на дисплеях, на сигнальных табло, 
самописцах и цифропечатающем устройстве.

На пульте управления системой расположена специальная клавиатура, позволя
ющая оператору задать команды управления устройствами, входящими в состав 
станции сбора данных. На пульте отображаются "квитанции” об исполнении команд 
управления. РМОД включает также средства дуплексной связи с ЭВМ автоматизи
рованной системы управления технологическим процессом (АСУ ТП) энергоблока.
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ОЦЕНКА ОПЫТА

Опыт создания и эксплуатации системы технических средств позволяет оценить 
принятые решения и наметить новые задачи.

Применение распределенной структуры с дистанционными станциями сбора 
данных упрощает процедуру и сокращает время пусконаладочных работ, обеспечивая 
возможность поэтапного ввода системы в эксплуатацию. На первом этапе отлажи
ваются и запускаются в работу станции сбора данных в реакторном помещении, 
затем в помещениях основного оборудования и на периферии здания.

Запуск каждой станции обеспечивает местный контроль и сигнализацию персо
налу о безопасных условиях работы в данном помещении. На следующих этапах 
производится отладка магистральной линии связи, объединяющей станции сбора дан
ных, и отладка оборудования РМОД в помещении оперативного контроля безопас
ности.

Применение последовательной передачи цифровых данных по магистральной 
линии связи решило важную задачу экономии кабельных трасс и упростило монтаж 
сети сбора данных радиационного контроля. В центральное оперативное помещение 
контроля безопасности вводится небольшое количество кабелей. Магистральные 
усилители обеспечивают устойчивую работу линии передачи данных в условиях 
промышленных помех. В зависимости от проекта конкретной АЭС экономия в 
кабелях и стоимости их прокладки достигает существенной величины. По оценкам 
фирмы ’’Дженерал Атомик” в аналогичных работах [5], [6] экономия в кабелях 
достигает нескольких сотен тысяч долларов на каждой АЭС.

Набор штатных средств РМОД, работающих как по жесткой программе, 
реализованной аппаратным путем, так и по программе АСУ ТП, обеспечивает вы
сокую надежность и необходимое дублирование отображения и записи информации.

ПЕРСПЕКТИВЫ РАЗВИТИЯ

Практическая реализация распределенных систем контроля энергоблоков и 
опыт их эксплуатации позволяют поставить задачу создания системы информацион
ного обеспечения операторов службы экологической безопасности многоблочной 
АЭС, объединяющей системы контроля отдельных энергоблоков и включающей 
станции сбора метеорологических и радиационных данных на прилегающей территории 
(рис. 2).

Центральное помещение оперативного контроля безопасности АЭС может быть 
смежным с одним из оперативных помещений контроля безопасности отдельного 
энергоблока, однако, с учетом обеспечения живучести в аварийных ситуациях, 
целесообразно его расположение в отдельном здании.
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В результате вычислительной обработки информации, поступающей в централь
ное оперативное помещение контроля безопасности, система должна обеспечить:

— распечатку стандартных протоколов по формам отчетов службы безопасности 
АЭС для районных и центральных санитарных органов за период от недели до года ;

— наглядное отображение результатов прогнозирования величин приземной 
концентрации радионуклидов в различные моменты времени после контролируемого 
выброса, рассчитанных с учетом метеорологических данных [7] ;

— наглядное отображение радиационной обстановки на прилегающей к АЭС 
территории в реальном масштабе времени.

Технические средства единой системы должны содержать магистральные линии 
передачи цифровых данных на расстояние до 20 км, станции сбора данных внешней 
среды, включающих метеорологические данные и данные по мощности дозы гамма- 
излучения, по концентрации 131J и долгоживущих радиоактивных аэрозолей.

Система должна быть автономной, обладать высокой живучестью, сохранять 
работоспособность и обеспечивать необходимый и достаточный контроль при возник
новении аварийной ситуации на отдельном энергоблоке.

ЗАКЛЮЧЕНИЕ

Получен положительный опыт эксплуатации системы информационного обес
печения оператора-дозиметриста АЭС. Общая концепция создания технических средств 
радиационного контроля и рабочего места оператора-дозиметриста заключается в 
комплексном охвате всех задач, применении распределенной структуры, стандарти
зации канала связи. Сформулированы требования к единой системе информацион
ного обеспечения операторов центральной службы экологической безопасности 
атомной электростанции, состоящей из многих энергоблоков.

Авторы выражают благодарность группе товарищей, принявших активное 
участие в разработке общей концепции и в постановке новых задач: Баранову В. А., 
Денисову Н.И., Еперину А.П., Козлову Е.П., Машевичу В.А., Мурашову Е.П., 
Пушкину В.В., Соколову А.Д., Тарасову А.И., Твердову А.Ф., Шербине В.Г.
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Abstract

QUALIFICATION OF CONTROL ROOM OPERATORS FO R  NUCLEAR POWER PLANTS: 
A REVIEW OF PRACTICES.

The increasing com plexity o f nuclear power plants has increased the  dem ands on 
operators and several countries have m ade a break w ith  their traditional practice and made 
professional engineers available o n  operating shifts. Engineers are incorporated in differing 
organizational arrangem ents w hich require differing com petence o f all the  m em bers o f the 
shift team . Analysis o f  the  elem ents of com petence shows that all the  organizational 
arrangem ents can be made to w ork satisfactorily, provided a tten tion  is given to ensuring 
certain requirem ents. Analysis also enables some general requirem ents for the shift operating 
team  to be defined. However, these requirem ents are ideal, since conditions in some 
countries prevent their atta inm ent in the  short term ; the  m ain difficulties stem from  the 
a ttitudes of professional engineers to shift w ork and career developm ent.

1. INTRODUCTION

In the 25 years since electricity generated from nuclear plants was first fed 
into electricity distribution networks, experience of some 2500 reactor-years 
of nuclear power plant operation has been accumulated, with a good record 
of safety and reliability. However, by the end of the 1970s several incidents had 
occurred in which inadequacies in the performance of operating personnel, 
particularly control room operators, were noted. The most important was the 
accident at Three Mile Island in March 1979 which was widely publicized and 
discussed and which stimulated a re-examination of qualification standards for 
operations personnel in many countries.

As a result several countries have made a significant change in their traditional 
utility practice by incorporating professional engineers into the operating shifts
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of nuclear power plants. In some arrangements the engineer fills the position of 
shift supervisor, and is responsible for directing the operation of the plant at all 
times; in others his role is that of advisor to the shift supervisor.

Three questions are raised here: Why an industry which has upheld a high 
standard of operating efficiency and safety for over 20 years suddenly had to review 
and in some countries modify the qualification standards of operating personnel? 
How effective are the measures, taken by some countries to make engineers 
permanently available on shift, likely to be in improving the performance of 
operations? What are the pointers for the future?

Information obtained during a study of the standards and practices adopted 
for the qualification of nuclear power plant operators is drawn upon; the study 
was made during the latter part of 1980, at the suggestion and with the support 
of the International Atomic Energy Agency. During the study, discussions were 
held with regulatory bodies and utilities in six countries having nuclear power 
programmes using pressurized water reactors: Brazil, the Federal Republic of 
Germany, France, Spain, Sweden and the United States of America.

2. QUALIFICATIONS FOR CONTROL ROOM OPERATORS

Construction of the first nuclear power plants in the United States and 
France was started in the mid-1950s. Utility practice was to form operators 
by training and plant experience from personnel with a general education or a 
craftman’s qualification, sometimes with previous sea-going experience of marine 
engineering. Later generations of nuclear power plants became larger and techni
cally more complex, placing greater demands on the operators. The heavier 
demands on operators were already evident when Sweden and Spain started 
construction of their first nuclear plants in the mid-1960s and Brazil in the 
early 1970s. Regulatory bodies and utilities in these countries adopted higher 
educational standards for control room operators than those of the United States 
and France. The Federal Republic of Germany started construction of its first 
nuclear power plants in the early 1960s and educational qualifications of 
operators there fill an intermediate position between the United States and France 
on the one hand and Sweden, Spain and Brazil on the other.

By the beginning of 1975, the unit capacity o f nuclear power plants in the 
United States and France had increased five-fold, from some 200 MW(e) to 
1000 MW(e). Changing the qualification requirements of an already large and 
established labour force, in recognition o f the more onerous operator responsibility 
in the larger plants, would have given the utilities very serious problems of 
personnel management. But there was no strong incentive to change; the operating 
experience of the nuclear plants had been excellent, with availability as good as 
or better than fossil-fuelled plants and a good safety record. The time spent by
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FIG .l. Shift supervisors: utility minimum education and training (1979).
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personnel in education, training and plant operations before filling shift supervisor 
positions is shown in Fig. 1. The figure represents the minimum educational 
levels accepted by particular utilities in serveral countries, and the minimum training 
and experience time, as they were in early 1979 before the Three Mile Island 
accident. Many utilities had shift supervisors with qualifications higher than the 
minimum; however, the majority had only the minimum qualifications. The actual 
time taken to reach a shift supervisor position depends on a position being available 
and many personnel received longer experience times than the minimum shown 
in the figure.

The figure shows that the duration of theoretical training is similar in all 
countries; the content is also alike. However, these training programmes are 
given to people who have spent very different lengths of time in full-time technical 
education and general education.

Of more importance than the time spent in education is the type of education. 
Professional engineer, technician and craftsman qualifications are designed to 
educate technical personnel for widely differing tasks and activities; the different 
objectives require a different breadth and depth of technical and scientific know
ledge in the courses, a difference in their emphasis on theory and practice, and in 
the skills and abilities which they develop. These differences are not modified 
by training programmes of the type described; it is not conceivable that the 
few months longer spent in training by a craftsman could give him the breadth and 
depth of technical understanding acquired by a professional engineer in his longer 
and differently oriented technical education.

3. MEASURES TO RAISE THE EDUCATIONAL LEVEL OF SHIFT
PERSONNEL

Analysis o f the Three Mile Island accident put in question the competence 
of operators to deal with unusual plant situations which they had not experienced 
before. Regulatory bodies in the Federal Republic of Germany (following an 
accident in the Brunsbüttel power plant 1978) and in the United States proposed 
that shift supervisors should have an engineering degree.

The change to a professional engineering qualification for shift supervisors 
was not welcomed by the utilities of either country, for two main reasons. In the 
first place, professional engineers in both these countries expect to achieve 
positions of management responsibility after several years o f work. Jobs seen as 
routine do not provide strong motivation and mature engineers do not readily 
accept shift work, as much for the social status it implies as for the inconvenience. 
Second, utilities with operating nuclear plants would have to find alternative 
employment for shift supervisors who could not acquire a professional engineering 
qualification, or perhaps discharge them.
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An alternative to raising the shift supervisor’s educational level, and a 
measure which can be implemented much more quickly, is to make a professional 
engineer permanently available to the shift team in an advisory capacity.

The United States Nuclear Regulatory Commission brings professional 
engineers on shift in the position of shift technical advisor, whose duties are to 
evaluate operating experience and to provide on-shift advice and assistance to 
the shift supervisor in the event of an accident.

The French utility Electricité de France considered providing safety engineers 
for shift duties on their four-unit stations. Safety engineers would be young 
engineers with experience of nuclear power plant operation, or skilled supervisors. 
During an incident, the safety engineer would diagnose the situation to help the 
shift supervisor choose the appropriate operations to bring the plant to a safe 
situation.

A rather different scheme used in Switzerland has aroused interest in several 
countries [ 1 ]. Specially trained and licensed engineers remain in the plant on 
picket duties on a rota system ; during an incident they take over control o f the 
plant from the shift supervisor. The scheme was introduced in 1972 as a means 
of keeping a qualified engineer in permanent attendance at the plant without 
requiring him to work permanently on shifts which, when operations became 
routine, was not acceptable to him.

4. COMPETENCE OF THE SHIFT

The schemes already described, which make engineers permanently 
available on shift, differ in the way in which the engineer fits into the shift 
organization and into the line of command for directing the operation o f the 
plant.

Situations in which taking operating decisions is most difficult are when 
plant behaviour is unfamiliar and not easy to understand. The individual 
responsible for directing operations under abnormal conditions should therefore 
possess or have available to him all the elements of competence at a high level.

It is sometimes said that an individual with the highest level of competence 
need not be a member o f the shift; it is sufficient to call him into the plant when 
conditions warrant it. However, in the Three Mile Island accident the behaviour 
of the plant was unusual from the beginning and incorrect interpretations were 
made in the first few minutes. When time-scalesas short as this are possible, it 
seems desirable that the highly competent operator is a member of the shift, or can 
arrive in the control room in a matter of minutes, as the picket engineer 
arrangement ensures.

Personnel whose responsibilites are limited to directing operations in normal 
conditions need not in principle have such high competence. In so far as normal
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operation is routine, they do not need an educational qualification at university 
level. However, they must have sufficient knowledge and experience to be able 
to judge correctly when the condition of the plant is beyond their competence 
to control.

In practice, the members of each shift remain together for a long time and 
work as a team rather than as individuals. Arrangements that put engineers on 
shift in an advisory position implicitly require team work, since the shift super
visor depends on the contribution of the advisor when making his decisions.

Several elements may be identified which contribute to the competence of 
nuclear power plant operators:

(a) Basic technical knowledge, acquired by education
(b) Specific knowledge of nuclear power plants, and practical operating skills, 

acquired by training and experience
(c) Ability to resolve unfamiliar situations
(d) Ability to work as a team.

5. ELEMENTS OF SHIFT COMPETENCE

5.1. Education

The Three Mile Island accident underlines the need to make judgements of 
the behaviour of a complex nuclear power plant in situations that are not 
familiar or easily understood. The practice in the countries surveyed is now to 
have a person on shift with an educational qualification higher than that o f a 
technician.

The educational qualification of a university qualified engineer was chosen 
because it was an existing qualification giving basic technology and science at the 
breadth and depth of a university education, which was considered necessary. 
However, it is by no means a unique qualification. Some educational institutions 
may emphasize basic engineering science, others application o f engineering 
principles, some may develop analytical ability within the discipline, others the 
skill of synthesizing information from several disciplines. This suggests that it 
might be desirable to develop courses which meet the particular needs of nuclear 
power plant operation, as has been done in Sweden. If the qualification did not 
have the career expectations of the more general professional engineering qualifi
cation, the difficulties of retaining engineers on shift work, which have been 
experienced in the Federal Republic of Germany, Switzerland and the United 
States, might be avoided.
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5.2. Training

The similarity between the training programmes of different utilities suggests 
that there is a consensus of opinion on the training necessary to develop competence, 
at least for routine operations. The changes made to training programmes since 
Three Mile Island, which have been publicized, are aimed at strengthening the 
knowledge needed for handling abnormal plant conditions of the type experienced 
at Three Mile Island. The additions do not increase the duration of training 
programmes significantly.

5.3. Experience

Two types of knowledge derived from experience need to be distinguished.
There is knowledge of plant behaviour which is built up over a period of time, 
and by a process of generalization this knowledge can be applied to a range of 
plants; it can be called ‘general operating experience’. Regulatory guides recognize 
the need for this knowledge by requiring that licensed operators have a minimum 
number o f years o f power plant experience, and recognize its general nature 
by accepting that part of the experience may be acquired in other power plants, 
including conventional thermal plants.

The second type of knowledge is detailed, up to date familiarity with the 
particular plant; it can be called ‘plant familiarity’. Regulatory guides require 
that at least part of the total experience is acquired in the particular plant.

‘General operating experience’ is likely to be retained after practical operational 
work has stopped. In contrast, ‘plant familiarity’ must be kept up to date; its 
value appears to diminish rapidly after day to day operational work ceases. This 
feature is recognized in regulatory guides, where continued practice o f operations in 
the particular plant is a necessary requirement for a licence to be renewed or maintained.

When engineers change their jobs for career advancement they must be re
placed, usually by an engineer with only minimum experience. Utility experience 
in the Federal Republic of Germany is that a good engineer would make a career 
move from a shift supervisor position after 5 to 8 years, whereas a master crafts
man, who might take 10 years to reach this level, would not progress further.
Thus, employing engineers as shift supervisors in those countries where engineers 
are mobile results in senior members of the shift having on average a smaller 
number o f accumulated years o f ‘general operating experience’ than would be 
the case if the shift supervisor was not mobile.

5.4. Resolving unfamiliar situations

Correct resolution of unfamiliar situations requires each of the elements 
of competence already discussed to be at a high level: basic technical knowledge
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(education), together with specific knowledge of the plant and its behaviour 
(training and experience). However, although these elements are necessary, they 
are not sufficient. They are not ends in themselves; they are required by the 
person controlling the plant to enable him to analyse a situation, exercise judge
ment and take correct decisions. This cannot be done without knowledge and 
experience, but possession of these does not guarantee that a correct process 
of judgement and decision will be achieved.

Advice was sought from psychologists who considered that the ability to 
produce a correct process o f judgement and decision in complex and unfamiliar 
situations, particularly in a short time, is a specific mental ability. It is not linked 
with intelligence, and in this respect it resembles mathematical ability, which can 
be lacking in individuals of high intelligence. If mathematical ability exists in an 
individual, it can be developed by education and training; if it does not exist, it 
cannot be created. The same applies to the ability to explain unfamiliar situations.

5.5. Team work

Each person working in a group towards a common objective has tasks and 
responsibilities allotted to him. Working together as a team implies that each 
person does more than his own allocated activities. A team member is aware of 
the activities of every member of the team and helps them within his own 
capabilities; he makes constructive contributions to the overall objective beyond 
the strict limits of his own tasks, while at the same time respecting the contri
butions of other team members and the authority of the team leader. All members 
of the group must have appropriate personal qualities, and the group must be 
trained together in team work.

Although education to a university level is being adopted for personnel 
who take decisions in unfamiliar situations, it was suggested earlier that a lower 
educational qualification could be adequate for strictly routine tasks and respon
sibilities. However, if the difference in educational levels of team members is too 
large, team work would be impaired. The members must have a sufficient common 
background o f basic science and technology so that they can communicate infor
mation and ideas; they must speak the same technical language.

When the shift supervisor is the person with a high level o f competence 
capable o f directing plant operations at all times there should be no complications 
of an organizational nature in the management of unfamiliar situations. However, 
when the engineer is in an advisory position particular attention must be paid to 
the roles of the engineer and the shift supervisor in the team.

Utilities recognize that ill-defined responsibility is bad operations practice.
All the schemes for making engineers available on shift define clearly who is 
responsible at any particular time, but there is a danger that an engineer in an 
advisory position, with a higher status and educational level than the shift super
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visor, may be given — and may take — responsibility for decisions which should 
remain with the shift supervisor. Great care should therefore be taken to preserve 
the roles o f the advisor and of the supervisor responsible for operations to prevent 
responsibilities becoming blurred, especially under the stress o f accident conditions 
when the pressure on the engineer to take charge may be increased. Practice in team 
work should help to preserve roles and improve communication.

At Three Mile Island  ̂and also at the earlier Brunsbüttel accident in the 
Federal Republic of Germany, plant management engineers were in the control 
room at a relatively early stage, but their presence did not lead to an immediate 
resolution o f the situation. In principle, the knowledge and information needed 
for a solution was present in the control room, the basic technical knowledge 
with the plant managers, and the general operating experience and plant familiarity 
with the shift team. The fact that a solution was not reached quickly might have 
been because communication was made difficult for two reasons: the elements 
of competence of the individuals may not have been sufficiently homogeneous 
and they may not have practised together as a team.

6. CONCLUSIONS

On the basis of the experience to date of nuclear power plant operations, it 
is possible to define some ideal requirements for the shift operating team:

(a) The shift supervisor should be competent to direct the operation o f the 
plant at all times

(b) The shift supervisor should have a technical educational qualification at the 
level of a university degree

(c) The technical qualification of the control room operators should be chosen 
to facilitate meaningful technical communication with the shift supervisor

(d) All members o f the shift team should have personal qualities appropriate 
for team work

(e) The training given to all members o f the shift team should be similar in content 
to that currently given, with emphasis placed on team work and develop
ment o f the special mental ability to resolve unfamiliar plant situations

(f) The experience of all members of the shift team should give them a good 
store of general operating experience and preserve their plant familiarity.

These requirements are ideal because several factors, which neither the 
utilities nor the regulatory bodies can change in the short term, may prevent 
their attainment. The outstanding difficulty stems from the qualifications that 
are available from a country’s national educational system, from the career 
expectations associated with the qualification and from the social attitudes to 
shift work.
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Nuclear power plants are normally operated on base load, and successful 
operation implies that steady-state plant conditions are maintained over very 
long periods of time. The dilemma facing utilities is that personnel with a high 
level of competence are necessary to prevent abnormal conditions, when they 
occur, from developing and disturbing steady-state operation; success results 
in operation being a routine activity which may not maintain the interest of 
highly competent personnel. Nevertheless, the cost o f unscheduled departures 
from steady operation, both in lost generation and in the more extreme case 
of plant damage, can be very high. There is a strong incentive for utilities to 
resolve difficulties which may prevent them from developing and maintaining 
highly competent operating personnel, and for them to define responsibilities, 
duties and rewards which will make nuclear power plant operation a satisfying 
activity for their personnel.
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HUMAN FACTORS IN THE SAFE OPERATION OF NUCLEAR POWER REACTORS. 
SURVEY OF RESEARCH CARRIED OUT THROUGH THE COMMISSION OF THE 
EUROPEAN COMMUNITIES -

A survey is made of the  study and developm ent o f approaches to  m odel operators in 
routine  operation and accident sequences. Particular a tten tion  is given to  the  application of 
sim ulators. Sim ulators as tools to  improve safety in nuclear pow er p lant operation can be used 
in tw o ways: for training and requalification of operators, and for assistance during rou tine  and 
abnorm al events. Whereas the second application is still in its infancy, training sim ulators o f 
various degrees o f com plexity  and fidelity are widely used. They range from  reduced scope to  
replica models, o r can take the  form  o f  m odular mini-simulators for studying single parts o f 
the plant. The best reliance on a sim ulator o f any kind will be ensured when the  definitions 
o f a m ethod for m easuring relevant quantities under well-defined conditions (norm al and ab
norm al) will have been established and agreed upon. Results are also given o f a study on hum an 
factors in relation to  risk m anagem ent in different electricity  p roduction  processes. This study  
derives inform ation  from  the experience o f the staff o f power stations and analyses m anagem ent 
responsibilities and the functions o f operating personnel; b o th  aspects have been pu t in 
perspective.
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The Commission of the European Communities has shown increasing interest 
in problems related to human factors. These problems indeed play a relevant role 
in the overall safety provisions of nuclear power plants.

The activity o f the Commission has been two-fold:

(1 ) Organization of international groups of specialists to discuss and compare 
the different approaches followed in different countries.

(2) Inclusion of the subject in the Risk and Reliability Project o f the Nuclear 
Safety Programme o f the Joint Research Centre (JRC), Ispra, and, at the 
same time, sponsorship o f some specific research studies to be pursued 
elsewhere.

As an example o f the first group of activities, three workshops have been 
held at the JRC on Assistance to Operators in Emergency Situations. Such 
gatherings were attended by representatives of licensing authorities, research 
establishments, reactor manufacturers and electrical utilities. Participants from 
several European countries attended and Japan and the United States of America 
were represented at the last of the three workshops. The results o f this successful 
initiative are discussed in detail elsewhere [ 1 ].

Some of the activities of the second group, undertaken almost at the same 
time as the workshops, are described in Section 2. They refer to the problem of 
modelling the man/machine interface (particularly in controlling dynamic incident 
development), to the evaluation of the influence o f simulators on the improvement 
of nuclear power plant operators’ performance, and to the general assessment of 
human factors in relation to risk management.

1. IN TRO DU CTIO N

2. RISK AND RELIABILITY PROJECT OF THE NUCLEAR SAFETY
PROGRAMME OF JRC

In this project a wide-ranging information system on failures and incidents 
in European nuclear power reactors (European Reliability Data System — ERDS) 
is being set up. In addition, basic reliability models are being developed for risk 
analysis.

The possibility to exploit real data on human errors emanating from various 
sources and the need to develop adequate tools for risk analysis have characterized 
the approach. First, operational records of incidents were analysed with the aim 
of defining those items which uniquely identify the various modes of interaction 
of the ‘operator’ with the system. Some of these items were then implemented 
in the models. These reliability models refer mostly to the effect o f human
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operations on the system and are not models o f human behaviour as such. However, 
they may also be of help to the analyst interested in the cognitive process of 
human performance.

Analysis o f real occurrences led to a wide-ranging human malfunction 
taxonomy [2]. It is, however, of little use in reliability models encompassing some 
aspects of human performances that are more appropriate to human behavioural 
models (causes of human error and its mechanisms, internal human malfunction, 
etc.). Such classification, besides being the basis of model development, provides 
the more general function of organizing the information in well-defined categories, 
thus allowing the analyst to identify recurrent patterns of human error and to 
collect and quantify human reliability data.
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The organization of the taxonomy [3] is outlined in Fig. 1. Concerning 
reliability models, two important different roles have been ascertained for the 
‘operator’: control of the reactor (and of incident development) and execution 
of test and maintenance procedures. Two different models were then developed.
The difference lies in their time characteristics: first, the dynamics of operator 
actions and their interaction with the incident development are essential aspects; 
second, more emphasis is placed on the dependence structure o f the various human 
acts.

Indeed, when dealing with man/machine interaction, not only the failures but 
also the timing o f operator interventions and possible recovery are of the utmost 
importance. Recovery capability is a very dynamic process which depends on 
logical and intuitive mental processes; these are guided mostly by written proce
dures and interaction with signals changing during the transient according to the 
physical evolution o f the system. Correctness and timing of operator responses 
are also strongly affected by stress factors, which in turn depend on the diagnosis 
made, e.g. recognition o f the possibility that an incident may rapidly evolve into 
a serious accident.

These considerations demonstrate the need for a new analysis methodology 
that will allow treatment and synthesization of the information on the physics of 
the process, on the component fault analysis and on human behaviour under normal 
and stress conditions in a dynamic modelling of the man/system interaction. The 
analyst will then be able to:

(a) Perform an overall a priori risk analysis
(b) Determine critical operator response timings
(c) Correctly understand the mechanisms of operator intervention, whether by

retrieving actual incidents or from experiments on simulators
(d) Optimize the information that must be given to the operator to allow early

diagnosis and recovery
(e) Optimize incident procedures.

To this end, the Event Sequence and Consequence Spectrum (ESCS) technique 
has been shown to deal adequately with such problems [4]. A description of this 
method is outside the scope of this paper. Suffice it to mention that by using the 
ESCS technique it is possible to model the dynamic interaction operator system, 
as shown in Fig. 2.

In this scheme the moment of incident initiation and the first analysis process 
have been represented as the trigger of the successive loops: action s#  system 
evolution. The first action o f the operator on the system will be followed by a 
system reaction which is monitored on the man/machine interface. According 
to the nature o f the events, prompt recognition o f  an error may be made possible, 
followed, therefore, by prompt recovery.

In other cases, both the diagnosis performed and the system responses might 
be subjected to ‘decision control’ processes. These can result in the decision to
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FIG. 2. D ynam ic operator modelling scheme.

perform the next action envisaged by the procedure, or to correct the first diag
nosis and actuate a new procedure.

In each task all possible errors have been considered (i.e. omission, commission, 
etc.) as described in the ‘external mode of malfunction’ o f the previously established 
taxonomy [2]. Discretized distributions for reaction times have also been included.

When the time aspects of operator behaviour are not relevant (as, for instance, 
in routine tasks of test and maintenance) the static fault tree can still be applied [3].

The models developed are very appropriate for probabilistic quantification of 
the risk induced by human failures. However, available data are very poor at the 
moment because o f the limited number of records and the inadequate manner of 
data collection.

The models should be seen as the way to analyse the quality of the man/ 
machine interface design (with respect to the completeness of the signals provided 
to the operator), the ergonomic features of the interface and the efficiency of 
procedures both for testing and maintenace and for incident control.

They also offer a correct framework for determining the data to be collected 
for reliable behaviour predictions. Each psychological human failure investigation 
should take into account the uncertainties arising from the physics and the man/ 
machine interface with which an operator is confronted. This would allow greater 
integration between the various disciplines needed to study the complex problem 
of man/machine interaction.
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3. SIMULATORS AS TOOLS FOR IMPROVING SAFETY IN NUCLEAR
POWER PLANTS

Reliance on simulators for improving safety in nuclear power plants is a 
well-established tenet. Since their use can also have an impact on the global 
profitability of a plant, they seem to be called to play an ever increasing role [5].

Simulators can be classified in several ways, for instance, according to their 
use. One broad class concerns ‘training simulators’ and another ‘operational 
simulators’. Only the first will be examined here as ‘operational simulators’ will 
apparently be entrusted with new and elaborate functions reaching an extent and 
capability still to be defined.

Training simulators, on the other hand, are already at the level of industrial 
production. In fact, there exist in many countries training centres using simulators. 
Such tools are used to instruct nuclear power plant operators at several levels, both 
for basic training and for continuing requalification.

3.1. Components and kinds of training simulator

Apart from the different technical solutions that are adopted for the various 
kinds of simulator, in all o f them four main elements are present: the mathematical 
model, the computer system, the control unit and the display unit. The instructor’s 
desk may or may not be added.

The purpose of introducing trainees to basic principles or general concepts 
for demonstration o f the fundamental physical process can be reached with generic, 
or limited scope, simulators. They can merely allow a coarse representation o f an 
actual plant and, in the simplest cases, they can be reduced to some kind o f desk 
computer. Such generic simulators have proved to be very useful in acquainting 
operators with the interaction of various plant systems during normal operation 
and with the consequences o f common transients and malfunctions.

On the other hand, replica simulators are larger, more sophisticated and meant 
for the higher levels o f training (or retraining). A replica simulator reproduces a 
reference type of plant (e.g. PWR, BWR, etc.) or a specific plant. Exact reproduc
tion, which can be achieved for the plant control room, ensures the trainee very 
good acquaintance with the manual operations and the position o f control devices. 
Physical and psychological adaptation to the working environment are greatly 
enhanced. To obtain such results, the current trend is towards reproduction of 
control rooms down to the small details (such as furniture, lighting, accessories) 
and, of course, as far as the applications are concerned, also to the periods o f time 
the trainees are to spend there. Adaptation to the ever increasing use of colour 
video monitors as display instrumentation can be made easy.
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If no controversy arises about simulators as necessary tools for operators’ 
training and retraining, opinions differ as to their use and the evaluation o f the 
results they allow. The literature on this subject is particularly rich and deals with 
problems touching on safety, economics, ergonomics, labour psychology and 
human factors.

A few points will be examined here, with the aim of underlining specific 
aspects o f the validity o f using simulators.

Training centres for nuclear power plant operators are run in Europe by 
national bodies or large associations of electrical utilities. In the United States 
of America not only nuclear plant manufacturers use similar facilities for their 
personnel and that of their customers, but also many utilities own their simulators. 
According to certain authorities each power station should have its own particular 
simulator. The electrical utilities should then be able to train (and retrain) their 
own personnel more easily. Such a point of view is not shared by everybody; 
one school of thought criticizes continuous training in a ‘safe’ environment as 
leading to ‘playing’ with no real instructional value, not to mention the high cost 
of operating big replica simulators and of having highly qualified personnel per
manently in charge o f them.

Whichever solution is adopted for the optimum number of simulators to be 
used, another item o f importance has to be considered concerning the number 
and types of malfunction to simulate. Here opinions seem to vary greatly. The 
literature shows that the requests range from a minimum of 75 ‘abnormal and 
emergency conditions resulting from malfunctions’ as indicated by ANS-3.5 [6] 
to 600 [7] or even any number with a proper combination of different sets of 
sequences. A decision on this point should be taken on a pragmatic basis. First, 
the number o f cases an operator can see during his training (and retraining) courses 
is inevitably limited. Second, it is practically impossible for anybody to remember 
too vast an amount of plant malfunctions and of the operations required to correct 
them. It seems then more convenient to pick up only a limited and selected number 
of abnormal, but representative, events and train the operators so that they can 
behave intelligently when confronted with abnormal situations. In this perspective, 
quality more than quantity of cases should be given priority.

Once a choice has been made of the possible malfunctions to be presented 
through a simulator, the problem becomes one of reproducibility when the 
phenomena involved call for complicated mathematical models. This draws attention 
to the criteria of performance in steady-stàte and transient operations. Again, too 
stringent criteria (just as too vast a capability of simulating almost any kind o f mal
function) do not seem to be entirely satisfactory. Before defining basic principles 
and, consequently, the standard to be derived from them, it would seem useful 
to agree on clear definitions o f  the various performance criteria and to establish

3 .2 . V alid ity o f  sim ulators
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methods for the measurements of the fidelity to be achieved. On this last point, 
normal and abnormal operation could be divided into three broad classes:

(a) Steady-state operations and normal evolutions
(b) Transients and malfunctions requiring emergency operations
(c) Malfunctions leading possibly to incidents/accidents.

If fidelity is defined in terms of maximum discrepancy both in value and in 
time delay, then for class 1 operations the difference between real and calculated 
values could be smaller (in terms of percentage or absolute deviation) than for 
class 2 and class 3. For these last two classes a tolerance o f 10% and 20%, re
spectively, can be envisaged.

In addition, tolerance should be foreseen on the time o f occurrence. The 
definition o f fidelity really becomes an entity by taking into account both the 
elements, namely amplitude variation together with the time of its occurrence.

Finally, some attention should be devoted to the task o f measuring the per
formance system for training simulators. If one wants to evaluate how good a 
simulator-trained operator is, the first way seems to be the collection o f statistical 
data and the setting up of scoring schemes. However, to achieve results both valid 
and acceptable it will be necessary to establish a general performance criterion 
characterized by objective evaluations. Preliminary discussion on the possibility 
of a ‘research simulator’ seems to indicate that a new tool such as this could con
ceivably be used to validate human performance models and be useful for the 
purpose just mentioned. As an example of the cases to be dealt with in judging 
operators’ performances, we can quote a hypothetical sequence exemplified by 
Bockhold and Roth [8] with reference to Fig. 3:

“Operators A and В both kept the plant variable within limits for the entire 
exercise; however, A clearly did something that resulted in less variation than B. 
Perhaps this indicates that A has a better ‘feel’ for the process and is more proficient 
than B. On the other hand, it may indicate that A wasted effort controlling this 
parameter, while В intelligently allowed it to remain safely within limits without 
over-controlling the system.

A and В both performed better than С and D on this parameter, because С 
and D both exceeded the high limit. However, it is not clear whether С or D per
formed worse: С exceeded the limit once, and by only a small amount; however, 
it took him a long time to correct the situation. D, on the other hand, exceeded 
the limit twice (once by a large amount), but was quick to return this parameter 
within limits.

In deciding how to measure this parameter, judgements must be made as to 
which of these types of performance is ‘better’, if indeed one is better.”

The diagrams given in the figure will, o f course, receive different interpretation 
if they refer to normal evolution or, on the contrary, to transients and malfunctions 
with possible incidents/accidents as a consequence.
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Plant variable

Time

FIG.3. Plant variable versus time.

4. HUMAN FACTORS IN RELATION TO RISK MANAGEMENT IN
DIFFERENT ELECTRICITY PRODUCTION PROCESSES

A study on this subject has been undertaken in the frame of a contract o f  the 
Commission of the European Communities with TÜV Rheinland Institut für Unfall- 
forschung, Kôln, Centre d’études et de recherches industrielles, Bruxelles, and 
Université Libre de Bruxelles.

The study consisted of a field study in power plants in the Federal Republic 
of Germany and Belgium and a study on the methodological aspects.

The report resulting from this study will be published in 1982. Some specific 
points of the conclusions are given here. It should be observed that these points 
give more hypotheses and suggestions for follow-up studies than actual results.

4.1. Respective importance of formal and informal aspects

There seems to be a stronger trend towards formalization in the nuclear than 
in the conventional power stations. This appears to be mainly related to the con
sideration o f safety constraints. At the same time, however, the importance of  
informal networks is just as significant. Informal parallel circuits appear to work 
efficiently and they ensure fast transmission of information. In one of the field 
studies a defensive attitude of managers, particularly of nuclear power plants, was 
mentioned. This defensive attitude was manifested in the increase o f formal 
procedures, which in some cases appear to be designed more to exculpate the
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originator in the case of an accident than to reduce its probability. This attitude 
might reduce the flexibility of action in the event o f an incident or accident.

4.2. Integration of prevention in design (and maintenance)

It has been concluded in the study, discussed in this section, that generally 
prevention is more integrated in design in the nuclear than in the conventional 
sector. This development is stimulated by the tendency o f major risk assessments 
to emphasize the role of human error in accidents. This could proceed in the 
direction of ‘designing the human operator out of systems’. Managers o f power 
stations themselves, however, were of the opinion that man plays an essential role 
in the system; they did not consider human error to be a major source of risk.
It is interesting to quote here a conclusion o f a CSNI (OECD) meeting (Senior 
Group o f Experts on Severe Accidents, 17 to 19 March 1982): “ It was emphasized 
that in the case of severe accident, the final outcome would depend essentially on 
human factors and the ability to terminate the accident successfully in spite o f the 
loss o f some safety functions; human behaviour under severe accident conditions 
is hardly amenable to PR A analysis.”

4.3. ‘Perverse’ effects o f safety systems

Certain safety arrangements can induce undesired effects, which in the final 
analysis run counter to safety requirements. Alarms that were originally designed 
to prevent the operator from overlooking a signal are nowadays becoming redundant 
and are likely to swamp the operator instead of helping him to perceive the situation 
clearly. Likewise, exclusive use of cathode ray screens and certain types of 
information preprocessing in these advanced times may slow down the develop
ment o f effective operational images and even block the operator’s anticipation 
mechanism.

4.4. Organizational factors

In general it is indicated that organizational factors have a different and 
greater significance in the nuclear industry than in the conventional one. This is 
because o f  a number o f circumstances, for example:

(a) The importance o f communication channels for inspection, maintenance 
and operational purposes

(b) The problems o f ergonomics for the rather complex socio-technical system  
of a nuclear power plant

(c) The greater stress in the event of an incident in the nuclear sector compared 
with that in the conventional one.
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‘These points are being studied at present, with special emphasis put on stress 
situations. Attempts are being made to reduce the risk, in particular through a 
redundancy o f diagnoses and meticulous organization aimed at coping with such 
situations. Mention should also be made here o f the use of automated devices 
which, in the event of incident, provide a period of ‘dead’ time (10 to 30 min) 
during which the operator has no action to take but to make his diagnosis.

4.5. Pressure resulting from public opinion

The licensing procedure, the design specifications and most of the other 
technical safety measures shall not be considered only from the standpoint of their 
technical effectiveness but also from that of the influence they can have on public 
opinion. The nuclear sector is permanently in the spotlight; the pressure o f public 
opinion is great and the trade unions can play an important role. Any safety speci
fication or any event that is even slightly unusual can give rise to discussions and 
to arguments on interpretations upon which agreed experts are called in to settle 
questions. The very real risks prevent these discussions from being purely bureau
cratic ones, acting solely as a form of surety or as an alibi. They induce a concern 
for safety in the power station, a form o f safety-oriented pressure, which is not 
found in the conventional power sector and few examples of which are to be found 
in other industrial sectors. It should be stressed that the situation differs con
siderably from one country to another: for instance, the pressure mentioned above 
has been found in the field study on nuclear power plants in Belgium, whereas 
it was not detected during the field study in the Federal Republic of Germany.

4.6. Comments of management and operating staff on installation design

The incident at Three Mile Island and the studies that followed revealed the 
influence o f ergonomic factors in the development of accidents. The discussion 
on that subject resulted in elaborated forms of operator aids, such as the Westing- 
house ‘Plant Safety Status Display’ which provides the operator with a wide range 
o f information ranging from the synthetical to the analytical.

It is o f  interest in this connection to consider the reflections o f the manage
ment and the operating staff on the design of installations. They were revealed 
in particular by a field study undertaken for the two plants now under construc
tion in Tihange (Belgium). Here the operating staff attempted to reduce, by their 
questions and actions, the gap that traditionally separated them from the planning 
department. The creation of an emergency organization has incited the design of 
a small synoptic panel thought up entirely by the operating staff after discussions 
in which management and supervisory staff participated. This step took place 
outside the planning departments. It demonstrates the present dynamism of the 
nuclear sector in this field, supported by external pressure. It was found that in
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the conventional sector criticism on existing installations did not result in amelior
ations owing to the gap between operating staff and designers.

The development (and sometimes lack of development) summarized above 
is important to improve safety. It would be of interest, in due course, to make 
comparisons with the situation existing in other plants and countries.
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Abstract

A REGULATOR’S VIEW OF MANAGEMENT CONTROL OF NUCLEAR PLANT 
OPERATIONS.

Operating reac to r experiences in the post-Three Mile Island era are sum m arized, 
highlighting various issues from  a regulatory viewpoint. The im portance o f on-site and off-site 
nuclear p lant m anagem ent is discussed based on experiences in such areas as m anagem ent 
con tro l system s in operating nuclear plants, the im portance o f learning from  experience, 
selection and placem ent o f key personnel, effectiveness o f radiation protection  program m es 
and adequacy o f emergency planning. Many of the  problem s experienced at operating nuclear 
plants have resulted in significant costs, no t only in direct expenditures bu t also in extended 
shutdow ns am ounting to  m illions o f dollars per day in expense and significant public concern. 
Several regulatory/industry  initiatives designed to  enhance safety o f operation and to  improve 
com m unication betw een operators and the regulators are realized. The need in certain 
facilities for m ore disciplined operating procedures, higher levels o f technical com petence 
and realistic im plem entation  o f self-auditing program m es is identified. The im m ediate and 
long-term  benefits should include bo th  increased safety and lower costs.

1. INTRODUCTION

The nuclear industry is confronted with a number o f serious problems. 
Although not by any means at a standstill, the condition o f  the industry in 1982 
is far removed from the optimistic outlook that prevailed in the 1960s and early 
1970s.

Among the problems besetting the nuclear industry today are major financial 
difficulties, numerous technical issues and a serious lack of public confidence.
This paper represents the authors’ views on what must be done in one area if 
nuclear industry managers are to overcome these problems and see a restoration 
of public and investor confidence in nuclear power.

The proposition offered is relatively simple. The full attention and involve
ment o f top management in the operation of nuclear power plants is the key to 
the solution o f the industry’s problems, just as the lack of such attention has been 
their ultimate cause.

381
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Early nuclear power projects, as is true in pioneering new technologies, 
attracted exceptional managers who could focus on the real problems and solve 
them. But the rapid expansion o f the 1960s and early 1970s resulted in changes 
that weakened organizations in their ability to operate nuclear power plants.
Some utilities, as well as experienced engineering and construction firms, lost 
positive management control o f their projects. We assert that substantive improve
ments in the effectiveness o f  managers is a necessity.

The nuclear industry cannot afford a continuation of the problems of today 
in the nuclear power plants o f tomorrow. Neither can regulatory agencies continue 
to perform in an unpredictable or overly reactive manner. Government regulation 
has certainly and substantially contributed to many of the problems facing the 
industry today. We will briefly discuss how the United States Nuclear Regulatory 
Commission (NRC) is going about doing a better regulatory job.

2. SELECTED MANAGEMENT ISSUES

Safety requirements are an integral part o f an operational programme 
leading to increased reliability and efficiency. There has been a tendency to 
delegate various safety requirements to isolated elements of the organizations 
instead o f retaining the responsibilities for these requirements in the overall 
management organization.

Applying the management perspective that various safety requirements are 
a prerequisite to plant efficiency and reliability and acknowledging that failure 
to meet these safety requirements is a direct management responsibility are 
expected to lead not only to higher levels of safety but also to increased efficiency 
and reliability.

So that the character o f the management problem may be better recognized, 
some selected and representative experiences are summarized in this section.

2.1. Radiation protection programmes

During 1980, as a special post-Three Mile Island (TMI) action, the NRC 
undertook a major effort at 48 nuclear plants to appraise the adequacy o f radiation 
protection programmes [ 1 ]. The direct results of this programme revealed the 
following problems.

At a number o f facilities the radiation protection programme was not receiving 
adequate attention from upper management. At these facilities health physics was 
more a routine service organization than a radiation protection support function 
integrated into operations as a whole. Managers should stress that radiation 
protection staff members are not alone responsible for ensuring good radiological 
work practices. Managers should instil such practices into the entire operating
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organization. Furthermore, adequate management support should include timely 
technical or managerial actions on radiological problems that require corporate 
support.

Many facilities had staffing problems in the radiation protection area and 
suffered shortages o f technicians, foremen and supervisors. Foremen and super
visors should not be overburdened with administrative and clerical duties. This 
could prevent them from adequately supervising technicians.

Usually, functional audits o f radiation protection personnel are performed 
at all facilities. These audits, however, did not always determine the quality of 
staff performance, either through lack o f direction or oversight or because audit 
personnel were not qualified to judge performance. As a result, substantive 
improvement could not occur at those facilities.

Weaknesses in the areas o f personnel selection, qualification and training 
were identified. Positions were often filled by availability rather than qualifications. 
The most frequently observed management support weakness was inadequate staff 
training. Training was often conducted only informally and only when it was 
convenient. The training of health physics ‘first-line’ supervisors was particularly 
neglected.

2.2. Emergency preparedness programmes

During 1981—82 NRC conducted an appraisal programme [2] at each operating 
nuclear power facility to assess the state o f emergency preparedness. As a result of 
these studies improvements were suggested in the following areas:

(a) Emergency implementing procedures should be complete and clear
(b) Emergency action levels should be integrated into procedures for use by 

operating personnel
(c) Bases for recommending off-site protective actions to public officials should 

be fully developed
(d) Planning for emergency response personnel to ensure that they could'arrive 

on-site to augment the on-duty permanent staff if  needed
(e) Training programmes should include key managers and the necessary off- 

site response personnel
(f) Training programmes for operating personnel should be stressed. Where 

training programmes are inadequate, the constructive implementation of 
training will be needlessly difficult and complex.

2.3. Operations quality assurance (QA)

The experience o f Region II field inspectors and their supervisors, conducting 
operations QA evaluations over the last several years at over 25 operating power
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reactors, serves as the primary input for the following observations. The bases are 
contained in numerous Inspection Reports that are publicly available [3]. More 
information on this general area can be found in Ref. [4].

2.3.1. S ta ff  should be held responsible fo r  the quality o f  their actions

A good QA programme must be implemented aggressively. Managers should 
provide incisive QA actions. Continued management attention is crucial for 
successful QA programmes.

The issue o f  responsibility encapsulates many of the current QA-related 
management problems. Management has recently relied on the QA organizations 
to provide the primary indication of the quality of operations while not pro
portionately emphasizing the responsbility for quality by individuals doing the 
work. This logic results in a cascade o f problems. Managers who do not stress 
personal responsibility for quality and who do not formally recognize quality 
actions o f  employees usually cause their companies to suffer. The lack o f strong 
management support for quality by all workers can lead to harassment o f individuals 
charged with quality surveillance. Harassment is a serious problem when viewed in 
the context of employee frustrations. Specifically, actions to correct serious 
problems can be ignored. This aspect o f harassment can also, and often does, 
lead to costly rework — sometimes years later.

2.3.2. N eed to  resolve organizational conflicts

A serious management problem occurs when quality concerns conflict with 
the plant purpose o f producing power. At some plants the QA and site operating 
organizations function as adversaries rather than operating as a unified body.
This adverse relationship precludes problems being resolved locally. When manage
ment does not detect and resolve such disagreements expeditiously, the effectiveness 
of the overall operation can be seriously damaged.

2.3.3. N eed  to  provide good  and w orkable procedures

All nuclear programmes require procedures. Managers must take actions to 
ensure that sufficient resources are placed into procedure preparation, review and 
evaluation to ensure effectiveness. When utilities have complex, multi-tiered 
procedural systems, with each lower tier invoking the one above it, requirements 
are consistently not implemented, conflicting guidance appears in different 
procedures and a nightmarish document control problem is created.
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2.3.4. N eed to  provide training

Management must view training as an important issue, a necessary tool to 
ensure proper and safe plant operation. Managers should not delegate valuable 
training opportunities to marginally qualified training personnel.

2.4. Reported non-routine licensee events

The NRC [5] is informed o f important events that may signal serious develop
ments at nuclear facilities. Events reported to the NRC are also promptly made 
available to the industry so that utility managers can prescribe prompt remedial 
actions to control similar events and to initiate appropriate long-term corrective 
actions. This permits managers to look at the problems caused by many factors 
that apply to individual plants, similar groupings of plants, equipment, vendors, 
consultants, standard procedures and operators.

One o f the NRC initiatives to extract appropriate safety information from 
the technical review of operating events is described elsewhere [6]. This paper, 
instead, focuses on the management control issues evidenced by experiences with 
event reports at operating reactors.

All too frequently corrective actions applied to reported events are directed 
towards re-establishing conditions as they existed before the event, i.e. operator 
proficiency is re-estáblished, pumps and valves are repaired and instruments are 
recalibrated. Managerial emphasis, both at utility and industry levels, is needed 
to stimulate analysis o f the event to identify and correct root causes.

2.5. Generic issue experience

Generic problems continue to surface as the industry gains and analyses 
operating experience. Each facility must report any unexpected occurrence in 
its operation that has actual or potential safety significance to the NRC. The 
NRC screens these events and selects the most significant among them for reporting 
to the US Congress [7]. A review o f post-TMI items indicates that approximately 
five to seven o f these particularly significant events occur each year. Typical 
causes include design errors, construction inadequacies, operator errors, deficient 
procedures for operating or testing and faulty preventive maintenance programmes.

2.6. Enforcement actions

A review o f NRC enforcement actions provides an additional and broad 
insight into several management control issues.
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Violations by general area %

General managerial problem s (training, reporting, QA) 33

Radiation pro tection  and emergency planning 16

Security program m es 16

Plant operations 1 4

Fire p ro tection  program m es 10

Surveillance testing 5

M aintenance and repair 5

Refuelling operations 1

Violations by cause %

Personnel 47

M anagement 40

Design or equipm ent 13

2.6.1. R ou tin e enforcem ent actions

The preponderance o f violations of NRC requirements are viewed as routine 
enforcement. Since the incident at TMI less than 3% of all violations were classified 
as violations o f ‘significant concern’ to the NRC. Particular violations subjected 
to escalated enforcement actions (civil penalties and orders) are discussed in sub
section 2.6.2.

Although routine, this category contains substantive information indicating 
the need for increased managerial attention. In 1981 there were about 2000 
violations detected by the NRC relative to operating reactors. An analysis, by the 
authors, o f  Region II enforcement data relating to 26 operating reactors (603 
violations) is given in Table I.

2.6.2. Escalated enforcem ent actions

A review o f escalated enforcement cases throughout the United States of 
America shows that the lack o f positive management control is a contributing 
factor leading up to the event that prompted the enforcement action. These 
cases indicate a need for improvement in the following areas:

(a) Increased management overview, audits and verifications
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(b) More attention for safety reviews to evaluate hazards before plant modifi
cations, maintenance or other work is done to ensure appropriate procedures, 
training and radiation protection

(c) Increased training, improved procedures, increased motivation, better attitude, 
or all o f the above, by managers and employees to correct errors of detail and 
carelessness

(d) More concern to provide complete and full information to the NRC.

2.7. Procurement of equipment and services

The experiences o f NRC field inspectors and their supervisors reveal a real 
cause for concern in the interaction between utility managers and the suppliers 
of equipment and services. Our review o f overall procurement requirements and 
controls discloses that they have not been as effective as they should be. It is 
essential that the owners o f  plants develop effective mechanisms to ensure that 
their components and materials are built and delivered in conformance with design 
and specifications. When breakdowns occur in this area, it frequently means 
rework, rejection or written justification to use equipment or service as it exists.
The number o f incidents varies depending on the purchaser’s procurement docu
ments, the purchaser’s surveillance o f  quality control at the supplier’s shop or the 
quality of consultant or support controls. These problems have resulted in 
increased costs and, in some cases, considerable public attention.

The primary causes o f such problems include the following:

(1) Failure of managers o f  equipment suppliers to understand the amount and 
difficulty of the work

(2) Failure o f utility and prime contractor procurement managers to verify 
active participation of lower tier supplier management in producing quality 
work

(3) Failure o f utility and higher tier suppliers to define clearly specific technical 
and quality requirements passed on to lower tier suppliers

(4) Failure of all concerned managers to communicate realistically on product 
deficiencies, including those that fail to perform intended functions.

In looking at the above examples, the question arises as to why managers 
do not identify these types o f problems sooner and take proper corrective measures. 
Most of us can give several reaons for the existence of these problems. Whatever 
else may be contributing to it, industry managers cannot escape their share o f  the 
responsibility for these typical supplier problems.

Any breakdown, whether a slackening o f management’s active participation 
or a slackening o f the total quality control attitude within the organization, will 
increase the rate o f  non-conforming products. Rework, repair or justification to



388 O’REILLY et al.

use as-is are far more expensive than had the job been performed to the require
ments the first time.

The regulators expect utilities to obtain equipment that will perform intended 
functions. Requirements for equipment need not be more stringent than what is 
required by the function the item is to perform. Managers, particularly in the 
procurement area, should not be rewarded for achieving short-range benefits at 
the expense o f long-range costs.

2.8. Impact of regulatory activities

The subject of management in the nuclear industry must include a discussion 
of the impact o f regulatory activities on such managers. After the accident at 
TMI-2, NRC began the inevitable process o f  identifying and evaluating the broad 
spectrum o f remedies that might offer assurances that such accidents would be 
precluded in the future. The requirements imposed on licensees touched all 
personnel in the industry and all areas o f plant operations, design and planning.

By late 1980 it was quite evident that both industry and NRC resources 
were being severely taxed. NRC became concerned that the burden being placed 
on the industry could have negative safety consequences. Accordingly, several 
top NRC managers, including one of the authors, conducted a high-priority survey 
[8] to ascertain the impact perceived by utilities of NRC requirements on plant 
safety. True recognition o f  the problem has been, and is, leading to managerial 
improvements within the NRC. Two major areas of change in the way the agency 
conducts its business flowed from this report:

(a) The NRC has taken positive steps to recognize the magnitude and impact 
of individual and combined backfit requirements, the scope o f on-site 
activities that would occur to meet those requirements, and the impact on 
operating staff proficiency when operating a plant through a period of rapid 
and extensive plant modifications

(b) The NRC now is developing tools to recognize the impact on plant operation 
on needed, self-initiated improvements when plant personnel are directed to 
address NRC mandated requirements.

3. SUMMARY OF MANAGEMENT ISSUES

A review of the necessarily broad issues represented by the details contained 
in the preceding sections leads us to the conclusion that managers of the nuclear 
industry must focus on themselves in order to substantially raise the safety and 
reliability of nuclear power plants. The issues that are too broad for one utility 
must be solved by several or all utilities together. It is the industry itself that
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must scrutinize and criticize the deficiencies that have created the difficulties and 
then take action to correct their problems at the source.

4. CHALLENGE TO UTILITY MANAGEMENT

An important need in the nuclear industry today is increased management 
effectiveness. This is not a hollow appeal for a token commitment. The persistent 
recurrence o f management-related sources of operating plant problems requires 
the industry, and its regulator, to take a critical look at their management and 
at the management tools being used to operate this industry. Specifically:

(a) Staffing policies and practices must provide for high calibre people with 
relevant experience. Managers must be at the sites o f  resource utilization. 
Safe and reliable nuclear power plant operation requires nothing less.

(b) Planning and scheduling must become more realistic, with better definitions 
o f the actual needs and the necessary controls and discipline.

(c) The operational quality assurance programme must be vigorously applied 
to all activities. This must achieve not only identification o f problematic 
symptoms, but also ensure aggressive correction of the root causes.

(d) Managers must establish and maintain programmes to identify, evaluate and 
correct design problems. Plant reliability and maintainability are directly 
related to proper design.

These general points are, no doubt, accepted by all as areas that deserve 
improvement. However, they do not really address the summary question posed 
by the recurrent nature o f the industry experience. That question, simply put, 
is how does anyone improve himself? The answer should lie in a process of 
critical, self-initiated or external audit o f corporate management performance. 
Licensees and regulators must pursue the root causes of management failures with 
the same aggressive posture demanded of plant component or system failure 
analyses. This means that managerial inertia will be attacked, ineffective managers 
will be relocated, and superior managers will be amply rewarded. Also, we believe 
that the very top managers o f  the future in this industry will have broad and 
strong technical backgrounds to enable them to operate more effectively plants 
that cost so much at peak efficient and safe levels.

The relatively recent initiative in the United States by utilities of establishing 
the Institute of Nuclear Power Operations holds great promise in this area.

5. CHALLENGE TO REGULATORY AGENCIES

Regulatory agencies have, in the sense o f this paper, the same types of 
problems as operators o f nuclear power plants. Their most important need is
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increased management effectiveness. Without minimizing the importance of this 
need and its impact on the nuclear industry, this is a problem that has not been 
developed in this paper. However, it is considered appropriate to identify the 
fact that the problem is recognized to the degree that several corrective actions 
are in place or are being taken by the NRC.

The NRC is placing major emphasis on its programmes to develop improve
ments in defining effective requirements. It has taken steps to ensure that new 
and revised rules and regulations will be explicit, unambiguous and enforceable, 
with the minimum reporting and record keeping burdens necessary for compliance. 
The NRC is developing improvements in methods for scheduling the implementation 
of the requirements and in upgrading a number of practices, as shown by the 
following initiatives:

(a) The NRC is recommending legislation to provide for standardized plant 
designs, early siting o f  plants and one-step licensing that would combine 
the construction permit and operating licence phases

(b) The NRC is taking steps to make the present licensing process for power 
plants more efficient and predictable

(c) The NRC is decentralizing its operations to move many operational functions 
to its five regional offices throughout the United States while maintaining 
and upgrading policy and major programmes in Washington

(d) The NRC has adopted a new enforcement policy which gives major credit 
for those issues licensees identify themselves

(e) The NRC is actively working to develop a national safety goal by which 
its regulatory programme may be measured.

These initiatives, although not developed here, are major ones. We believe 
they demonstrate that the NRC is moving in the right direction. The NRC clearly 
recognizes that it must provide a better working climate that permits proper 
planning and efficient resource utilization by the nuclear industry in order to 
further improve the safety o f nuclear power plants.

6. EPILOGUE

The nuclear industry is, at best, at a plateau. We, the regulators and the 
regulated, are waiting for further developments, some o f which are not under 
our control. However, we know many of our problems are under our control.

The industry must take additional actions to minimize future occurrences 
of the problems experienced in the past. The industry must assemble the best 
managerial and technical talent available and invest in them the required authority 
and responsibility for achieving their assigned goals. The industry must station



IAEA-CN-42/268 391

top managers at the sites of resource utilization. And, nothing less than a first 
class, effective quality and audit programme will suffice.

We, the regulators, must take steps to ensure that unnecessary regulatory 
requirements are discarded and that future new requirements are promulgated 
only after careful consideration o f their contributions to safety.

Safety is an absolute necessity and economy is essential. Unless both are 
achieved, neither the social fabric nor the financial structures o f the nations of 
the world will continue to accept or support the continued development and use 
of nuclear power generation.
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(Summary of discussion held on the papers in Technical Session 4.2)

It was pointed out that new devices that provide information and assistance 
to operators in the event of an emergency (papers IAEA-CN-42/247 and 430) 
may fail. If training facilities are included in the plant information system (this 
is done in certain cases), operators may train on these devices during periods of 
steady operation when they are not very busy. In this way, they acquire an 
understanding of how the devices work and what the operational procedure should be 
if they fail. At the Pickering and Bruce Darlington stations a simulator has been 
installed adjacent to the plant so that the operator may receive all the necessary 
training locally and attend refresher courses annually.. There are two possible ways 
to avoid losing computer information of assistance to the operator. One uses 
two computers in a redundant system; the other is based on the use o f a modular 
system so that total information sources are never lost. Other simulators 
developed for operator training, such as at the Loviisa plant (paper 
IAEA-CN-42/432), have also been used for research. This has not created many 
problems and in some cases it has been useful to have experienced operators 
participating in experimental work. In other countries (paper IAEA-CN-42/146) 
operator and training simulators are separated.

Efforts are being made to use the Fuzzy set theory to analyse human error 
and risk problems (paper IAEA-CN-42/128). The Fuzzy set concept may be 
useful when human judgement has to be applied; it has been used in the past 
for medical diagnosis. There are advantages in the Fuzzy set, i.e. instead o f fault 
tree analysis, in which the 0 and 1 alternatives do not represent the whole picture. 
However, the Fuzzy set may be better used in cognitive modes to describe operator 
response and behaviour than in complex accident modelling where the major 
need is to take account o f the dynamics of the process and operator intervention. 
The definition o f membership functions for the Fuzzy set must be done 
subjectively (using past experience) if this approach is to be used. However, if 
the classical fault tree approach is used it is not difficult, in practice, to 
increase the basic events with a casual influence set and a deterministic ‘if, then’ 
logic with a Fuzzy ‘if, then, maybe’ logic.

In recent CANDU reactor plants (paper IAEA-CN-42/146) computers have 
been used for safety functions and even greater use is expected to be made of 
them in the future. However, these are entirely separated from those used for 
normal operation. Unavailability o f Canadian plants due to computer failure 
has been 0.2%. This is slightly higher than the figure for actual computer system 
availability (99.9%) because source outages attributed to the computer have been 
prolonged after the computer was restored.
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The Canadian concept of a ‘dark panel’ (paper IAEA-CN-42/146) is that it 
is dark in normal situations and lights are used to indicate discrepancy situations. 
For instance, if a switch is operated to change a valve position it will remain 
lighted until the valve is in the new position. This system draws attention to 
discrepancy situations because these are the only parts of the panel that are lit.
In the green board concept used in the Loviisa control room abnormal states 
of the components are displayed in red. Some experiences, with alphanumeric 
displays for presenting information to the operator during transient, unusual 
and emergency situations, have not been very successful. Other experience has 
shown some positive benefit but the alphanumeric display was not the only 
one used; audible and visible alarm windows were always present. However, 
while these non-alphanumeric displays only indicate system problems, alpha
numeric displays provide more information on the conditions o f the system and 
are situated in a location convenient for the operator.

The number o f malfunctions cannot characterize well a simulator until it 
has been firmly established what the malfunction is (papers IAEA-CN-42/146 and 
432). For instance, if any pump failure in a group of pumps can be represented 
by the same model used in the simulator, it is not clear whether this failure 
caused only one malfunction. In some organizations the results o f the operators’ 
exercise at the simulator are used to obtain statistical operator performance 
data.

The PODIA computer system referred to in paper IAEA-CN-42/297 could 
be used as a simulator but it would not be practical because the scope is too 
wide for an actual plant. It is necessary to consider carefully the reliability of 
the software used for operator support aids based on computers. R&D pro
grammes for software reliability should be continued. Verifications are made 
during development and construction and instruments are used for detecting 
expected problems with the computer. Software errors could be considered 
more treatable than operator errors. Once detected, a software error can be 
corrected and is unlikely to recur; an operator error could perhaps recur with 
a different operator.

The equipment used in the experiment described in paper IAEA-CN-42/206 
with a fuel assembly worked very well. The effects on the noise signals of the 
neutron detectors (in the frequency range 2 to 20) are comparable to those 
in boiling reactors. The signal is directly proportional to vapour content and 
inversely to vapour velocity in the frequency range below 1 Hz. Noise signals 
in the boiling region increase remarkably with the vapour content. This may 
be due to low frequency fluctuation of the whole vapour content, which could 
perhaps be used for detecting the boiling process.

The first stage of the system described in paper IAEA-CN-42/338 was 
conceived to provide information on a unit from the safety and radiation point 
of view. It was decided in the second stage to integrate the system to provide
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information on the environment around a multi-unit nuclear power plant. In this 
system the system related to each unit represents a component and may be used 
to forecast the evolution o f a situation from the radiation protection point o f view 
and also to collect data for the health authorities.

In a prototype power station (paper IAEA-CN-42/338), which often presents 
unexpected events for the operator, the shift supervisor has a university degree 
and specialist advice is available to him 24 hours a day. This is not significantly 
different from a commercial power plant; back-up technical support is necessary 
in both cases.

Should the operator be trained at the simulator with a small or a large 
number of accidents to the ‘react intelligently’ point (paper IAEA-CN-42/309)? 
The ANSI ANS 3.5 standards call for 75 abnormal and emergency situations.
Other sources suggest 600 or more. It is unlikely that a trainee can be presented 
with so many situations during a period of 3 or even 6 months and remember 
them all in actual power plant operation. It is recommended that a list of 
reasonable malfunctions be drawn up, that a reasonable number of them be 
selected and the trainees asked to study them in depth and not memorize them. 
This would lead to an intelligent rather than an automatic approach to problems. 
The concept of generic simulators could result in a better understanding and more 
efficient operation o f a nuclear power plant.
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Abstract

APPLICATION OF THE DOSE LIMITATION SYSTEM TO DESIGN.
Among the three  com ponents of the  system  of dose lim itation, optim ization of radiation 

protection , under the  constraint of the requirem ent o f respecting the  individual dose limits, 
tends to  be applicable in a m ore quantitative m anner to  the design of installations and equipm ent 
th an  to  operations planning. The paper reviews the techniques o f optim ization  for the design 
of radiation p ro tec tion  systems such as shielding, contam ination control and radioactive 
effluent control. O ptim ization of com plex systems, with either independent o r interrelated 
sub-systems, is also discussed. Examples o f optim ization  of p ro tec tion  system s are examined.
The use of the  dose lim its as constraints for optim ization  presents some conceptual difficulties 
because the dose lim it is an individual-related requirem ent, while optim ization is a source- 
related requirem ent. The paper discusses the  use of 'dose upper bounds’, which are fractions 
o f the  relevant dose lim its, to  constrain optim ization  o f p ro tection  systems.

1. INTRODUCTION

To meet the objectives o f radiation protection the ICRP has recommended 
a system of dose limitation composed o f three interrelated components. These 
three components are summarized in paragraph 12 o f ICRP Publication 26 [ 1 ] 
and are usually called: (a) Justification  o f practices involving radiation exposures;
(b) O ptim ization  o f the level o f protection for such practices, and (c) Individual 
dose lim its. The system o f dose limitation has already been incorporated in the 
basic safety standards o f several international organizations [2] and in the basic 
standards or requirements of some countries, while the process of adaptation of  
other national regulations is in active progress.

Justification assessments are required to decide the introduction of a given 
practice or to select one among many options. The first type of decision is really 
a particular case o f the second, where one of the options is not to change the 
present situation. The justification o f a proposed practice or operation involving 
exposure to radiation could conceptually be determined by consideration of the 
advantages and disadvantages to ensure that there will be an overall net advantage 
from the introduction of the practice.
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In practice, however, the existence of intangible costs and benefits in many 
cases makes the analysis subjective. Furthermore, acceptance of a practice or the 
choice between practices will depend on many factors, only some of which are 
associated with radiation protection. The role of radiation protection in 
justification procedures is to ensure that the radiation detriment is taken into 
consideration. It follows that justification, while always an underlying considera
tion in decisions, is not directly a tool used in the design of protective systems.

The other two components o f the system of dose limitation, on the other 
hand, have a direct implication in the design o f systems which control, to the 
desired level, the exposures caused by a nuclear installation to workers or members 
of the public. These two components, optimization and individual dose limits, 
are discussed in the paper.

2. OPTIMIZATION

The requirement o f optimization stems from the basic assumption made for 
radiation protection purposes that there is proportionality between dose and the 
probability o f a stochastic effect, within the range of doses encountered in normal 
conditions. A consequence o f this assumption is that doses are additive in the 
sense that equal dose increments increase equally the risk by a value which is 
independent of the previously accumulated dose. A further consequence of the 
assumption is that at any level of dose there is a correponding level of risk and 
that, in principle, radiation risks in a given situation can be reduced as much as 
desired by increasing the level o f radiation protection, thus decreasing the exposure.

Different ways o f increasing the level o f radiation protection, above that 
required to meet the dose limits, may result in different changes in the distri
bution o f doses, in addition to involving different costs and different degrees of 
risk and operational inconveniences not related to radiation. Obviously, if all the 
factors involved are deemed to change favourably as a result of the adoption of a 
given increased level of protection, such adoption would be automatically required 
as a necessary step toward what is reasonably achievable. However, in general 
higher levels o f protection cost more. It is obvious that an ‘absolute’ protection, 
implying an infinite cost, would be a disadvantageous option for a society. The 
purpose of optimization of protection is to obtain an adequate balance between 
cost o f protection and radiation detriment such that the total disadvantage is kept 
at a minimum.

Searching for a level o f protection meeting the optimization requirement 
involves therefore an interplay of the cost of protection and the cost assigned to 
the radiation detriment. Each cost is a function of the protection level and 
optimization implies that X(w) + Y(w) = minimum, where the cost of protection X 
and the cost of radiation detriment Y are functions of the level of protection
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represented by w (e.g. shielding thickness, ventilation rate, alternative options of  
protective equipment, etc.). It is obvious that the selection of the optimum pair of 
values for X and Y would at the same time maximize the net benefit from the 
introduction of the practice.

The procedures for optimization must operate within limiting conditions.
One of these limitations stems from the requirement o f maintaining all individual 
doses below the appropriate dose limits. Other limitations may be due to technical 
conditions which are specific for the situation. Furthermore, it should be pointed 
out that in a few cases a change in the level of protection influences the gross 
benefit o f the practice. In these cases the process of optimization must take 
account o f  these changes to maintain the main objective of maximizing the net 
benefit to society.

Being a source-related requirement, optimization tends to be applicable in a 
more quantitative manner to the design of installations and equipment than to 
operations planning. In the case of design, the change from one level o f protection 
to another is obtained by well-defined modifications of protection systems, for 
which it is possible to assess the costs involved and the resulting changes of 
radiation exposure. The level of protection in operations, on the other hand, 
depends on a number of parameters, many of which are difficult to quantify.

The application of cost-benefit analysis for optimization requires the 
assignment of quantitative values to X and Y in all cases. While the X cost is 
readily expressed in monetary terms, the quantification of Y, the cost o f the 
radiation detriment, is regarded as the most problematic and the most contro
versial of the quantifications. Nevertheless, it is essential for the application of  
cost-benefit analysis to radiation protection.

To quantify the deleterious impact o f a radiation source the ICRP has 
introduced the concept of detriment [ 1 ]. The detriment is defined as the 
mathematical expectation o f the amount o f harm in the exposed group of people, 
taking into account both the probability and the severity of the different possible 
harmful effects. In principle, harmful effects include the stochastic and non
stochastic effects, sometimes called the objective health detriment, as well as the 
concern and anxiety o f  the individuals at risk and any adverse consequence for the 
comfort of these individuals due to restrictions imposed because of the occurrence 
of radiation exposures.

At exposure levels below the dose limits, as encountered in normal situations, 
non-stochastic effects are precluded. Since the risk o f stochastic effects is taken 
to be proportional to the relevant dose equivalent, it is easy to show that the 
stochastic component o f the detriment is proportional to the collective effective 
dose equivalent.

In cost-benefit assessments a monetary value is assigned to the detriment.
The objective health detriment (if non-stochastic effects are precluded) can be 
assigned a monetary value «S, where S is the collective effective dose equivalent
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due to the installation or source under consideration, and a  is the monetary cost 
assigned to the unit o f the collective dose quantity, for example the cost assigned 
to the man-sievert.

All other components of the detriment are subjective. The concern and 
anxiety o f the individuals exposed to radiation can be the result of an amalgam 
of both rational and irrational factors. Decision assessments could make use o f the 
rational factors, which would include the level of risk and the attitude (aversion) 
to risk. Under the assumptions made, the level of risk is proportional to the 
individual effective dose equivalent. The attitude toward risk, on the other hand, 
cannot be taken to be linear with risk at all risk levels. As a result, the contribution 
to this component o f the detriment from each exposed individual would be a 
function, not necessarily linear and not necessarily the same for all exposed groups, 
of the individual effective dose equivalent. The subjective detriment contribution 
from one individual o f an exposed group can be expressed as a function of 
individual dose, fj (H), which would depend on risk aversion attitudes and national 
or managerial regulations. The form of fj (H) will not necessarily be the same for 
all exposed groups and may also change, as all social attitudes, with time. The 
cost of these components o f the detriment could be assessed as j3 Sj Nj fj (Hj), 
where Hj is the dose equivalent in the individuals of the group j, Nj is the number 
of these individuals and /3 is the monetary cost assigned by the decision maker to a 
unit o f these components of detriment.

The cost of the detriment, therefore, can be expressed as Y = aS + ¡3 2j Nj fj (Hj). 
In actual application of the cost-benefit methodology, the values assigned to a  
and (3 by the decision maker will depend on a value judgement of the relative 
weight o f the different components of the detriment. It should be pointed out 
that in many situations an expression Y = aS would be a good approximation to 
the cost o f the detriment even if  j3 is not taken to be negligible. This would be the 
case if  all individual doses are small and the fj (H) functions decrease steeply with 
decreasing doses. Furthermore, some national authorities have taken the position 
that only the objective health detriment should be considered. This position, 
shared by the Argentine competent authority, implies that the cost o f the radiation 
detriment is taken to be Y = aS.

2.1. Optimization techniques

As indicated above, optimization o f radiation protection design consists in 
the selection of a design option such that the interplay o f cost of protection 
and cost of the remaining detriment complies with the relation

X(w) + Y(w) = minimum

where X is the cost o f protection, and Y is the cost o f the radiation detriment, 
both at a level of protection represented by w (e.g. shielding thickness, ventilation
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rate, alternative options of protective equipment, etc.)- It should be noted that 
w, and X(w) and Y(w), can in some cases be continuous variables, while in other 
cases they take only discrete values.

Some o f the technical difficulties of optimization are related to the boundary 
condition introduced by the dose limits. As the limits apply to the combined 
exposure from all sources (except those specifically excluded), it is necessary to 
use a fraction o f the limit as a boundary condition for the optimization o f a given 
source. While in other sections of this paper some of the criteria to set up such 
source upper bound L are discussed, here its use as a boundary condition for 
optimization is reviewed.

In the simplest optimization case there is only one exposed group of 
individuals and one protection parameter or a simple set of protection options. 
Additionally, a basic requirement of this simple case is the existence of a 
quantitative relationship between the collective effective dose equivalent commit
ment, S, and the maximum annual effective dose equivalent, H*, such as 
H* = f  (S). Using the symbols defined previously, optimization in this simple 
case can be expressed as the set of conditions [3]

X(w) + a  S(w) = minimum 

f ( S ) < L

The minimum for the first expression, usually called the ‘objective function', 
can be obtained by differentiation and making the result equal to zero : 
dX dS
—  = —a  — . As Xand S are functions usually called ‘constraining functions’, the 
dw dw

optimum value of the protection parameter w0 and the corresponding values of 
the cost of protection and collective dose commitment are obtained. The 
optimized values must, however, comply also with the second condition of the 
previous paragraph, namely the ‘limit equation’ f  (S0) <  L. Therefore, optimiza
tion is achieved at a value o f collective effective dose equivalent commitment,
S0, such that

provided that f(S Q) <  L, or at a value o f S = f"1 (L) if this is not the case.
When the prospective exposures from a given system can be regarded as 

composed o f contributions of sub-systems, each requiring the design of approriate 
protection measures, the ‘objective function’ becomes

(
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I (Xj + a Sj) = minimum

where Xj is the cost of protection of sub-system j, Sj is the collective effective 
dose equivalent commitment resulting from sub-system j when its cost of protection 
is Xj, and a  is the monetary value per unit collective effective dose equivalent.

Optimization procedures in this case can be complicated. However, in a 
situation that very often applies, the ‘constraining functions’ can be readily 
established, namely when the sub-systems j are independent, in the sense that 
the control in one of them does not influence the collective effective dose 
equivalent commitments from the other [3]. In this case, differentiating the 
objective function with respect to each Sj and making each result equal to zero, 
the following set o f equations are obtained for j = 1, 2 ,.  . . n

due to the independence o f the sub-systems.
As individual annual doses should not exceed the operational limit, a further 

set of equations (limit equations) are obtained [3]:

It follows from both sets o f equations that optimization can be obtained by 
optimizing each independent sub-system taken separately. Similarly, the optimiza
tion for the combined exposures from several installations at a given site can be 
obtained by optimizing separately the protection at each installation, provided the 
condition of independence applies.

In cases where the sub-systems are not independent, optimization procedures 
can be difficult. The protection to be optimized can conceptually be divided into 
sub-systems, while the exposed group can be conceived as composed by sub
groups. After establishing the objective function, constraining functions and limit 
equations, if  the number o f sub-systems and sub-groups is small, the solution can 
be obtained analytically [4]. However, in most cases, the number of variables will 
be too large and programming or direct search methods will have to be used [5].

because for all Xj and S¿ such that i Ф j, the derivatives are equal to zero

fj (Sj) <  L
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The protection to be optimized can conceptually be divided into sub-systems 
£= 1, 2, ... n, while the exposed group can be conceived as composed by sub-groups 
m = 1, 2, ... n. The collective effective dose equivalent commitment caused by a 
given sub-system in a given sub-group is denominated Sg>m. The maximum annual 
effective dose equivalent in a given sub-group caused by a given sub-system is 
denominated H *gm. The sub-systems and sub-groups must be selected in a way 
such that there is a defined relationship between Sg m and H*K,m (Sfi,m)-
In the extreme case each sub-group would correspond to a single individual.

With the conditions described in the preceding paragraphs, optimization can 
be formalized in the following sets of relations:

(a) Objective function

(Xj + a  ^  Sg;in ) = minimum 

£ m

(b) Constraining functions 

S£,m = ft,m (Xg)

(c) Limit equations

ffi,m (Ss,m) L

m

In many practical cases of optimization assessments the changes in 
protection levels are achieved in finite increments, both X and S being discrete 
instead of continuous variables. The decision of going from a level o f protection A 
to a more expensive level o f control В would be taken if

XB -  XA ^------- -------- <  a
Sb - S A

The optimization assessment in this case consists o f a step-by-step procedure that 
has to be verified to ensure that at a given apparent optimum no additional step 
would make the ratio -  A X /A S  approach more the value of a.

2.2. Examples of simple optimization assessments

An example o f application of optimization to establish design criteria for 
shielding was published in 1979 [3]. The example refers to an optimization
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assessment for a shield made of concrete, of large surface area. To ensure that 
the dose limits for workers were respected, it was assumed that there is initially 
enough shielding to limit the effective dose equivalent rate in a hypothetical 
worker glued to the surface o f the shield to a value Rj = 5 rem/a. It was also 
assumed that there is a constant ratio, ф, between the maximum effective dose 
equivalent raté and the average effective dose equivalent rate in the values. All 
doses can be reduced by addition o f further shielding, assumed to be between 
the initial assumed shield and the radiation sources.

With the assumptions presented above, the protection cost and the 
collective effective dose equivalent commitment can be expressed as

X =  с A w

S = R! e“^w ф N T

where с is the cost of installed concrete per unit volume, A is the surface area of 
the shield, w is the additional thickness of shield, ¡л is the effective absorption 
coefficient (including the effects o f buildup), N is the number of workers involved, 
and T is the expected lifetime o f the installations.

The optimum thickness, w0, can be found by the relation shown previously

\d w  dw /

с A = а  Ц Rj e~^w° ф N T  

This expression can be rearranged as 

c Ae Mw0 -----------------  —
a / i R j  (6T N

where a_#iw° is the dose reduction factor for the optimum additional shield, and 
A/N is the average area of the shielded surface per worker.

For an installation expected to operate for 20 years, where the gamma- 
radiation energy is about 0.7 MeV (the effective ju being about 14 m '1), and 
with an average shield surface area of 15 m2/worker, the following reduction 
factor would apply

($100/m 3) (15 m2/man)*
e- f i w0  s s  0. 1

($ 100/man-rem) (14 m~‘ ) (5 rem/a) (0.1) (20 a)

* 1982 US $.
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In this calculation a value of 0.1 has been taken for the ratio between average dose 
and hypothetical dose at the surface, and of SlOO/man-rem for a, and the cost 
for installed concrete has been estimated to be about $ 100/m 3, a cost applicable in 
Argentina. The result o f the example is, therefore, that the shield should be 
designed for a 0.25 mrem/h dose rate at the surface, provided that occupancy by 
workers is 2000 hours per year.

Optimization assessments conceptually similar to the example given above 
were used in combination with appropriate codes to design all the shieldings of a 
research reactor that is being built by the Argentine Comisión Nacional de Energía 
Atómica in co-operation with the Peruvian Junta de Energía Nuclear in Perú, in 
the vicinity of Lima.

Optimization has also been applied to the design of ventilation systems. An 
interesting case is the determination o f the optimum flow rate for a simple 
ventilation system, where the operating cost of the system over the lifetime of the 
installation is dominant [6]. In this case it was shown that the optimum flow rate 
Qo can be derived from the expression

where a  is the monetary value assigned to the unit o f collective effective dose 
equivalent, a is the cost to condition and circulate air per unit volume, N is the 
number of exposed workers, Fd is the dosimetric factor (the effective dose 
equivalent rate incurred by exposed individuals, per unit concentration o f radio
active material in air), which is assumed to be an average value corresponding to 
the mean age of the exposed people, and A is the input rate of radioactive material 
into the confined space.

Examples o f the application of optimization in the case o f discrete protection 
levels (choice between options of protective systems) have been published [3, 7], 
mainly in relation to the limitation o f the release of radioactive effluents from 
nuclear installations.

A recent example is the application o f optimization to establish a design 
requirement for control of releases o f  carbon-14 in the third Argentine nuclear 
power station, a pressure vessel natural uranium heavy water moderated reactor. 
The natural uranium heayy water reactors release substantially more carbon-14 
than light water reactors and, while the resulting individual doses to members of 
the public are very small, the collective dose commitment is greater than that due 
to other nuclides in the effluents [7, 8].

Under Argentine regulations it was necessary to provide some retention of 
14C in order to comply with a prescribed upper bound for collective dose commit
ment per unit electrical energy generated [9], and the regulatory authority 
required an optimization assessment to select the proper effluent treatment



408 BENINSON

option. This assessment and its bases is discussed elsewhere [9] and only results 
are presented here.

Three options where considered: (A) no retention o f 14C; (B) decontamina
tion factor of 50, and (C) decontamination factor of 100. The first option is 
made only for illustration because it would be precluded by the upper bound 
requirement mentioned.

The retention options consist o f two steps. In the first step, the effluents 
from the coolant and moderator circuits of the reactor are transformed into an 
appropriate gaseous compound. Through a catalytic procedure, all monoxides, 
dioxides and deuteromethanes are expected to be recombined to C 02 . In the 
second step, the gas is transformed into carbonate by means o f  a gas scrubber 
with an alkaline scrubbing barium hydroxide solution in a column. The substance 
formed will be barium carbonate dispersed in water and can be separated by 
filtration. The filters can be managed as standard solid wastes. Eventually, they 
will be incorporated into a matrix material for ultimate disposal in an appropriate 
repository. However, even if  retention is applied, carbon-14 would eventually 
reach the environment. Therefore, the difference o f collective dose commitment 
between options is equal to the difference between incomplete collective dose 
commitments, since both integral tails cancel. The time of effective retention of 
the carbonate controlling options is considered to be in the order of 104 years, 
if  the carbonate compounds are properly disposed in a repository. Therefore, 
the incomplete collective dose commitments over 10 000 years were used for 
this optimization [9].

The following table summarizes the optimization assessment. The cost 
estimates include capital cost and operating costs and a crude evaluation of the 
disposal cost [9].

OPTIONS

A
No retention

В
DF = 50

С
DF = 100

S (106 m an-rem ) 

X (1 0 6 dollar) 

ДХ (106 dollar)

AS (1 0 6 m an-rem )

0
3

11.5

2.96

11.5

0.06

14.4

0.03

2.9a

0.03a

3.8

a Of negligible econom ic im portance.
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Using the value of $ 100/m anrem , which is the value adopted by the Argentine 
regulatory authority, the assessment indicates that option С should be selected.

3. DOSE UPPER BOUNDS AS CONSTRAINTS FOR OPTIMIZATION

The use of the dose limits as constraints for optimization presents some 
conceptual difficulties in the case of exposures of members of the public. The 
dose limit is an individual-related requirement, while optimization is a source- 
related requirement. Because the dose limit applies to the combined exposure 
from many sources, it cannot be used to limit a given single source even when 
optimization would allow it. In fact, exposures at the limit from one single 
source would leave no margin for other practices which would expose the same 
critical group. The problem of overlap of exposures from different practices is 
not restricted to any given instant of time. Each year of operation o f a 
continuing practice can cause exposures which would be delivered in the future 
and which would add to the contributions of other years of operation of the 
practice.

For the purpose of constraining optimization of the protection of specific 
practices, it seems therefore reasonable that national authorities select ‘dose 
upper bounds’ which are small fractions o f the dose limit, allowing for the 
exposure overlap from continuing practices and from practices occurring else
where in the world, and reserving also some margin for unforeseen requirements 
in the future which otherwise would be precluded.

The annual limit for the effective dose equivalent in individual members of  
the public, recommended by the ICRP, applies to the average effective dose 
equivalent in the ‘critical group’, namely the group representing the most exposed 
individuals [ 1 ], from the sources under consideration. Critical groups, however, 
can be exposed also to other sources contributing regional or global exposures.
All these contributions have to be considered at the time in the future when they 
are expected to be maximum, if the practices are o f a continuing nature.

The requirement o f complying in the future with the individual dose 
limitation can be formulated as

where Hmjiis  the maximum future dose rate (really annual dose) from practice i, 
Z is the dose limit o f members of the public, and f  is a factor smaller than 1 to 
allow for future exposures of unforeseen justified sources. As the situations
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considered involve exposures which would be maintained over considerable periods 
of time, the appropriate dose limit can be taken to be 1 mSv in a year [ 1 ].

The future individual dose contribution o f regional and global sources can be 
approximated by the ‘per caput’ dose (average dose in region or world-wide). It 
has been shown [10—12] that the ‘per caput’ dose can be assessed as a crude 
approximation using the concept of the incomplete collective dose commitment 
per unit practice, integrated over the expected duration of the practice.

If the value o f the factor f  is chosen to cover all future practices except those 
relating to the nuclear fuel cycle for electrical energy generation, the dose limitation 
in the vicinity of a given installation к could be formulated [ 12] as:

Uk+lR s* +IG S* < f Z

where Uk is the upper bound for the annual dose in the critical group due to the 
operation of installation k, Ir and Iq are the regional and the global practice 
intensity (installed nuclear capacity per person, e.g. in MW/man), is the 
‘upper bound’ for the regional collective dose commitment per unit electrical 
energy generated, and Sq is the ‘upper bound’ for the global collective dose 
commitment per unit electrical energy generated.

The coherent selection of values for Uk, and would be very dependent 
on decisions made by the national authority regarding factor f, and on the projec
tions o f the practice rate (installed nuclear capacity per person), both regionally 
and globally. Decisions of this type have been made by some national regulatory 
authorities. In Argentina the first basic decision was to reserve 50% of the 
individual dose limiting value (1 mSv/a) for all other exposures except those 
relating to the nuclear fuel cycle.

It was also assumed that in the future the nuclear installed capacity in the 
region would eventually reach about 5 kW per person, a value which in any case 
is projected for Argentina after a few decades. The ‘practice intensity’ for the 
world as a whole is very difficult to project, but as the duration of the practice 
(electrical generation by fission) could proceed for several centuries, it was 
assumed that it could eventually reach similar values as the regional future level. 
With the assumptions mentioned above, the following condition should apply:

kW mrem
Uk + 5 ------ S* <  5 0 ---------

man a

where Uk is the upper bound for annual dose in the critical group due to a nuclear 
power plant or another installation of the fuel cycle, and S* is the ‘upper bound’ 
for the collective dose commitment per unit electrical energy generated. This 
commitment is the incomplete quantity, integrated over the period of the practice, 
assumed to be several centuries (500 years).
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The above relation should be satisfied taking into account among other factors 
what is technologically feasible. The regulatory authority in Argentina decided to 
use the pair of values = 30 mrem/a and S* = 4 mrem/MW-a for the two ‘upper 
bounds’. It should be noted that the value for S* applies to the entire fuel cycle.
Of this total, a value of 1.5 man -rem/MW-a was assigned to the nuclear power plant.

The ‘upper bounds’ o f 30 mrem/a and 1.5 man rem/MW-a have been 
incorporated by the Comisión Nacional de Energía Atómica in the regulatory 
requirements for nuclear power plants, in particular in the safety standards 
CALIN 3.1.2. [8]. This standard requires that the two ‘upper bounds’ are 
respected; in addition it requires that the control o f the release of effluents is 
optimized. ‘Upper bounds’ based on the same basic approach, but somewhat 
different in value due to different assumptions regarding future installed capacity, 
have been established in Sweden [13].

4. QUALIFYING REMARKS

Optimization o f radiation protection, under the constraint of the individual 
dose limits or appropriate dose ‘upper bounds’, tends to be applicable in a 
quantitative manner to the design of systems and equipment. However, as in all 
cases of quantitative methods o f decision making, a word of caution is necessary.

The results of optimization assessments of the selected level of protection 
and of the systems used to achieve it depend heavily upon the quality of the 
judgements and data incorporated in the analysis. It is therefore necessary to 
evaluate the sensitivity o f the solution to variations in some or all o f  the 
judgemental inputs and data. Such sensitivity assessment allows the identification 
of the crucial factors in the design and helps in making the approach more 
meaningful, particularly when the problem is complex.

Furthermore, it should be noted that optimization of radiation protection 
in the design is in large part an intuitive process, based mainly on technical 
judgement and experience. The quantitative techniques discussed above are a 
substantial aid to the process o f optimization, but do not constitute the complete 
process itself.
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Abstract-Résumé

APPLICATION OF THE DOSE OPTIM IZATION AND LIMITATION METHODOLOGY 
TO UNDERGROUND URANIUM MINES.

Between radiological p ro tection  measures which are essential in order to  ensure compliance 
with individual exposure lim its and those which are o f no use because they  do no t offer a signi
ficant reduction  of detrim ent there are some to  be found which m erit discussion. H ie  question 
is w hether their econom ic cost is offset by the health  and social gain which they  afford. To give 
an answer which is rational and acceptable to  all the  parties involved is a w orthy objective. This 
objective can be attained provided th a t there is awareness o f certain difficulties and the corre
sponding precautions are taken. However, an initial step m ust be taken — it is necessary to  fill 
the existing gaps in knowledge of radiation processes, especially routine exposure during norm al 
operating periods, so as to  make an accurate evaluation of the  variations in radiological detrim ent 
which may result from  each o f the  radiological p ro tection  measures considered. These predictive 
evaluations have so far n o t been necessary, and it is now being realized th a t they  cannot be made 
for lack of suitable experim ental data. The paper describes the  path  followed to  obtain the data 
needed to  achieve this objective in the case o f  uranium  mines — a radiologically critical step in 
the fuel cycle and one which clearly illustrates the point at issue.

APPLICATION DE LA METHODOLOGIE DEVELOPPEE EN MATIERE D’OPTIMISATION 
ET DE LIMITATION DES DOSES AU CAS DES MINES D’URANIUM SOUTERRAINES.

Entre les actions de rad iopro tection  qui s’im posent pour que les lim ites d ’exposition 
individuelle soient respectées e t celles qui sont inutiles parce que la réduction  du détrim ent 
qu ’elles apporteraient ne serait pas signifiante, on trouve celles qui m éritent la discussion. Leur 
coût économ ique est-il compensé par le gain sanitaire et social qu ’elles procurent? Répondre 
à cette  question de m anière rationelle et acceptable pour tou tes les parties en cause est un 
objectif souhaitable. Les auteurs pensent que cet objectif est aussi possible à condition d ’être 
conscient de certaines difficultés et de prendre les précautions correspondantes. Mais une 
étape préalable doit être  franchie: il faut d’abord com bler les lacunes de nos connaissances en 
ce qui concerne les processus de l’irradiation, su rtou t en ce qui concerne les irradiations reçues 
en routine  pendan t les périodes norm ales d’exploitation , de façon à être capable d’une évaluation 
précise des variations du détrim ent radiologique qui peuvent résulter de chacune des actions de
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radioprotection  envisageables. De telles évaluations prévisionnelles n ’avaient jusqu’ici pas été  
nécessaires et on s’aperçoit qu ’on ne sait pas les faire par m anque de données expérim entales 
appropriées. Les auteurs m ontren t la voie qui est suivie pour acquérir les inform ations nécessaires 
pour a tteindre cet objectif dans le cas des mines d’uranium , étape du cycle du com bustible radio- 
logiquem ent critique e t bien illustrative de leur propos.

1. INTRODUCTION

Dans toutes les industries, les travailleurs sont soumis 
durant leur vie professionnelle à des agressions ayant des 
conséquences sanitaires de caractère et de gravité très variés. 
Les sociétés industrielles ont le devoir moral de tout mettre en 
oeuvre pour que ces conséquences sanitaires soient aussi réduites 
que possible. Les organisations de travailleurs sont éventuelle
ment là pour rappeler cette obligation, sachant que la notion 
d'acceptabilité des risques professionnels est une notion qui 
évolue dans le sens des exigences croissantes. A cet égard, 
l'industrie nucléaire a joué et joue encore un rôle de pionnier. 
Les raisons essentielles de cette avance historique sont 
certainement les suivantes :

Dans le cas des radiotoxiques, contrairement à ce qui se 
passe pour les toxiques non radioactifs :

1. Les médecins ont une bonne connaissance des relations 
entre les doses d'irradiations aux rayons ionisants et leurs 
effets biologiques et sanitaires, ceci à la suite d'innombrables 
expériences de laboratoire et d'analyses d'accidents effectuées 
depuis cinquante ans.

2. Dans le cadre des réglementations nationales strictes, on 
mesure avec précision, et en routine, les doses individuelles 
d'irradiation reçues par chaque travailleur exposé dans chaque 
établissement nucléaire.

3. Lorsque les effets directs dus aux fortes doses ont été 
éliminés, ce qui est possible par une radioprotection adéquate 
(principe de limitation des doses individuelles), il ne subsiste 
plus, au niveau des travailleurs, qu'un risque collectif de 
nature statistique et à long terme, qui peut être représenté de 
façon significative par un indicateur global unique, la dose 
collective.

Ces circonstances favorables ont permis que la doctrine de 
base : "Réduire le détriment à des valeurs aussi faibles que 
possible, compte tenu des contraintes technologiques, économi
ques et sociales", présentée par la Commission Internationale de
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Protection Radiologique sous le nom de principe d'optimisation, 
puisse s'appliquer dans un cadre décisionnel parfaitement 
rationnel. On se trouve en effet dans le cas classique 
d'applicabilité de l'analyse coût-bénéfice, puisque l'on possède 
avec la dose collective un indicateur quantifié du détriment.

A chaque option technologique visant à améliorer une 
situation, on peut faire correspondre :

- un prix de revient technique,

- une réduction de la dose' collective, qui peut être évaluée 
en terme monétaire moyennant l'adoption d'un prix à 
attribuer, à titre indicatif, à la réduction d'une unité 
de la dose collective.

Les options à retenir en priorité sont celles pour 
lesquelles les efficacités coût-bénéfice sont les meilleures, 
étant entendu que si le prix de la réduction de l'unité de dose 
collective dépasse le prix indicatif de référence, il convient de 
s'arrêter.

2. APPLICABILITE DE LA METHODOLOGIE

Il existe dans la littérature un certain nombre de 
publications qui se sont proposées de démontrer aux concepteurs 
et aux exploitants l'intérêt de la méthodologie proposée et son 
applicabilité à la résolution concrète des problèmes de 
protection rencontrés dans les établissements nucléaires [1]. 
Nous avons, pour notre part, effectivement proposé et appliqué 
cette méthodologie au Canada dans le cas d'une usine de 
traitement de minerai riche où il fallait choisir entre 
différentes options de blindage (Fig. 1) [2].

Dans la littérature qui nous est parvenue, nous n'avons 
jamais rencontré de cas où la sélection des options ait vraiment 
été faite par cette approche formalisée. Certains ont même nié 
que la méthodologie soit applicable.

Pour notre part, nous considérons que l'application stricte 
de l'analyse coût-bénéfice se heurte en pratique à l'absence, 
dans l'état actuel des connaissances, des données expérimentales 
et technologiques qui permettraient d'évaluer avec certitude 
aussi bien les coûts techniques que la dose collective. Et, 
souvent, le temps nécessaire à des évaluations correctes excède 
celui dont les responsables disposent avant de prendre leur 
décision. Il y a donc une difficulté pratique réelle.
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Epaisseur de blindage
1 - 2,5 mm de plomb

2 - 5,0 mm de plomb

3 - \5 mm de plomb

Appareils à blinder 
A : attaque chimique 
B : stockage des pulpes 
C : broyage secondaire 
D : broyage primaire 
E : blindage généralisé 
0 : solutions optimales

FIG. 1. Sélection des options de blindage optimales pour le projet d ’usine de traitement de 
Key Lake, Saskatchewan.
(Teneur d ’entrée: 2,5%; production annuelle: 4000 t d ’U3Os; main d ’oeuvre: 330 employés; 
dose collective sur 22 ans: 4070 homme • rem).
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Or, à notre avis, les dispositions prises pour la réduction 
des risques radiologiques dans l'industrie nucléaire ne sont pas, 
malheureusement, optimisées. Ce qui veut dire que :

- dans certains cas, les travailleurs sont exposés 
inutilement

- dans d'autres cas, des sommes importantes sont dépensées 
pour des gains illusoires en protection.

Il importe donc de mettre en oeuvre, dans l'esprit des 
recommandations de la CIPR, une méthodologie de sélection des 
options optimales qui ne sera peut-être pas strictement l'analyse 
coût-bénéfice mais qui doit être une méthode explicite et
rationnelle, par exemple du type multicritère.

L'Institut de Protection et de Sûreté Nucléaire (IPSN) fait, 
en tout état de cause, le pari qu'une approche rationnelle du 
problème posé par la sélection des stratégies optimales de 
protection est possible dans l'industrie nucléaire et se propose 
d'en faire la démonstration. Mais il faut savoir que c'est là une 
oeuvre de longue haleine qui nécessite des actions de recherches 
préalables et qui, par ailleurs, suppose l'adhésion des 
concepteurs et des exploitants. Cette adhésion, à la suite d'une 
action de sensibilisation nécessaire auprès d'industriels plus 
enclins à respecter des normes fixes que des contraintes 
d'optimum variables ne peut être considérée comme déjà obtenue,
mais des progrès en ce sens existent.

On se propose d'illustrer la démarche suivie dans la voie de 
l'optimisation par l'IPSN en décrivant les actions de recherche 
menées depuis quinze ans dans les mines d'uranium.

Nous avons choisi les mines d'uranium parce que, dans 
l'optique de l'optimisation de la protection, c'est l'une des 
étapes du cycle du combustible et de son utilisation qui requiert 
les efforts les plus importants. Ceci apparaît dans le tableau I,[3].

3. DESCRIPTION DES ACTIONS DE RADIOPROTECTION MENEES DANS 
LES MINES D’URANIUM

La démarche visant à mettre en oeuvre une politique de 
radioprotection optimisée, c'est à dire rationnelle, comporte en 
préalable un certain nombre d'actions de recherche et 
développement que nous avons choisies avec soin dans les thèmes 
ci-dessous, en fonction de leur intervention dans le processus 
d'optimisation :
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1. Relation dose-effet
2. Dosimétrie
3. Qualification et suivi des performances radiologiques des 

sièges miniers
4. Mécanismes de l'exposition individuelle
5. Techniques de prévention

Les principales de ces actions de recherche et développement 
sont décrites brièvement et les résultats essentiels sont rappelés.

3.1. Relation dose — effet

Pour pouvoir utiliser la dose collective comme indicateur du 
détriment, il est nécessaire de s'être assuré de la linéarité de 
la relation dose-effet.

Le problème ici est celui de l'induction du cancer 
pulmonaire par le radon. L'originalité des chercheurs français 
depuis 1968, a été de procéder à des expérimentations sur 
l'animal, après avoir mis au point un protocole expérimental 
susceptible d'induire de façon reproductible chez le rat des 
cancers du poumon sous l'action du radon [4], [5] et [6].

L'avantage de la méthode est la connaissance précise des 
doses et des effets, et la maîtrise des paramètres expérimentaux 
additionnels (thérapie - synergies). La difficulté est la 
transposition de l'animal à l'homme. Cependant, les résultats 
obtenus avec des doses inhalées de l'ordre de 1000 à 10000 mJ 
recoupent bien ceux obtenus par les études épidémiologiques 
effectuées dans d'autres pays. L'expérimentation sur des animaux 
exposés à des doses plus faibles (100 mJ) est en cours et devrait 
permettre de supporter ou d'infirmer à ces faibles doses les 
modèles dosimétriques établis par d'autres chercheurs.

3.2. Dosimétrie

Une évaluation correcte du détriment et de ses variations en 
fonction des dispositions prises en matière de prévention des 
irradiations est indispensable si l'on veut faire de l'optimisa
tion. Les mineurs d'uranium présentent la particularité, vis à 
vis des autres travailleurs du nucléaire, d'être soumis en 
routine, non seulement à une irradiation externe, mais aussi à 
une irradiation interne par inhalation des descendants du radon 
et des poussières de minerai. Le risque radon est, en général, 
dominant en mine souterraine, c'est celui qui absorbe la plupart 
de nos efforts de prévention et qui est le plus difficile à 
cerner et à mesurer. Il n'y a pas d'irradiations accidentelles.
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TABLEAU II. ETUDE, DEVELOPPEMENT ET PASSAGE EN ROUTINE DE LA 
DOSIMETRIE ALPHA RADON INDIVIDUELLE: UN HISTORIQUE

Principales étapes Historique

Possibilité d'utiliser 
les détecteurs solides 
de traces alpha

Etudes de faisabilité

Essais de laboratoire

Essais technologiques 
en mine souterraine

Etudes en vraie grandeur 
dans les mines souterraines

Développement des 
périphériques

Passage aux appareils de
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'h____ Brevet
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dosimétrie individuelle

tconception du Système Intégré de 
Dosimétrie Individuelle (SIDI)

81 lancement
commercial

Utilisation dans les 
mines françaises

81 82 » tous les mineurs 
équipés
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La détermination des doses individuelles de radon a d'abord 
été effectuée indirectement par une dosimétrie d'ambiance. Nous 
avons montré que cette dosimétrie d'ambiance permettait de 
connaître globalement à un facteur 1,5 à 2 près la dose 
collective, donc de suivre grossièrement les efforts de réduction 
de dose. Mais, une dosimétrie personnelle était indispensable :

- pour gérer les travailleurs au niveau individuel,

- pour apprécier correctement les irradiations des groupes 
critiques, la dose collective et moyenne, et l'évolution de ces 
indicateurs en fonction des dispositions prises pour la protection 
et faire une analyse coût bénéfice précise.

1982 est l'année où nous atteignons enfin cet objectif : les 
différents sièges miniers sont progressivement, depuis le 1er 
janvier, convertis de la dosimétrie d'ambiance à la dosimétrie 
personnelle. 500 mineurs portent actuellement un dosimètre 
individuel pour la mesure de l'exposition aux descendants du 
radon et des poussières de minerai. Il y en aura 1200 avant la 
fin de l'année.

Ce succès vient à la suite de 10 ans d'efforts dont un 
historique est rappelé dans le tableau II ; il n'a été possible 
que parce que, au sein du groupe CEA, nous avons pu trouver 
successivement toutes les compétences et tous les niveaux 
d'expérimentation nécessaires, que nous avons eu, en particulier, 
toutes facilités de la part de la COGEMA pour les essais de 
qualification en vraie grandeur et que nous avons bénéficier en 
phase finale de la participation active des mineurs eux-mêmes.

3.3. Qualification et suivi des performances radiométriques des sièges miniers

Il est important de disposer d'un indicateur simple et 
global qui puisse qualifier les performances radiologiques d'un 
siège minier et permettre des comparaisons et des suivis 
d'évolution. L'indicateur idéal est l'irradiation spécifique qui 
est, dans une mine d'uranium, la quantité de dose collective à 
associer à l'extraction d'une tonne d'uranium contenu. La 
figure 2 montre que les doses collectives et les tonnages 
extraits des sièges miniers dont nous assurons la surveillance 
sont très variables, ainsi que les irradiations spécifiques qui 
sont les rapports de ces deux grandeurs.

Pour expliquer ces différences, trois causes peuvent être 
alléguées :

- la variabilité géologique et minéralogique du gisement,
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ü  métal e x tra it (en t)

FIG.2. Détriment ((y))associé à l'activité minière.

- la variabilité des méthodes d'extraction,
- la variabilité de l'efficacité des méthodes de protection.

Dans le cadre de l'optimisation, savoir laquelle de ces 
causes est la bonne explication d'une valeur d'irradiativité 
élevée est primordial. A cet effet, nous avons développé des 
modèles de calcul de l'irradiation spécifique gamma et radon dans 
les mines souterraines [7]. Il apparaît dans ces modèles que la 
productivité de l'extraction du minerai est la principale 
variable explicative de l'irradiation spécifique. Les intérêts de 
l'exploitant et du radioprotectionniste sont ici les mêmes. La 
figure 3 le montre clairement dans le cas de l'irradiation 
spécifique gamma. Les recherches en cours devraient aboutir, dans 
l'optique de l'optimisation, à un guide de bonne conduite à 
l'usage des exploitants miniers [8].

3.4. Mécanismes de l’exposition individuelle

Savoir que faire au niveau des postes de travail pour 
réduire les expositions individuelles nécessite un diagnostic sur 
les mécanismes de l'exposition. En ce qui concerne le radon, les 
deux phénomènes-clés sont :

- l'émission du radon,
- son évacuation par 1'aérage primaire et secondaire.
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P ^ :  Productivité d'extraction (tonnes de minerai extraite par 
homme • an)

FIG.3. Corrélation entre l ’irradiation spécifique y  et la productivité d ’extraction du minerai

Nous avons d'abord modélisé les processus d'évacuation par 
les aérages. Ce modèle permet notamment de comparer les 
efficacités coût-bénéfice de diverses méthodes de réduction ; un 
exemple est donné figure 4 [9]. Actuellement ce modèle est en 
cours de validation. A cet effet, nous avons développé 
préalablement deux dispositifs d'investigation qui s'avèrent 
rendre les services attendus :

- un dispositif multivoie de mesure en continu du radon,
- un dispositif de traçage des mouvements des masses d'air 

transportées par les aérages.

On met ainsi en évidence les phénomènes complexes qui 
régissent le transfert du radon dans les chantiers dont les 
modèles mathématiques doivent rendre compte.

Dans un deuxième programme, nous nous attaquons maintenant 
au problème de la réduction des sources de radon que nous 
espérons pouvoir réduire dans certains cas favorables par le 
drainage des roches encaissantes.

3.5. Techniques de prévention

Nous avons porté nos efforts sur l'épuration des descendants 
du radon par voie électrostatique qui s'avère un outil utile. La 
figure 5 montre quelques résultats obtenus en mine souterraine.
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Dose collective
sur 5 ans 2
(homme-rem) m ,s

ГТ1 - Augmentation de l1aérage secondaire

(~2~1 - Augmentation de l’aérage primaire

[31 ~ Epuration de l1aérage secondaire

- Suppression de la pollution par les vieux travaux

Hypothèses : 10 mineurs de fond
Durée de l'exploitation : cinq ans 
Teneur en uranium du minerai : 2 %,

FIG.4. Réduction de la dose collective d'une petite exploitation souterraine pour diverses 
options de dépenses supplémentaires de radioprotection.

Lors de mesures comparatives des expositions individuelles 
d'ouvriers- qui travaillaient sur le même chantier, pour les uns 
avec épuration, pour les autres sans, on a observé au cours d'une 
campagne d'un mois, une réduction de l'exposition moyenne de 35 % 
pour un coût de 35.000 FF et de 41 % pour un coût de 50.000 FF.

Beaucoup de travaux sont encore à faire pour définir les 
conditions optimales d'emploi de ces matériels.

4. CONCLUSIONS

Le fait que les industriels du nucléaire ne soient 
contraints qu'au respect de limites fixes n'était pas autrefois
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FIG .5. Epuration électrostatique des descendants du radon (Dp: taille des particules).

générateur de progrès en matière de radioprotection. La doctrine 
de l'optimisation a d'abord le grand mérite d'inciter à adapter 
à la radioprotection toute la technologie disponible qui restait 
inutilisée par suite du manque de possibilité d'une évaluation 
correcte de son intérêt.

Cependant, la mise en oeuvre concrète de cette doctrine 
implique préalablement des progrès dans la mesure, la connais
sances des phénomènes de l'irradiation, et les technologies. Nous 
en sommes encore à ce stade. La rationnalité des décisions en 
matière de radioprotection apparaît cependant d'ores et déjà 
comme un objectif possible et souhaitable dans l'intérêt de tous 
à relativement brève échéance.
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Abstract- Аннотация

RADIATION SAFETY PRACTICE AT NUCLEAR POWER STATIONS AND ESTIMATION 
OF DOSE BURDENS TO THE USSR GENERAL PUBLIC IN THE CONTEXT OF THE 
COUNTRY’S NUCLEAR POWER DEVELOPMENT PLANS.

The paper sets fo rth  the  main features o f the S tate system of health  p ro tec tion  for staff 
and the  general public, and likewise the  essentials o f environm ental pro tection . The principles 
of standardizing radiation factors are given for pow er sta tion  personnel and for the general 
public, together w ith the  main provisions o f the  health Standards and Rules for radiation 
p ro tec tion  at present valid in the USSR. Data are quoted  on the radiation situation  at nuclear 
power stations and on th e  size of releases o f radioactive aerosols and liquid effluents to  the 
environm ent. The paper pays particular a tten tio n  to  analyses of the radiation situation  in 
districts where nuclear power stations are situated and also to  the type and scope of m onitoring 
of radioactive environm ental contam ination. An analysis o f the coefficients achieved with 
Soviet pressurized w ater (WWER), high-power channel-type (RBMK) and fast (BN) reactors 
currently  in large-scale use shows th a t in term s b o th  of release levels o f  radioactive substances 
and of the dose burdens to  staff and general public these reactors are com parable w ith the best 
foreign nuclear pow er installations. Values actually measured and values calculated fo r the 
basic param eters o f  the radiation  situation in areas of the USSR where nuclear power stations 
are situated confirm  the safety o f these facilities as regards the health  o f the general public and 
th e  extrem ely low levels o f their effects on the environm ent. In conclusion, the paper quotes 
estim ates o f the  collective effective dose equivalent to  the USSR population expected to  result 
from  im plem entation of the  cou n try ’s nuclear power program m e up to  the  year 2000. Radiation 
safety problem s associated w ith nuclear power p roduction  which still require solution are 
enum erated.

ПРАКТИКА О БЕСП ЕЧЕН И Я РАДИАЦИОННОЙ БЕЗО П А СНО СТИ  НА АЭС И ПРОГНОЗ 

ДО ЗО ВЫ Х  НАГРУЗОК НА НАСЕЛЕНИЕ СССР В СВЯ ЗИ  С ПЛАНАМИ РАЗВИТИЯ АТОМНОЙ 

ЭНЕРГЕТИКИ СТРАНЫ.
В докладе излагаю тся основны е полож ения государственной систем ы  охраны  здоровья  

персонала и населения, а такж е защ иты  окруж аю щ ей среды . П риведены  принципы н орм ирова

ния радиационны х ф ак то р о в  д л я  персонала АЭС и населения и основны е требования сущ еству-

427
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ю щ и х  в СССР санитарных Норм и Правил радиационной безопасности. Представлены данные 

по радиационной обстановке на АЭС, а также величины газоаэрозольных выбросов и жидких 
сбросов радиоактивных веществ в окружающую среду. Большое внимание в докладе уделяется 

вопросам анализа радиационной обстановки в районах расположения АЭС, а также системам и 

объему контроля за радиоактивным загрязнением окружающей среды. Анализ фактических 

показателей, достигнутых на современных серийных отечественных реакторах типа ВВЭР, Р Б М К  
и БН, показывает, что как по уровням выбросов и сбросов радиоактивных веществ, так и по 

дозовым нагрузкам на персонал и население эти реакторы сравнимы с лучшими зарубежными 
ядерными энергетическими реакторами. Реально измеренные и расчетные значения основных 

параметров радиационной обстановки в районах расположения СЭВ в СССР подтверждают 

безопасность этих объектов для здоровья населения и чрезвычайно низкие уровни их воздействия 
на окружающ ую среду. Приведены оценки величины коллективной эффективной эквивалентной 

дозы излучения на население СССР при реализации планов развития атомной энергетики страны 

до 2000 г. Сформулированы проблемы радиационной безопасности атомной энергетики, подле
жащие разрешению.

К  началу 1982 г. общ ая мощ ность всех АЭС СССР составила ~  16 Г В т (э л .) , а к  

концу 1985 г. планируется довести ее до 40  Г В т(эл .) [1 ]. Еще большие темпы  р аз

вития атомной энергетики ожидаю тся в последующие периоды: по оценкам  специа

листов к  1990 г. м ощ ность АЭС СССР достигнет 90  Г В т(эл .) [2 ] , а к  концу этого 

столетия мож но ожидать, что почти 200 Г В т(эл .) мощ ности в нашей стране будет 
производиться за счет использования энергии атом ного ядра.

Столь ш ирокие масш табы  внедрения ядерной энергетики в эко н о м и ку  страны 

ставят вполне естественный вопрос, а к ак  отразится на здоровье людей переход от 

традиционных источников энергии к  ядерной энергетике? Хорош о известно, что в 

процессе эксплуатации ядерного реактора, несм отря на все возм ож ны е м еры  по 

удержанию  активности , некоторая часть радионуклидов и п родуктов  нейтронной 
активации м ож ет поступить в рабочие помещ ения АЭС, а такж е в окруж аю щ ую  среду 

с газоаэрозольны м и вы бросам и и ж идким и сбросами [3 ]. Воздейстие данны х радио
нуклидов на организм  человека, обусловливаю щ ее внешнее и внутреннее облучение 

его органов и тканей, м ож ет привести, при достаточно вы соких уровнях  поглощ енны х 

доз, к  нежелательны м изменениям  в здоровье человека. Это приводит к  необходи

мости установления целой системы  норм ативны х и регламентирую щ их докум ентов, 

определяю щ их требования к  технологии, аппаратурны м и строительны м реш ениям, 
вы бору  места разм ещ ения АЭС и эконом ическим  затратам на защ итные м ероприятия. 

Все указанны е меры  призваны  обеспечить охрану здоровья профессиональных работ

н и ков  и населения, а такж е снизить, насколько  это возм ож но, загрязнение окр у ж а

ющей среды.

Санитарное норм ирование радиационных ф акторов  развивалось в СССР с опере

жением создания крупны х  АЭС. Первые санитарные правила и норм ы , касаю щ иеся 

работы  с радиоактивны м и вещ ествам и, бы ли разработаны  в  1953 г .,  когда  ш ла 

подготовка  к  п уску  П ервой в  мире АЭС. Позже, в  период проектирования Б елоярской
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ТА БЛ И Ц А  I. ДОЗОВЫ Е ПРЕДЕЛЫ  ВНЕШНЕГО И ВНУТРЕННЕГО ОБЛУЧЕНИЯ, Н, 

бэр /год  (м З в /го д )

Дозы внешнего и внутреннего облучения

Группа критических органов

I II III

Предельно допустимая доза для категории А. П Д Д  

Предел дозы для категории Б, П Д б

5(50) 

0,5 (5)

15(150)

1,5(15)

30(300) 

3(30)

и Н ововоронеж ской АЭС, бы ли изданы ’’Санитарные правила работы  с радиоактивны 

ми вещ ествам и и другим и источниками ионизирую щ их излучений, С П -3 3 3 -6 0 ” . В 

1965 г. при М инистерстве здравоохранения СССР бы ла создана Национальная к о м и с

сия по радиационной защите (Н К РЗ) , на которую  возлож ено обобщ ение данны х по 

научному обоснованию  принципов радиационной защ иты и разработка норм  и правил 

радиационной безопасности. НКРЗ подготовлены  ’’Н орм ы  радиационной безопасности, 
НРБ-69” и действую щ ие в настоящ ее вр ем я  НРБ-76, а такж е ’’Основные санитарные 

правила работы  с радиоктивны м и вещ ествам и и другим и источниками ионизирую щ их 

излучений, О С П -72/80” [4 ]. В развитие основны х полож ений этих докум ентов были 

вы пущ ены  ’’Санитарные правила проектирования и эксплуатации атом ны х электро

станций, СП-АЭС-79” [5 ] , содержащ ие требования по обеспечению радиационной 

безопасности персонала АЭС и населения, прож иваю щ его в районе их разм ещ ения, а 

такж е требования по охране окруж аю щ ей среды от загрязнения радиоактивны м и 

отходам и и по сбросу избы точного тепла. Н еобходим о подчеркнуть, что в отличие 
от аналогичных м еж дународны х норм ативов перечисленные вы ш е докум енты  носят 

законодательны й, а не реком ендательны й характер.

О сновны е принципы, прим еняем ы е в СССР при нормировании радиационных 
ф акто р о в , основаны  на известны х полож ениях Н Р Б -76 и М КРЗ:

— непревыш ение установленного дозового  предела;

— исклю чение в ся к о го  необоснованного облучения;

— снижение дозы  облучения до возм ож но ни зко го  уровня.

В табл.1 представлены  установленны е в СССР [4] предельно допустим ы е дозы  
облучения персонала (категория А) и предел до зы  для ограниченной части населения 

(категория Б ) . В данны х докум ентах  специально отмечено, что ’’Ограничение облу

чения населения (категори я  Б ) определяется возм ож ны м  возникновением  отдален

ны х эф ф ектов  и генетических последствий. Регламентация и контроль за облучением 

категории Б  относится к  ком петенции М инистерства здравоохранения СССР” .

П ри проектировании АЭС расчет защ иты от проникаю щ их излучений долж ен 

производиться диф ф еренцировано, исходя из значения мощ ности эквивалентной 

дозы  на рабочих местах в различных пом ещ ениях, с учетом категории работающ их,
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ТА БЛИЦА II. ПРЕДЕЛЫ  ЭКВИВАЛЕНТНОЙ ДО ЗЫ  Д Л Я  НАСЕЛЕНИЯ 
(КАТЕГОРИЯ Б ) , ПРОЖИВАЮЩЕГО В РАЙОНЕ РАЗМЕЩЕНИЯ АЭС, 
ОБУСЛОВЛЕННЫЕ РАДИОАКТИВНЫМИ ОТХОДАМИ АЭС, м бэр /год  (м к З в /г о д )  [5]

Вид радиоактивных отходов
Доля П Д  

НРБ-76,

%

Группа критических органов

I 11 III

Газоаэрозольные выбросы 

Жидкие сбросы на отдельные виды
4 20(200) 60 (600) 120(1200)

водопользования * 1 5(50) 15(150) 30(300)

Всего 5 25(250) 75(750) 150(1500)

* Под видом водопользования понимается рыболовство, рыборазведение, орошение и питьевое 
водоснабжение.

характера работы  и назначения помещ ения. К ром е того, в работе [5] указан о , что 

при проектировании АЭС организация проведения технологических и ремонтны х 

операций долж на быть предусмотрена таким  образом , чтобы индивидуальная доза 

персонала бы ла меньш е норм атива, приведенного в табл.1. Это ограничение создает 

резерв по индивидуальной дозе персонала на случай ликвидации возм ож ны х аварий

ны х ситуаций и изменения радиационной обстановки при многолетней эксплуатации 

АЭС. Приведенны е в табл.1 дозовы е пределы относятся к  сум м арны м  дозам  от всех 

источников излучения (к р о м е  естественной радиации и облучения при м едицинских 

про ц еду р ах ), которы е ш ироко  использую тся в различных сф ерах человеческой дея

тельности. В целях защ иты  населения и охраны  окруж аю щ ей среды  в СП-АЭС-79 

установлены  пределы  доз (П Д ), обусловленные всей сум м ой газоаэрозольны х вы б
росов и ж идких  радиоактивны х сбросов АЭС, которы е составляю т лиш ь 5% от П Д б , 

согласно Н Р Б -7 6 , Выделение 5% -й  дозовой  кво ты  на радиоактивны е отходы  АЭС 

соответствует прежде всего  хорош о известном у принципу ALARA, которы й особен

но актуален в услови ях  быстро развиваю щ ейся програм м ы  развития ядерной энерге

тики  в густонаселенных районах страны. К ром е того, ф актические дозы  на местности, 
обусловленны е радиоактивны м и отходам и действую щ их АЭС, значительно меньш е, 

чем приведенны е в СП-АЭС-79 пределы дозы  для  ограниченной части населения 

(табл .II), что подтверж дается всем  опы том  их эксплуатации [3, 6 ] . И, наконец, 

эти ограничения соответствую т принятой в  настоящ ее вр ем я  беспороговой концепции 
” доза-эф ф ект” .

П риведенны е в табл. II пределы  индивидуальных эквивалентны х доз относятся 

к  лицам  из населения, прож иваю щ им на границе санитарно-защитной зоны , или за ее 

пределами на так о м  расстоянии, где ожидается наибольш ая доза облучения. При этом



IAEA-CN-42/1 431

ТА БЛ И Ц А  III. ОЖИДАЕМЫЕ ЭКВИВАЛЕНТНЫЕ ДО ЗЫ  АВАРИЙНОГО 

ОБЛУЧЕНИЯ (Н) НАСЕЛЕНИЯ ПРИ МПА [5]

Вид облучения Н, 

б э р (З в )

Внешнее облучение всего  тела
Внутреннее облучение щ итовидной ж елезы  детей

Внутреннее облучение лю бы х други х  органов

1 0 ( 0 , 1)

3 0 (0 ,3 )
10(0,1)

имею тся в  виду; пределы  годовы х доз, достигнуты х в условиях  радиоактивного равно

весия во  внеш ней среде. Х отя при проектировании АЭС принимаю тся все м еры  безо

пасности, тем  не менее теоретически авария не исключена. В СП-А ЭС-79 предусм от

рено создание такой  системы  технической безопасности, которая  обеспечила бы 

защ иту населения при так  назы ваем ой м аксим альной проектной аварии (М П А ). При 

этом  приняты  нижеследую щ ие ож идаемы е дозы  аварийного облучения населения 

(табл. I I I ) .
При вы боре доз аварийного облучения руководствовались: во-первы х, чрез

вычайно м алой вероятностью  аварии, ко то р ая  привела бы к  таки м  дозам ; во-вторы х, 
сопоставимость с пределами доз на отдельные лица из населения, установленны ми в 

Н РБ-76 (см . табл. I ) , где приняты  П Д =  0,5 бэр /год  (5 м З в /г о д ) , или 30 бэр (0,3 З в )  

при хроническом  облучении за всю жизнь, что по мнению М КРЗ по биологическом у 

эф ф екту  сопоставим о с дозой 10 бэр (0,1 З в )  при к р атковрем ен н ом  облучении; 

в-третьих, сопоставимостью  с ПД Д для  профессиональны х работников при норм аль

ной эксплуатации АЭС.
Н аряду с ограничением основны х характеристик — дозовы х  пределов, вводятся  

такж е призводны е величины — допустим ы е вы бросы  (ДВ) и допустим ы е сбросы  (Д С ), 

а такж е контрольны е вы бросы  и сбросы . С трого го во р я , ДВ долж ны  соответствовать 

таки м  вы бросам , которы е в услови ях  достижения радиологического равновесия во 

внеш ней среде не долж ны  превосходить ПД, приведенные в табл. II. О днако, в 

СП-АЭС-79 допустим ы е вы бросы  бы ли рассчитаны на основании дополнительного 

требования: они не долж ны  сущ ественно превыш ать уж е достигнуты е статистически 
обработанные ф актические вы бросы  действую щ их АЭС, которы е обычно меньше 
расчетных значений ПДВ (табл. IV ) .

Д опускается вы брос, превыш аю щ ий в 5 раз приведенны е вы ш е ДВ, при условии, 

если сум м арны й среднесуточный вы брос радионуклидов не превосходит квартального, 

а среднемесячны й — годового  расчетного ур о вн я  вы бросов.

Н еотъем лем ой частью системы  радиационной безопасности персонала АЭС и насе

ления явл яется  строгий радиационный дозим етрический контроль. На АЭС этот 

контроль вклю чает в  себя измерения: индивидуальной дозы  внеш него облучения;



ТАБЛИЦА IV. ДОПУСТИМЫЙ ВЫБРОС АЭС [5]

432 ВОРОБЬЕВ и др.

Н уклиды
Д оля мощ ности АЭС 

6 ГВт (эл .)

Д оля мощ ности АЭС 
6 ГВт (эл.)

Среднесуточный ДВ Ки (Г Б к )  / (ГВт (эл. ) • сут) Ки (Г Б к )  /сут

Инертные радиоактивны е газы 500(1,9-104) 3000(1,1 10s)
131J (все ф орм ы ) 0,01 (0,37) 0,06 (2,2)
Смесь долгож и вущ и х нуклидов 0,015(0,55) 0,09 (3,3)
Смесь к оро тко ж и ву щ и х  н уклидов 0-.2 (7,4) 1,2 (44)

Среднемесячны й ДВ мК и (Г Б к ) / (ГВт (эл .) • мес) мКи (Г Б к ) /м ес

51Сг 15(0,55) 90 (3,3)
и Мп 15(0,55) 90(3,3)
60 Со 15 (0,55) 90(3,3)
” Sr 15 (0,55) 90 (3,3)
90 Sr 1,5 (0,055) 9(0,33)
137 Cs 15(0,55) 90 (3,3)

мощ ности эквивалентной дозы  гамма-нейтронного излучения, а такж е плотности 

потока нейтронов и бета-частиц; концентрации и нуклидного состава радиоактивны х 

газов  и аэрозолей в воздухе производственны х помещ ений; уровня загрязнения 

радиоактивны м и вещ ествам и рабочих поверхностей, строительных конструкций  и 

оборудования, кож ны х п о к р о во в , производственной и личной одеж ды  персонала; 

радиоактивности и нуклидного  состава газоаэрозольны х вы бросов и ж идких сбро

сов во внешнюю среду; содерж ания радиоактивны х вещ еств в различных объектах  

внеш ней среды. Специальные служ бы , оснащ енные современной дозим етрической 

и спектром етрической аппаратурой, ведут контроль во  внеш ней среде за мощностью  

дозы  и годовой дозой излучения на местности, определяю т концентрацию  радионук

лидов в атм осф ерном  воздухе , почве, растительности, воде откры ты х  водоем ов, в 

продуктах  питания и к о р м ах  м естного производства.
Н еобходим о подчеркнуть, что строгое исполнение всех требований СП-А ЭС-79, 

безусловно, гарантирует радиационную безопасность персонала АЭС и населения, 

прож иваю щ его в  районе их разм ещ ения. П одтвердим  сказанное опы том  практичес

кой  эксплуатации АЭС в СССР за последние годы . О становимся на вопросах обес

печения радиационной безопасности персонала. Опыт эксплуатации показы вает, что 

основны м  вредны м  профессиональны м ф акто р о м  для работаю щ их на АЭС является
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ТА БЛ И Ц А  V. СРЕДНЯЯ ГОДОВАЯ ИНДИВИДУАЛЬНАЯ Д О ЗА  ОБЛУЧЕНИЯ 

ПЕРСОНАЛА АЭС [6 ]

АЭС

Доза 
бэр (мЗв)

1977 1978 1979

Нововоронежская 0,78(7,8) 0,61 (6,1) 0,6 (6,0)
Кольская 0,84(8,4) 0,59 (5,9) 0,68(6,8)
Армянская 0,33(3,3) 0,14(1,4) 0,62(6,2)
Чернобыльская - 1,2(12) 1,0(10)
Курская 0,23 (2,3) 0,33(3,3) 0,38(3,8)

ТАБЛИЦА VI. ОБЛУЧАЕМОСТБ ПЕРСОНАЛА НА АЭС СССР

Период наблюдения
Тип реактора

реакторо-лет
Средняя доза 

бэр(мЗв)

Нормализованная 
коллективная доза 
чел-бэр (чел.Зв) 

мВт(эл.) -год

ВВЭР-440 16 
РБМК-1000 11 
БН-350 6

0,56(5,6)
0,68(6,8)
0,01

1,1(0,011)
1,3(0,013)
7* 10~ 3 (7-10~s) *

* Для БН-350 значение нормировано на 1 МВт (тепл.).

гамма-облучение персонала. О днако, сумм арная годовая доза гамма-облучения 
персонала АЭС не вы ходит за пределы ПДЦ (5 б э р /г о д ) , а в подавляю щ ем  числе 

случаев дозовы е нагрузки  ниже этого значения (табл. V ) .

Из данных этой таблицы видно, что средняя годовая доза облучения персонала 

АЭС, оборудованны х реакторам и различного типа и м ощ ности, составляет 0,14-1,2 бэр. 

В табл. VI представлены  усредненные за большой период врем ени наблю дения данные 

по облучаемости персонала АЭС с реакторам и ВВЭР-440, РБ М К -1000 и БН -350.
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Данные табл .V I свидетельствую т о том , что на АЭС СССР созданы услови я, при 

которы х  практически реализованы  реком ендации М КРЗ о том , что средние дозы  

облучения персонала долж ны  быть в 10 раз меньш е принятого значения ПДД. Сопо

ставление уровней облучения персонала (табл. V и VI) с м атериалами, представленными 

Н аучным ком итетом  ООН по действию атомной радиации [3 ] , показы вает, что по вели

чине к а к  индивидуальных, так  и коллективны х  доз облучения персонала отечествен

ные АЭС близки  к  зарубеж ным.

На основании изучения динам ики облучаемости персонала АЭС мож но утверж дать, 

что основное ф орм ирование доз облучения происходит при вы полнении ремонтных 

работ. На АЭС с реакторам и РБМ К-1000 таким и  работам и являю тся ревизия и ремонт 
барабан-сепараторов, замена ш ариковы х регуляторов расхода воды  и запорны х 

клапанов, ремонт главны х циркуляционны х насосов. На АЭС с ВВЭР-440 основной 

в к л ад  в  коллективную  дозу  дают перегрузки ядерного горючего с сопутствую щ ими 
им ремонтны м и работам и на корпусе реактора, парогенераторах и главны х цирку

ляционны х насосах. В ходе вы полнения ремонтны х работ на всех АЭС в 2-2,6 увели

чивается число лиц, работаю щ их в радиационно опасных условиях , т .е . в необслуж и

ваем ы х и полуобслуж иваем ы х помещ ениях. На АЭС с ВВЭР-440 дозозатраты  на 

ремонтные работы  для  всех действую щ их блоков  составляю т в среднем 62%  от 

коллективной  дозы , так  к а к  одновременно происходит перегрузка ядерного топлива.

На реакторах  РБМ К -1000 дозозатраты  на ремонтные работы составляю т 32%  от годо

вой коллективной  дозы  ввиду  того , что перегрузка ядерного горю чего небольш ими 

партиям и происходит в  период нормальной эксплуатации АЭС.

Поступление радионуклидов в организм  человека и связанное с этим внутреннее 

облучение персонала такж е возм ож но в период перегрузочны х и ремонтных работ. 

О днако и в  это вр ем я  их поступление значительно ниже допустим ого, а содержание ра

диоактивны х вещ еств в организме профессиональных работников (у  90% ) ниже
0,02 ПДС, согласно Н РБ-76, и лишь в отдельных случаях обнаруж иваю тся 137Cs и 60Со 

в  количествах 60-180 нКи (2-7 к Б к )  .

Анализ плановы х и неплановы х ремонтны х работ, определение дозо- и трудозат

рат показы вает необходим ость, возм ож ность и пути дальнейш ей оптимизации труда 

на АЭС. Снижение доз облучения достигается использованием защ итны х экранов, 

дезактивацией оборудования, использованием ’’защ иты врем енем ” . С окращ ение 
врем ени и объем а обслуж ивания радиационно-опасного оборудования мож ет быть 

осущ ествлено путем  рациональной его ко м п о н о вки , обеспечения доступности и 
съемности зам еняем ы х м еханизм ов, повы ш ения надежности отдельны х у злов  обору

дования, использования автом атических устройств, дистанционных м еханизм ов. 

Важным ф ак то р о м  в обеспечении радиационной безопасности явл яется  проф отбор и 
улучш ение обучения операторов, способствую щ ие предупреждению  аварийных 
ситуаций.

В основу утверж дения о безопасных услови ях  труда на АЭС СССР полож ены  ре

зультаты  изучения состояния здоровья персонала. Анализ данны х м ассового поликли

нического обследования персонала (периодические медицинские о с м о т р ы ), а такж е
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ТА БЛ И Ц А  VII. НОРМАЛИЗОВАННЫЕ ВЫБРОСЫ ИРГ И 131J  

НА ЕДИНИЦУ ВЫРАБОТАННОЙ ЭЛЕКТРОЭНЕРГИИ ( 1 Ки =  3,7- Ю 10 Б к )

ИРГ, К и/ (М В т(эл .) год) 131J , мКи (МВт (эл .) год)

1977 1978 1979 1977 1978 1979

Н ововоронеж ская*

Реакторы  водо-водян ого  типа (ВВЭР-440) 

5,6 5,8 4,3 8,4 4,6 5,5

К ольская* 2,8 2,8 3,0 36 1,4 1,2

А рм ян ская 4,9 6,0 281 441

Л енинградская

Реакторы  уран-граф итовы е (РБМ К-1000)

288 191 145 4800 1234 2340

Ч ернобы льская 60 82 - 178 180
К урск ая 35 80 - 21 78

Ш евченковская

Реактор на бы стры х нейтронах (БН -350) 

12

(среднее за 4 года)

* На Н ововоронеж ской  и К ольской  АЭС в этот период и зм ерялась только  аэрозольная ф аза 131 J .

заболеваем ости с врем енной утратой трудоспособности свидетельствует об отсутствии 
у  работаю щ их на АЭС отклонений в состоянии здоровья, которы е м огли бы быть 

отнесены к  влиянию  ионизирую щ его излучения. Не отмечается роста заболеваемости 
и у  стаж ированного персонала, в течение 10-15 лет работаю щ его на АЭС.

П ерейдем  теперь к  анализу радиационной обстановки в районе расположения 

АЭС. Одним из вы даю щ ихся достижений и преимущ еств атомной энергетики с точки 

зрения радиационной безопасности населения явл яется  тот ф акт, что АЭС при норм аль

ной эксплуатации практически на загрязняет  окруж аю щ ую  среду радиоактивны м и 

вещ ествам и. Это подтверж дает м ноголетний опыт эксплуатации ядерны х реакторов, 

количество кото р ы х  в  мире превосходит 200.

Г азоаэрозольны е вы бросы  действую щ их в СССР АЭС достаточно подробно 

представлены  в работе [6 ] . П оэтом у в настоящ ем  докладе  приведены лишь вы бросы  

главны х ком понентов — инертны х радиоактивны х газов  (ИРГ) и изотопа 131J  (табл. V I I ) .
Из сравнения ф актических вы бросов (табл.V II) с допустим ы м и вы бросам и 

(табл. IV), установленны ми лиш ь в 1979 г. (до  1979 г. допустим ы е вы бросы  ИРГ 

бы ли 1 ,3-106 К и /год , а 131J  — 36 К и /год), видно, что ф актические вы бросы  этих 

радионуклидов значительно меньш е установленны х пределов. То же характерно 

и для  других радионуклидов [6 ]. С опоставляя значения норм ализованны х вы бро

сов отечественных и зарубеж ны х АЭС [3 ] , мож но отметить, что, во-первы х, вы бросы
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ИРГ и 131J  на реакторах  типа ВВЭР и PWR, к а к  правило, меньш е, чем на реакторах 

типа РБМ К и BWR; во-вторы х, вы бросы  отечественных реакторов сравнимы , а в 

ряде случаев и меньш е, чем усредненные вы бросы  зарубеж ны х реакторов.

В СССР одним из главны х принципов обеспечения радиационной безопасности 

водной среды  с районах располож ения АЭС явл яется  зам кнуты й ци кл  использования 

воды  в  технологических контурах , в кото р ы х  возм ож но присутствие радионуклидов. 

О днако опы т эксплуатации АЭС, особенно оборудованны х первы м и несерийными 

блокам и, показы вает, что в  период проведения ремонтны х работ, а такж е неполадок 

в реж име эксплуатации реактора, возм ож но  образование некоторого  количества 

избы точны х, дебалансны х вод , удаляем ы х после соответствую щ его радиационного 

контроля  в водоем ы -охладители [7 ]. И сточниками этих вод  являю тся трапные, 

дезактивационны е воды  и воды  спецпрачечной, прош едш ие ци кл  спецочистки.

Опыт работы  всех АЭС в СССР показы вает, что в первые два года эксплуатации 

станции, ко гд а  налаж иваю тся все технологические системы , в  том  числе и установка 

спецводоочистки солесодерж ащ их вод, объем  сброса дебалансны х вод  м аксим ален 

(20  000-70 000 м 3/го д  на 1 бл о к) . В последую щ ие годы  сброс избыточных вод 

неуклонно снижается. В настоящ ее вр ем я  зам кнуты й ци кл  использования воды  

обеспечивается в  течение продолж ительного врем ени ( ~  2 года) п о к а  только  на 

Л енинградской АЭС, но и другие станции близки  к  переходу на такую  организацию  

работы . Н орм альная эксплуатация энергетических установок обеспечивает низкие 

концентрации радионуклидов в дебалансны х водах. П остоянны й контроль за  содер

жанием в них радионуклидов, наиболее гигиенически значимы х и создаю щ их основ

ной в к л ад  в  общ ую  активность сбросны х вод , позволяет оценить валовую  активность 

н уклидов, поступаю щ их с этими водам и в водоем  (табл. V III) .

Д анные табл. VIII показы ваю т, что основной в к л ад  в  активность дебалансны х 

во д  создает тритий (десятки  К и  в год  для  АЭС с реакторам и  ВВЭР и РБМ К) . А к 
тивность коррозион ны х элем ентов, в основном  60Со, составляет 10~б- 10~3 К и /год  

от одного блока. Содержание о ск о л к о в  деления такж е невелико и, в основном , 

определяется 137Cs и 131J . Следует отметить, что данные табл. V III относятся к  уста

новивш ем уся реж им у работы  АЭС. В первы е один-два года после пуска  величины 

этих сбросов по осколочны м  и наведенны м  радионуклидам  примерно на п оряд ок  

вы ш е. Сравнение данны х по у ровн ям  ж идких сбросов отечественных АЭС п о к азы 
вает, что активность этих сбросов почти на 1-2 п о р яд ка  ниже, чем у  аналогичных 

зарубеж ны х аппаратов [3 ] . По тритию это различие меньш е, но и оно составляет
2-10 раз.

К а к  уж е указы валось вы ш е, на всех АЭС производится тщательный дозим етри

ческий и спектром етрический контроль за всем и радиационны ми ком понентам и  в 

районе разм ещ ения станций до расстояний 30-50 к м  от АЭС. Результаты измерений 

концентраций радионуклидов в  атм осф ерном  воздухе, воде, почве, растениях, сельско

хозяйственны х продуктах , гидробионтах, п родуктах  питания (м о л о к е , м я с е ) , а такж е 

годовы е дозы  внеш него гамма-излучения подробно приведены  в работе [6 ]. Все 

эти характеристики  практически полностью определяю тся естественной радиацией
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и радиоактивны м  загрязнением  от проведенны х в 50-60-х годах  ядерны х взры вов . 

Небольш ие уровни радиоактивного загрязнения объектов внешней среды осколочны м и 

и наведенны м и радионуклидам и, образовавш им ися при работе АЭС, наблюдаются 

лиш ь на пром ы ш ленной площ адке и в отдельных случаях на прилегающ ей к  ней тер
ритории в пределах санитарно-защитной зоны.

Т аким  образом , население, проживаю щее в районе разм ещ ения АЭС, практи 

чески не подвергается дополнительному радиационному воздействию . Уровни этого 

воздействия невозм ож но измерить соврем енны м и средствам и, а мож но оценить 

только  расчетным путем . В качестве примера рассм отрим  радиационную обстановку 

в районе располож ения Н ововоронеж ской АЭС. Выбор данной станции объясняется 

тем , что она явл яется  одной из наиболее крупны х  АЭС с реакторам и типа ВВЭР 

(общ ей мощ ностью  2500 М В т(эл .))  , работает длительное вр ем я  (т .е . в  установивш ем 

ся р е ж и м е ), располож ена в густонаселенной европейской части нашей страны с ин

тенсивно развиты м  сельским  хозяйством . Решающую роль при вы боре этой АЭС 

сыграло такж е то обстоятельство, что здесь ведется многие годы  наиболее полны й 

(по изотопном у составу) и квалиф ицированны й контроль за вы бросам и и содерж а

нием  радионуклидов во  внешней среде. Т ак и м  образом  НВАЭС является  к а к  бы 

’’критической” в  строю  других АЭС по всем  парам етрам , определяю щ им возм ож ны е 
дозовы е н агрузки  на население.

Х орош о извество, что в  общ ем  случае радиационная обстановка в районе распо

лож ения АЭС характеризуется внеш ним облучением организм а человека, обусловлен

ны м  установивш ейся концентрацией радионуклидов в  призем ном  слое воздуха  или 

вы павш им и на местность радиоактивны м и продуктам и, а такж е внутренним облу

чением органов и тканей в результате ингаляционного и перорального поступления 

радионуклидов в организм . Расчет дозовы х  нагрузок  на население за счет всех  пе- 

речисленнных ф акто р о в  радиационного воздействия проводился по ф орм улам ,

ТА БЛ И Ц А  IX. ГАЗОАЭРОЗОЛЬНЫ Е ВЫБРОСЫ НВАЭС В 1979 г .,  К и /год  [6] 
(1 К и  =  3 ,7 -1010 Б к )

Радионуклид Выброс Радионуклид Выброс Радионуклид Выброс

11 Аг 11 31 Сг 0,013 103 Ru 0,0033
85МКг 62 н Мп 0,040 ios Ru 0,016

!SKr 6 «С о 0,016 110M Ag 0,018
37 Кг 17 6°Со 0,087 131J (аэр) 0,0073
" К г 242 89Sr 0,0008 134 Cs 0,025

133 Хе 4230 90 Sr 0,0039 137 Cs 0,047

135 Хе 1072 ssZ r 0 ,0046 14 i:Ce 0,0005
9sNb 0,0079 144 Ce 0,0015

Сумма ИРГ 5640 С умма аэрозолей  0,33
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Расстояние от НВАЭС, км

Рис. 1. Дозы гамма-излучения на местности, обусловленные облаком выброса и радиоактивными 
выпадениями для НВАЭС в 1979 г.

приведенны м  в работах [8, 9 ] .  П ри расчетах учитывались реальная повторяем ость 

категорий погоды  по классиф икации П аскуилла, вы тянутость розы  ветров для 

различных секторов площ адки  НВАЭС, а такж е данные по распределению сельского 

и городского  населения в 100-км  зоне в о к р у г  станции. З а  основу расчетов были 
приняты  газоаэрозольны е вы бросы  НВАЭС в 1979 г. (табл.IX ) .

Сравнение до зо вы х  нагрузок  от содерж ащ ихся в воздухе  и вы павш их на м ест

ности радиоактивны х п родуктов  приведено на рис. 1. Здесь же пунктиром  показана 
сум м арная доза гамма-излучения от всех трех источников. К ак  видно из рисунка, 

на м алы х расстояниях от НВАЭС основную  значимость имеет гамма-излучение обла

к а  ИРГ (до 90%  от сумм арной дозы ) , однако с удалением  от АЭС возрастает роль 

гамма-излучения вы павш их на местность радионуклидов и на расстоянии 100 к м  

их в к л ад  в сумм арную  дозу  составляет 60%. Следует подчеркнуть, что при расчетах 

учитывалось, что для  НВАЭС доля 131J ,  находящ егося в  аэрозольной ф орм е, состав

ляет всего о ко л о  2% от сумм арной активности, а остальные 98%  составляю т органи

ческие соединения йода.
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Расстояние от НВАЭС, км

Рис. 2. Дозы внешнего и внутреннего облучения организма человека за счет газоаэрозольных 
выбросов НВАЭС в 1979 г.

Поступление радиоактивных продуктов в организм человека с вдыхаемым 
воздухом или пищевыми продуктами вызывает внутреннее облучение различных 
органов и тканей организма. Сравнение доз внешнего облучения и эффективных 
эквивалентных доз внутреннего облучения организма человека, рассчитанных согласно 
рекомендациям МКРЗ [10], приведено на рис. 2. Из этого рисунка видно, что даже 
на удалении 2-5 км от Нововоронежской АЭС суммарная годовая доза внешнего и 
внутреннего облучения сельского населения составляет всего 14-40 мкбэр и обуслов
лена в основном внешним облучением и пероральным поступлением радионуклидов 
в организм. Значимость ингаляционного поступления радионуклидов примерно в 
40 раз ниже, что приводит к практической рекомендации не учитывать этот фактор 
радиационного воздействия воздушных выбросов АЭС при оценочных расчетах.

Определенную значимость в формировании радиационной обстановки в районе 
расположения АЭС могут играть и жидкие сбросы радионуклидов в водоемы-охлади
тели АЭС. Однако, ввиду того, что в СССР запрещается разбавление радиоактивных 
сточных вод сбросными термальными водами реактора, величины активности жидких
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сбросов с отечественных АЭС весьм а ограничены (см. табл. V III) . Это приводит к  

том у, что в к л ад  в  сумм арную  эф ф ективную  эквивалентную  дозу облучения населения 
от сбросов ж идких отходов АЭС, оборудованны х реакторам и  ВВЭР-440 и РБМ К-1000, 

при сам ы х консервативны х оценках не превыш ает 0,05 м к б эр / (МВт (эл .) год) [7] 

и более чем на 99%  определяется тритием . Следует подчеркнуть, что такие величины 

доз м огут возникнуть только  при использовании воды  водоем а-охладителя АЭС 

для питьевого водоснабж ения. Если же поступление активности с питьевой водой 

отсутствует и имеется лиш ь ры бная цепочка, величина доз облучения населения 

ум еньш ается почти на 2 п оряд ка . О ценки доз для  реальных АЭС СССР показы ваю т, 

что значимость ж идких сбросов в  ф орм ировании д о зо вы х  нагрузок  на население не 
превы ш ает 10-20%.

Следуя принципу ALARA все больш е специалистов приходит к  вы воду  о том , 

что м еры  радиационной защ иты  в целом  долж ны  вклю чать к а к  уменьш ение индиви

дуальны х доз, т ак  и ограничение, где это возм ож но, числа лиц, подвергаю щ ихся 

облучению, т .е . величин ’’ко л л екти вн ы х  д о з” облучения населения. И спользуя данные, 

аналогичные приведенны м  на рис. 2, для  различных секторов площ адки  Н ововоронеж 

ской  АЭС с учетом  реальной розы  ветров, а такж е м атериалы  по распределению  сельс

к о го  и го р о дско го  населения в 100-км  зоне в о к р у г  станции бы ли рассчитаны вели

чины ко л л екти вн ы х  доз облучения населения, представленные в табл.Х .

П ом им о абсолю тных значений ко л л екти вн ы х  доз облучения населения в табл.Х  

помещ ены  данные по норм ализованны м  значениям коллективной  дозы . П ервая 

величина, изм еряем ая в  ч е л б э р /К и  (ч е л -З в /Т Б к ) , есть годовая  кол л екти вн ая  доза, 

норм ированная на единицу активности  вы броса. Она характеризует, в  основном , 

площ адку  разм ещ ения АЭС, так  к а к  зависит, главны м  образом , от реальной мете

орологической обстановки  и распределения населения в о к р у г  АЭС. Вторая — сильно

ТА БЛИЦА X. КОЛЛЕКТИВНЫ Е Д О ЗЫ  ОБЛУЧЕНИЯ Н А С ЕЛ ЕН И Я , 

ПРОЖИВАЮЩЕГО В ЗО Н Е ВОКРУГ НВАЭС РАДИУСОМ 100 КМ В 1979 ГОДУ

Ф актор
воздействия

Абсолютное 

значение К Д  
чел- бэр /год  
(чел - З в /го д )

ч е л б эр /К и  ч е л -З в /Т Б к  чел-бэр/М Вт (э л .) -го д  

(чел -Зв /М В т(эл .) -год)

Н орм ализованны е величины

Внешнее облучение 0,61 (6,1 -10“ э) 1 ,1-Ю "4 3,0- 10_s 4 ,6 -10"4 (4 ,6 -10“6)

Внутреннее облучение :
-  ингаляция

-  пероральное
2 ,4 -1 0 -2 (2 ,4 -1 0 -“ ) 3 ,7 -1 0 -6 1 ,0 -Ю "6 1,6-10-® (1 ,6 -И Г 7)

1 ,2 (1 ,2 -1 0 -’ ) 2 ,1-10-*  5,7-10-= 9,1 • 10~* ( 9 , Ы 0 '‘ )

Сумма 1 ,8 (1 ,8 -1 0 “*) 3 ,2 -1 0 -“ 8 ,7 -1 0 - ' 1 ,4-И Г 3 (1 ,4 -10"5)
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Рис. 3. Сравнительная оценка дозовых нагрузок на население за счет газоаэрозольных выбросов
реакторов типа РБМК (-----) и ВВЭР (------). Дозы соответствуют годовым выбросам
типовых блоков мощностью 1000 МВт (эл.) при коэффициенте использования 0,75.
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связана с техническими показателям и  сам ой АЭС, т .е. с величиной активности  газо 

аэрозольны х вы бросов на один наработанный М В т(эл .) мощ ности. Сравнивая эти 

показатели  с данны м и, представленными в [3 ] , мож но отметить, что и по первом у, 

и по вто р о м у  п оказателям  НВАЭС находится в  ряду  лучш их АЭС мира.

Приведенны е вы ш е величины индивидуальных и к оллекти вн ы х  доз облучения 

населения, прож иваю щ его в  районе располож ения НВАЭС, показы ваю т абсолютную 

безопасность ее эксплуатации для  здоровья людей. О днако, мож ет возникнуть воп
рос, а к а к о в а  будет ситуация по всей стране при реализации планов развития атомной 

энергетики в СССР, о к о то р ы х  говорилось в начале доклада.
О ценка дозовы х  нагрузок  на население СССР проводилась на основе тех же 

м етодических принципов, что и при вычислении доз в о к р у г  НВАЭС. П ри этом  

дополнительно бы ло принято, что средняя скорость ветра в районе размещ ения 

АЭС составляет 2,8 м /с, повторяем ость категорий погоды  по П аскуиллу в д о л ях  года 

равна: категория А — 0,026; В — 0,114; С — 0,230; Д  — 0,322; Е —0,178 и 
F — 0,130. Э ф ф ективная вы сота вы броса для  реакторов ВВЭР бралась равной 140 м  

(Н Тр =  100 м ) и д л я  РБМ К -  190 м  (Н тр =  150 м ) . Остальные предполож ения соот

ветствую т материалам  работы  [9 ].
Радионуклидны й состав газоаэрозольны х вы бросов реакторов ВВЭР и РБМ К 

брался из работы  [11, 12].
Сравнение доз внеш него облучения и эф ф ективны х эквивалентны х доз внутрен

него облучения за счет ингаляционного и перорального поступления радионуклидов 

в организм  человека приведено на рис. 3. Значения доз на этом  рисунке соответст

вую т вы бросам  реакторов  мощ ностью  1 0 0 0 М В т(эл .) при коэф ф ициенте использо

вания т] =  0 ,75. Следует подчеркнуть, что приведенные на этом  рисунке значения 

доз на два  и более п о р яд ко в  ниже допустим ы х д озовы х  нагр у зо к  на организм  

человека, установленны х в СП-АЭС-79 [5] и равны х 2 - 10-4 З в /го д  (2 0 м б э р /го д )  

для  критических органов 1 группы .
Соверш енно естественно, что реальная картина распределения населения во круг 

АЭС с учетом м етеорологических особенностей местности, дает значительные пере

пады в величинах к оллекти вн ы х  доз облучения людей в каж дом  определенном 

секторе распространения вы бросов. П рим ером  таких  оценок мож ет служить 

рис. 4 , показы ваю щ ий удаленность от БАЭС изоплет коллективной  дозы  внеш него 

гам ма-облучения населения в  каж дом  отдельном секторе 16-румбовой координатной 
сетки. В расчетах принято, что изотопный состав вы бросов реактора РБМ К соот

ветствует данны м  работ [11, 12 ], вы сота трубы  реактора — 100 м , а интенсивность 

вы бросов — 1 К и /год  — (3 ,7 -1010 Б к /г о д ) . К а к  видно из рисунка, населенные 

пункты  являю тся своеобразны м и центрами, притягиваю щ им и к  себе изоплеты  

к оллекти вн ы х  доз. При этом  сущ ественную  значимость имеют к а к  небольш ие 

населенные п у н кты ,н е  располож енные вблизи от БАЭС (пос. Зар еч н ы й ), так  и 

крупны е города на больш их расстояниях от станции (г. С вердловск , г. П ервоуральск) . 

Следует такж е отметить, что величина коллективной  дозы  облучения населения для 

всей зоны  в о к р у г  БАЭС радиусом  100 к м , рассчитанная с учетом ф актических дан-
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С

Рис. 4. Удаление от БАЭС изоппет коллективной дозы облучения населения в пределах каждого 
из 16 румбов распространения газоаэрозольных выбросов. Активность выбросов -3.7Е10 Бк/год 
(1 Ки/год). Коллективные дозы даны в чел■ Зв/год. 

города с населением 30-100 тыс. чел.;
• - города с населением 10-30 тыс. чел.

ны х по м етеорологии и распределению населения, составляет 2 ,7 -10“4 чел-бэр/К и 

(7 ,3 -1 0 ” 5 ч е л -З в /Т Б к ) , а при использовании средних значений м етеорологических 
данны х и средней плотности населения по С вердловской  и Ч елябинской областям  

(23 ч е л /к м 2) эта доза будет существенно ниже — 6 ,0 -10“ 5 чел-бэр/К и 

(1 ,6 -10-5 ч е л -З в /Т Б к ) . Полученные результаты  еще раз подтверждаю т, что для 

корректной  оценки величины к оллекти вн ы х  доз облучения населения необходим о 

использовать фактические данные по площ адке разм ещ ения АЭС.

Н орм ализованны е на 1 М В т(эл .) значения коллекти вн ы х  доз облучения насе

ления для четырех характерны х зон во круг АЭС помещ ены  в  табл. XI. Используя 

данные этой таблицы мож но рассчитать величины к оллекти вн ы х  доз облучения насе-
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ТА БЛИЦА XI. КОЛЛЕКТИВНЫ Е ДО ЗЫ  ОБЛУЧЕНИЯ НАСЕЛЕНИЯ ЗА  СЧЕТ 
ГАЗОАЭРОЗОЛЬНЫ Х ВЫБРОСОВ РЕАКТОРОВ ТИПА ВВЭР И РБМ К, 
чел-бэр/ (М В т(эл .) -год) (1 бэр =  0,01 З в )

Тип Кольцевая Внешнее Эфф. доза внутреннего облуч. С уммарная

реактора зона, к м облучение доза
ингаляция пероральное

1-10 7 ,2 -1 0 - ’

1ОСТ\
со 3 ,7 -1 0 -’ 1,1-10 -*

10-50 1,6 ю - ‘ 3 ,0 -1 0 - ' 1 ,4 -1 0 -6 3,0-10 -*
ВВЭР 50-100 1 ,1 -Ю -6 2 ,9 -1 0 - ' 1 ,6 -10“* 2 ,8 -Ю -6

100-1000 5,4-10 "6 1 ,4 -1 0 -’ 1 ,3 -1 0 - 5 1 ,9 -Ю -5
1-1000 8 ,9-10-* 2 ,0 -1 0 -’ 1 ,7 -1 0 - ' 2 ,6 -10" =

1-10 3 ,3 -1 0 - 5 1 ,2 -1 0 - ' 4 ,2 -10-* 3 ,8 -Ю -5
10-50 5 ,8 -1 0 -5 4 ,1 -1 0 - ' 1 ,5 -10“5 7 ,3 -1 0 - =

РБМ К 50-100 1,5 -10 -* 3,4-10-* 1,5-10 - 5 3,0-10-=
100-1000 2 ,9 -1 0 - = 1 ,0 -1 0 -’ 6,2-10 ~ = 9,2-10-=

1-1000 1 ,4 - 1 0 '5 1 ,9 -1 0 -’ 9,7 -10 - 5 2 ,3 -1 0 -“

ления СССР за счет воздуш ны х вы бросов АЭС на 1980 г . ,  1985 г. и 2000 г ., а такж е 

провести оценку риска. Результаты  этих вычислений предствлены  в табл.X II.

П редстваленные в табл. XII данные еще раз подтверждаю т безопасность атом 
ной энергетики для здоровья населения. Даже при сумм арной мощ ности АЭС в СССР 

п о р яд ка  200 Г В т(эл .) величина ож идаем ого числа случаев стохастических послед
ствий облучения, обусловленны х вы бросам и активности во внешнюю среду при 

эксплуатации р еакторов, составит всего 0,33 чел/год, т.е . абсолютно необнаружива- 

емую на фоне естественного уровня  злокачественны х новообразований величину. 
Можно такж е отметить, что приведенное в  табл.X II значение коллективной  дозы  

2 ,3 -103 чел-бэр/год (23 чел -Зв /год) равно той дозе облучения населения СССР, 

которую  оно получает от естественного фона излучения всего за 40  минут.

В данном  сообщ ении м ы  специально не останавливались на радиационных 
последствиях аварийны х ситуаций на АЭС. Этому очень важ ном у вопросу посвящ ено 

больш ое количество специальных исследований. О днако если учесть, что вероятность 

крупны х аварий на АЭС очень м ала (п о р яд ка  10_6 4- Ю -7 1/год [ 1 3 ] ) ,  то несм отря 

на значительные уровни  дозовы х  нагрузок  в  районе располож ения АЭС при во зн и к 

новении такой  аварии, величина к оллекти вн ого  риска  облучения населения СССР 

в расчете на год работы реактора практически не изменяется и будет близка  к  вели

чинам, приведенны м  в табл. XII.

Т ак и м  образом , опыт эксплуатации АЭС в СССР, регламентированны й соответ

ствую щ ими норм ам и и правилам и, позволяет оценить радиационную обстановку  к а к
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ТА БЛ И Ц А  XII. КОЛЛЕКТИВНЫ Е ДО ЗЫ  ОБЛУЧЕНИЯ НАСЕЛЕНИЯ СССР 
В ПЕРСПЕКТИВЕ РАЗВИТИЯ АТОМНОЙ ЭНЕРГЕТИКИ СТРАНЫ В 1980-2000 гг.*  
И ВЕЛИЧИНЫ КОЛЛЕКТИВНОГО РИСКА ОБЛУЧЕНИЯ ЛЮДЕЙ

П араметр 1980 1985 2000

К оллекти вн ы е дозы , чел. бэр/год

I. Газоаэрозольны е вы бросы :

-  внеш нее облучение

-  внутреннее облучение:
96 250 1300

1. легкие 7 18 91
2. ЖКТ 14 36 180
3. скелет 17 44 210
4. красны й  костны й  м озг 17 44 210
5. щ итовидная ж елеза 2300 6000 29000
6. печень 5,5 14 72
7. гонады 5,8 15 76
8. эф ф екти вн ая  доза 75 200 970
-  сум м арн ая доза 170 450 2200

II. Ж идкие сбросы  (сум м арн ая доза) * * 11 25 56
Ш .С ум м а доз 180 470 2300

К оллекти вн ы й  ри ск , чел ./год 0,026 *** 0,070 0,33

-  предполагается, что в рассматриваемы й период врем ени  40%  мощ ности будут 

давать реакторы  ВВЭР, 60%  -  РБМ К;

-  рассчитываю тся по данны м  работы  [71 в  предполож ении о  то м , что 50%  АЭС 
будут иметь сухие или м о кр ы е  градирни, а 50%  -  сбрасы вать тепло и небольш ие 
количества активности  в  водоем ы -охладители;

-  оценка проведена из величины риска 1 ,5 -10-4 б эр "1 (0,015 З в " 1) [9 ] .

хорош ую . М ожно утверж дать, что условия труда, состояние здоровья персонала, 

состояние окруж аю щ ей среды в о к р у г  различных АЭС в  СССР значительно благо
приятнее, чем в других отраслях энергетики. А вторы  настоящ его сообщ ения сочли 

целесообразны м  показать этот положительный опыт в  области радиационной безо

пасности в  атомной энергетике СССР. Это тем  более важ но, что об атомной энерге

тике зачастую вы сказы вается  мнение к а к  об опасной отрасли и источнике вредного 

влияния на персонал, население и окруж аю щ ую  среду. Т акое неквалиф ицирован
ное представление ничего, к р о м е  действительного вреда, принести не может. 

П оэтом у одна из задач, стоявш их перед авторами — представить самую  последнюю 
и объективную  информацию  об истинном состоянии радиационной обстановки в 

атом ной энергетике С оветского  Союза.



IAEA-CN-42/1 447

ЛИТЕРАТУРА

М атериалы X X V I Съезда КПСС, М ., П олитиздат (1981) 223.

ZHELUDEV, I.S., KONSTANTINOV, L.V., Nuclear pow er in the  USSR, IAEA B ulletin 22 2 (1980) 34. 
И сточники и действие ионизирую щ ей радиации, Д о кл ад  НКДАР ООН за 1977 г .,

Нью-Йорк (1 9 7 8 ).
Н орм ы  Радиационной Б езопасности (Н Р Б -7 6 ), О сновные Санитарные П равила Работы 
с Радиоактивны м и В ещ ествами и Д ругим и И сточниками Ионизирую щ их Излучений 

(О С П -72/80), М ., Э нергоиздат (1 9 8 1 ).
Санитарные П равила П роектирован ия и Эксплуатации А том ны х Электростанций (СП А Э С-79), 

М ., Э нергоиздат (1981) 40.
БУЛДАКОВ, Л. А. и д р ., Радиационная Безопасность в А томной Э нергетике, М .,

А том издат (1981) 120.
ПАВЛОВСКИЙ, О. А ., и д р . , "Радиационное воздействие на население ж идких  сбросов 

атом ны х электростанций СССР” , Радиационная безопасность АЭС (Сб. д оклад ов  

II кон ф ер . стран -  членов СЭВ, Вильнюс, 1982) Вильнюс (1 9 8 2 ).

ГУСЕВ, Д .И ., ПАВЛОВСКИЙ, О .А ., ’’Вопросы радиационной безопасности населения 
при использовании атом ной энергии для  теплоф икации  го р о д о в” , в кн . А томные 

Электрические Станции, М ., Энергия (1979) 191.
ПАВЛОВСКИЙ, О .А ., "М етоды расчета д озовы х  н агрузок  на население, проживаю щ ее 
в районе располож ения АЭС” , в кн . Радиационная Безопасность и Защ ита АЭС, вы п. 7,

М ., Э нергоиздат (1 9 8 2 ).

Радиационная Защ ита, Рекомендации М КРЗ №26, М ., А том издат (1 9 7 8 ).
БУ РН А ЗЯ Н , А .И ., и д р ., ’’О ценка, прогноз и реглам ентация доз облучения населения 

в связи  с эксплуатацией АЭС в СССР” , Nuclear Power and its Fuel Cycle (Proc. Conf. Salzburg, 
1977), IAEA, V ienna (1977).

БА БА Е В , H .C ., и д р ., Я дерная Энергетика, Ч еловек и О круж аю щ ая Среда, М .,

Э нергоиздат (1981) 370.
R eactor Safety S tudy (An assessment o f A ccident Risk in U.S. Com m ercial Nuclear Power P la n ts ) , 

R eport W ASH-1400, (N U R E G -7 5 /0 1 4 ), O ctober 1975.





IAEA-CN-42/158

IMPACTO RADIOLOGICO DEL 
PROGRAMA NUCLEAR ARGENTINO

A.J. GONZALEZ*
Comisión Nacional de Energía Atómica,
Buenos Aires,
Argentina

Abstract-Resumen

RADIOLOGICAL IMPACT O F THE ARGENTINE NUCLEAR PROGRAMME.
An assessment is m ade of the radiological im pact resulting from the activities carried out 

so far under the A rgentine Nuclear Programme, together w ith a prediction of the im pact which 
could result from the fu ture  activities planned under th a t Programme. The average individual 
risks and the radiological detrim ent due to the various activities are determ ined in term s o f the 
average individual effective dose equivalents and the collective effective dose equivalent 
com m itm ents. The assessments cover exposures o f  occupationally exposed workers and the 
public. The data obtained indicate that bo th  the risks and the resultant detrim ent are reasonably 
com parable w ith those derived from  o ther similar programmes. Moreover, they clearly indicate 
th a t the radiological im pact o f the Programme is tending to  decrease w ith time so th a t it can 
be assumed th a t the radiological im pact per u n it o f practice will be even lower in future.

IMPACTO RADIOLOGICO DEL PROGRAMA NUCLEAR ARGENTINO.
Se presenta una evaluación del im pacto radiológico resultante de las actividades del 

Program a Nuclear Argentino llevadas a cabo hasta el presente, así como una predicción del 
im pacto que resultaría  de las actividades fu turas previstas en ese Programa. Se han deter
m inado los riesgos individuales m edios y el detrim ento  radiológico resultante de las dis
tin tas actividades, en térm inos de las dosis equivalentes efectivas medias individuales y de las 
dosis equivalentes efectivas com prom etidas. Las evaluaciones com prenden las exposiciones de 
los trabajadores ocupacionalm ente expuestos y del público. Los resultados obtenidos perm iten 
afirm ar que tan to  los riesgos como el detrim ento  resultante se com paran adecuadam ente con 
los derivados de otros program as similares. Tam bién perm iten asegurar que existe una clara 
tendencia tem poral decreciente del im pacto radiológico resultante del Program a, estim ándose, 
en consequencia, que el im pacto  radiológico por unidad de práctica será aún m enor en el futuro.

1. INTRODUCCION

El objetivo de este trabajo es presentar una evaluación del impacto radiológico 
resultante de las actividades del Programa Nuclear Argentino llevadas a cabo hasta 
el presente, así como predecir el impacto de las actividades futuras mediatas previstas 
para ese Programa.

* A ctualm ente en: Organismo Internacional de Energía A tóm ica, Sección de Seguridad 
Radiológica, Viena.
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La literatura científica ha acuñado el término impacto radiológico para 
referirse a la cuantificación de los efectos dañinos de las radiaciones ionizantes 
que se generan como subproducto indeseado de ciertas actividades humanas y 
aun de la propia naturaleza. El uso de la energía nuclear es una de las actividades 
que producen exposición a las radiaciones ionizantes y la evaluación del impacto 
radiológico resultante de esa actividad presenta particular interés.

En la Argentina las actividades nucleares se iniciaron con la creación de la 
Comisión Nacional de Energía Atómica (CNEA), órgano gubernamental que tiene 
la responsabilidad de promover y controlar el uso de la energía nuclear en el país. 
Las actividades comenzaron hace más de treinta años y se consolidaron con la 
formulación del Programa Nuclear Argentino (PNA), que el Gobierno argentino 
aprobó por decretos de 1977 y 1979 [ 1, 2].

Uno de los objetivos primarios del PNA es la generación de la energía 
nucleoeléctrica requerida por el país, haciendo uso de un ciclo de combustible 
autosuficiente e independiente, e incluye la investigación y el desarrollo asociados 
[3, 4]. El PNA también comprende la producción local de subproductos tales 
como los radisótopos. Todas estas actividades originan un impacto radiológico.

Otro de los objetivos del PNA es asegurar un adecuado nivel de protección 
al hombre contra los efectos de la exposición a las radiaciones ionizantes 
resultante de las actividades nucleares. La evaluación contenida en este trabajo 
pretende suministrar elementos de juicio a fin de determinar si este último 
objetivo se viene cumpliendo y cuáles son las expectativas futuras.

2. CRITERIOS BASICOS

La exposición humana a las radiaciones ionizantes es la causa relevante del 
impacto radiológico. La exposición, y el impacto resultante, serán clasificados 
en este trabajo según los grupos humanos expuestos; por ej.: ocupacional, cuando 
ocurre en los trabajadores que llevan a cabo las actividades nucleares; y, pública, 
cuando ocurre en miembros del público no beneficiados directamente con la 
actividad. No se considerará el impacto en individuos directa e individualmente 
beneficiados, tales como pacientes que reciben tratamiento con radiaciones. El 
impacto radiológico será.caracterizado en este trabajo mediante la evaluación del 
riesgo individual (es decir, la probabilidad individual de incurrir un efecto deletéreo) 
[5] y el detrim ento  radiológico (es decir, la expectativa de daños radiológicos 
colectivos) [6], ambos resultantes de la exposición derivada de una actividad.
Tanto el riesgo como el detrimento están relacionados con el nivel de la exposición.

La dosis equivalente efectiva  [7] permite una valoración de la exposición de 
distintos órganos humanos a diversos tipos de radiaciones ionizantes, teniendo en 
cuenta las distintas potencialidades de esos tipos de radiaciones para producir
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efectos deletéreos y las diversas radiosensibilidades de los órganos expuestos. La 
dosis equivalente efectiva, Hg, ha sido definida por la Comisión Internacional de 
Protección contra las Radiaciones, CIPR (International Commission on Radiological 
Protection, ICRP), como la sumatoria de los productos de las dosis equivalentes,
H j, incurridas por ciertos órganos relevantes, multiplicadas por los factores de peso, 
Wt , que, para cada órgano, recomienda la CIPR [6, 7]. La dosis equivalente es la 
magnitud dosimétrica recomendada por la Comisión Internacional de Unidades 
y Medidas Radiológicas, CIUMR, (International Commission on Radiological Units 
and Measurements, ICRU) [8], con propósitos de radioprotección y está definida 
como el producto entre la dosis absorbida, D j, en el tejido del órgano, el factor de 
calidad, Q, de la radiation, y otros factores modificantes apropiados. En este 
trabajo, la exposición humana se expresará en términos de dosis equivalentes 
efectivas, tal que He = 2  Wx Q D j.

Las actividades del PNA se han llevado a cabo cumpliendo con las normas 
y los requisitos de protección radiológica impuestos por la autoridad regulatoria 
argentina [9, 10, 11]. En consecuencia, es razonable suponer que las dosis de 
radiación incurridas, tanto por las personas ocupacionalmente expuestas como 
por los miembros del público, se encuentran dentro de un rango de dosis suficiente
mente bajas como para asumir que existe proporcionalidad entre la probabilidad de 
incurrir en efectos deletéreos y las dosis recibidas; es decir, dentro del rango en 
que sólo ocurren los denominados efectos estocásticos de la radiación [6]. Bajo 
esas condiciones, el valor medio de las dosis equivalentes efectivas incurridas por 
las personas expuestas como resultado de las distintas actividades resulta un buen 
indicador del riesgo individual medio que resulta de llevar a cabo cada actividad.
En el presente trabajo se han evaluado los valores medios de las dosis individuales 
para algunas actividades relevantes del PNA. El riesgo individual medio puede 
estimarse en cada caso multiplicando las dosis medias resultantes de la evaluación 
por el riesgo por unidad de dosis; el valor de este último se estima actualmente en 
alrededor de 1СГ2 por cada Sv de dosis equivalente efectiva incurrida [6].

Por otra parte, bajo las condiciones de linearidad indicadas y asumiendo que 
el grado de severidad asignado a los posibles efectos deletéreos sea el mismo para 
cualquier efecto, la suma de todas las personas expuestas a una actividad resulta 
un indicador adecuado de la esperanza matemática del daño radiológico total 
incurrido como resultado de esa actividad. Esta “esperanza”, que ha sido designada 
con el nombre especial de detrim en to , resulta por lo tanto proporcional a la suma 
de las dosis equivalentes efectivas incurridas por todas las personas expuestas 
como resultado de la actividad. De esta sumatoria resulta una magnitud denominada 
dosis equivalente efectiva colectiva o, simplificademente, dosis colectiva. Para 
cuantificar el detrimento total, la integración de dosis individuales se debe llevar 
a cabo sin ningún tipo de limitación, sumando todas las dosis individuales incurridas, 
independientemente de su valor. El nivel de dosis depende en muchos casos de 
la distancia entre la fuente de exposición y los individuos expuestos, por lo que
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la sumator.ia referida suele transformarse en una integral espacial que cubre todos 
los lugares donde hay personas expuestas por la fuente de exposición. La integra
ción no cambia si la población se hace arbitrariamente mayor que el grupo real
mente expuesto mediante la inclusión de personas no expuestas; por ello, es 
conveniente extender los límites de integración de cero a infinito incluyendo, 
si fuera conveniente, a toda la población del mundo.

En ciertos casos, la exposición perdura en el tiempo aun después de que la 
actividad que la causa haya desaparecido: por ej.: cuando se libera material radiac
tivo al ambiente. En estos casos puede identificarse una tasa de dosis colectiva 
variable en el tiempo, t, que debido al decaimiento de los radionucleidos debe 
tender necesariamente a cero cuando t tiende a infinito. Por lo visto, la tasa de dosis 
colectiva resulta proporcional a la tasa del detrimente derivado de la actividad.
El detrimento radiológico total resulta de la suma de todas las fracciones incurridas 
en todos los diferenciales de tiempo, hasta el infinito; es decir, resulta proporcional 
a la integral temporal de la tasa de dosis colectiva, desde el inicio de la actividad 
hasta infinito.

A la integración resultante se la denomina dosis equivalente efectiva colectiva 
comprometida (o simplificadamente, dosis colectiva com prom etida  o dosis colectiva 
total), S. Esta magnitud resulta, por lo tanto, de una doble integracción de tasas 
de dosis individuales, tal que:

En este trabajo se presenta el detrimento radiológico, que resulta como 
consecuencia de las actividades del PNA, en términos de dosis colectivas comprometi
das. Los valores presentados resultan de haber sumado todas las dosis incurridas 
como resultado de las distintas actividades del Programa, independientemente de 
dónde y de cuándo fueran incurridas. Salvo cuando se indique lo contrario, han 
sido sumadas las dosis que potencialmente pueden incurrirse en cualquier lugar 
y en cualquier momento, aun en futuros lejanos, llevando a cabo una doble 
integración, en espacio y en tiempo, la primera con límites de integración tales 
que cubren todo el rango de dosis posibles y la segunda desde el tiempo de 
ocurrencia de la actividad hasta infinito.

La forma de presentar el impacto radiológico en términos de riesgos individuales 
medios (en decir, de dosis equivalentes efectivas medias) y de detrimento (es 
decir, de dosis colectivas comprometidas) permite una valoración objetiva del

OO OO

0 0

donde N(Hg) es el espectro de la población en términos de tasa de dosis equivalente 
efectiva, siendo N(HE)dHE el número de individuos que incurren, en un dado 
instante, una tasa de dosis equivalente efectiva en el intervalo entre Не У He + dHE-
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daño radiológico total debido a una fuente de exposición, sin perder de vista la 
distribución de ese daño en la población expuesta.

3. TERMINOS FUENTES

Las referencias de los términos fuentes del PNA han sido extraídas de las 
memorias anuales de la CNEA [12 — 19], de informes internos y de comunica
ciones personales.

Hasta mediados de la década de los años 50, las actividades nucleares argentinas 
no fueron relevantes, particularmente en lo que hace al impacto radiológico 
resultante de las mismas. Hasta ese momento sólo se registraron exposiciones 
ocupacionales no importantes debidas fundamentalmente a la operación de algunos 
laboratorios radioquímicos y de un sincrociclotrón. En esa primera etapa, tanto 
los niveles de exposición como el número de personas expuestas fueron insignifi
cantes. Este trabajo no incluye la evaluación del impacto radiológico de esas 
actividades primigenias.

A partir de entonces se inició la producción de material radiactivo en pequeña 
escala. A mediados de la década del 50, el consumo de material radiactivo en la 
Argentina alcanzaba sólo una fracción de terabequerelio por año y se limitaba 
fundamentalmente a algunos usos médicos. La producción industrial local de 
material radiactivo se inició en 1961 y se incrementó desde un décimo de terabeque
relio para ese año hasta 20 terabequerelios a fines de 1981. También sé incrementó 
el consumo, que llega en la actualidad a casi 100 terabequerelios por año y cubre 
actividades médicas, industriales y agropecuarias. En los primeros años de 
actividades nucleares, la exposición ocupacional y del público resultante de la 
producción y del uso de radisótopos fue un componente relevante del impacto 
radiológico total. Actualmente, sin embargo, no representa una fracción significa
tiva y se estima que no lo será en el futuro pese a que se prevé una expansión 
sostenida de la producción. Se destaca, sin embargo, que no se ha considerado la 
contribución de los usuarios de esta fuente de exposición.

A mediados de la década del 50 se inició la producción de mineral de uranio, 
que con el tiempo se incrementó en dos órdenes de magnitud; desde un total 
de cinco mil toneladas en 1956 hasta un valor estimado en más de medio millón 
de megagramos en 1982, y con una producción acumulada de más de un millón 
setecientos mil megagramos a fines de 1981. Por otra parte, la producción argentina 
de concentrados comerciales de uranio pasó de un insignificante valor de 30 kg de 
U30 8 en el año 1952 hasta cerca de 150 Mg en 1981, con una producción acumulada 
en ese año de más de 1,1 Gg [20]. La producción de dióxido de uranio se inició 
recientemente y ha sumado sólo megagramos; pero el limitado número de trabajado
res expuestos (alrededor de diez personas) y la poca experiencia recogida hace 
que no se pueda evaluar aún esta última fuente. Las actividades minero-fabriles
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de producción de uranio fueron la primera fuente del Programa que resultó en un 
impacto radiológico importante. La exposición resultante de esta fuente no abarcó 
un número significativo de personas ocupacionalmente expuestas, sino también, 
por primera vez, a miembros del público.

En lo que respecta a las predicciones futuras de este término fuente, deben 
considerarse dos factores: la evolución mediata del consumo y las modificaciones 
en las características de explotación. El consumo futuro de mineral de uranio queda 
determinado por las necesidades del Programa, las que se estiman en cerca de
0,6 a 0,7 Gg de U 30 8 por año para el año 2000, con un acumulado algo menor 
a los 10 Gg de U3Og. En lo que hace a las características de explotación, debe 
indicarse que, en la década del 60 y hasta mediados de la del 70, la mayoría del 
uranio era extraído de yacimientos subterráneos donde la exposición ocupacional 
era significativa. A partir del año 1977.1a principal fuente es el yacimiento de 
Sierra Pintada, yacimiento a cielo abierto que produce una exposición ocupacional 
significativamente menor que la de las minas subterráneas.

Las actividades intermedias del ciclo de combustible nuclear se iniciaron en 
la Argentina en la década del 60 con algunos programas básicos de investigación 
y desarrollo. Sin embargo, estas actividades adquirieron verdadera significación 
en la década del 70, cuando se inició la generación de energía nucleoeléctrica. Las 
actividades terminales del ciclo aún no han sido iniciadas a escala industrial. Las 
fuentes de exposición más significativas de los programas de investigación y 
desarrollo fueron las siguientes: los reactores de investigación RAO, RAI, RA2 y 
RA3; varios aceleradores de partículas; y diversos laboratorios y plantas piloto, 
incluyendo una pequeña planta piloto de reprocesamiento.

La producción de energía nucleoeléctrica se inició en la Argentina en el año 
1974, cuando entró en operación la Central Nuclear en Atucha (CNA), de 
367 MW(e) de potencia nominal. Desde entonces, y hasta 1981, esta Central 
produjo 17 292 GW-h de energía eléctrica [21]. La segunda central nuclear, ubicada 
en Embalse, Córdoba, tendrá una potencia instalada de 600 MW(e) e iniciará su 
producción comercial en el año 1983. El PNA prevé la entrada en operación de 
cuatro centrales más hasta fines de este siglo. Se estima que, para ese entonces, la 
potencia instalada será de aproximadamente 4 GW(e). El programa de producción 
energética está basado en reactores de uranio natural y agua pesada, de los cuales 
no hay muchos funcionando en el mundo. El reactor de la CNA, en particular, 
fue un verdadero prototipo y, debido posiblemente a la falta de experiencia en 
su operación, el número de personas ocupacionalmente expuestas resultó, hasta 
la fecha, más elevado que el habitual en reactores equivalentes. Se destaca, sin 
embargo, que una fracción relativamente alta del personal fue destinada a tareas 
de entrenamiento en el trabajo con vistas a la preparación de recursos humanos 
para las futuras centrales del PNA. Probablemente, este hecho también haya 
coadyuvado a una exposición colectiva ocupacional ligeramente mayor a la que 
habitualmente resulta imprescindible para la generación nucleoeléctrica. Final
mente, la condición de prototipo de la CNA hizo que hubiera una contribución
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significativa a la exposición ocupacional como resultado de reparaciones específicas 
para las que no existía experiencia previa. Por todas las razones indicadas, se 
estima que el término fuente resultante de la operación de la CNA puede no ser 
representativo del que se debería esperar para las otras centrales del PNA, para 
las que el impacto radiológico ocupacional podría resultar sustancialmente menor.

Desde el punto de vista del impacto radiológico sobre el público, la CNA no sería 
una fuente importante si no se tuviera en cuenta la contribución de las emisiones 
de carbono-14. Este radionucleido, de características radiológicas muy particulares, 
es producido en la CNA en cantidades significativamente mayores que en centrales 
equivalentes alimentadas con uranio enriquecido [22—24]. La CNA no dispone 
de ningún sistema de control para este efluente (al que se consideraba radiológica
mente irrelevante en el pasado). No obstante, esta situación se modificará en las 
futuras centrales del Programa y las emisiones de carbono-14 dejarán de ser tan 
significativas [25].

Si bien la producción de elementos combustibles en la Argentina es 
contemporánea con la puesta en marcha de los reactores de investigación, la 
producción de elementos de potencia se inició hace pocos años. Desde el punto 
de vista del impacto radiológico, esta actividad no representa un término fuente 
significativo, limitándose a la exposición ocupacional. No se prevé que esta situa
ción se modifique en el futuro.

Actualmente, la Argentina no dispone de instalaciones terminales del ciclo 
de combustible. Por lo tanto, este término fuente no será considerado para las 
exposiciones ocurridas hasta el presente. Sin embargo, el PNA prevé las activida
des futuras en este campo, lo que permite estimar el impacto radiológico mediato 
derivado de las mismas. Se ha decidido que los elementos combustibles quemados 
serán reprocesados, siguiendo un proceso conocido, en una planta cuyo avanzado 
estado de construcción permite efectuar suposiciones realistas. También se ha 
decidido que los subproductos finales resultantes del reprocesamiento sean elimina
dos en un repositorio ubicado en una formación geológica apropiada que ya fue 
preseleccionada [26]. Los parámetros asociados a la operación de estas instalaciones 
permiten predecir el impacto radiológico que resultaría de estos términos fuente.

4. EVALUACION DEL IMPACTO RADIOLOGICO

El impacto radiológico de las diversas actividades constitutivas del PNA será 
presentado, tal como fuera previamente indicado, en términos de las dosis colecti
vas comprometidas (como indicador del detrimento) expresadas en Sv-hombre y, 
cuando fuera relevante, en términos de dosis equivalentes efectivas medias en la 
población expuesta (como indicador del riesgo individual medio en esa población) 
expresadas en Sv. Dado que las actividades se han llevado a cabo bajo normas de 
protección radiológica específicas, los riesgos individuales máximos resultantes de
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la actividad se corresponden con los límites de dosis equivalentes efectivas, 
autorizados por las normas para cada actividad [9—11 ]. Este último supuesto se 
ha cumplido, salvo para un limitado número de casos anómalos en los que se 
registraron sobreexposiciones insignificantes en unos pocos trabajadores.

La evaluación del impacto ocupacional se ha efectuado sobre la base de datos 
de monitoraje personal debidamente registrados [27—38]. Sin embargo, se debe 
destacar que en muchos casos se han extrapolado valores debido a la ausencia de 
datos confiables. Este procedimiento indeseable se utilizó fundamentalmente en 
el período 1974/76, durante el cual, por diversos motivos, no se registraron 
suficientes datos primarios. También se destaca que las evaluaciones dosimétricas 
de las exposiciones al radón-222 se han actualizado empleando factores dosimétricos 
recomendados recientemente [39, 40]. La evaluación de las dosis colectivas 
ocupacionales se llevó a cabo en muchos casos por simple suma de las dosis 
individuales registradas y, en otros, también mediante una integración de una 
función de distribución asumida; para este último caso se utilizó la distribución 
logarítmico-normal [41].

Las dosis colectivas incurridas por el público, por otra parte, fueron evaluadas 
a partir de mediciones o evaluaciones de la descarga de efluentes radiactivos al 
medio ambiente, mediante el empleo de modelos ambientales de dispersión, 
transferencia, concentración y eventual exposición [42]. Las evaluaciones se 
llevaron a cabo para grupos de población locales, regionales o globales según el 
modo de distribución de los radionucleidos involucrados.

Cuando fue posible, la exposición colectiva se presenta no sólo en forma 
absoluta, sino además por “unidad de práctica” ; es decir, por unidad de 
producto de cada actividad (p.ej., Sv-hombre/GW(e)-a de energía eléctrica 
generada). Esta forma de presentación facilita las evaluaciones comparativas y, 
además, permite predecir las tendencias.

4.1. Impacto radiológico resultante de la producción de material radiactivo

El Cuadro 1 presenta el impacto radiológico ocupacional resultante de la 
producción de material radiactivo entre 1977 y el presente. La dosis media y 
la dosis colectiva por unidad de actividad producida muestran una ligera 
tendencia decreciente. Sin embargo, esta última relación debe utilizarse con 
mucha cautela dado que es fuertemente dependiente de la composición radio
química del producto.

El impacto radiológico público resultante de la producción de material 
radiactivo puede considerarse insignificante. Resulta de las emisiones de efluentes 
radiactivos de la respectiva planta de producción, fundamentalmente radioiodos 
y teluros. Se ha estimado que la dosis colectiva comprometida debida a estas 
emisiones es de 1СГ2 Sv-hombre. La dosis en el grupo crítico (dosis promedio en 
el grupo del público más expuesto) fue del orden de 3 10~6 Sv/a.
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C U A D R O  I. IMPACTO RADIOLOGICO OCUPACIONAL R E S U L TA N T E
DE LA PRODUCCION DE M A TER IAL RAD IAC TIV O (PERIODO 1 9 7 7 - 1 9 8 1 )

Año
Producción

(Bq)

Dosis media 

(Sv)

Dosis colectiva 

(Sv-hombre)

Dosis colectiva por 
unidad de práctica 
(Sv-hom bre/Bq)

1977 1,6 1013 6 10~3 0,74

To

1978 2,0 1013 5 1 0 '3 0,67 3 10~14

1979 2,1 1013 5 1 0 '3 0,72 3 1 0 '14

1980 2,0 1013 5 10‘ 3 0,64 3 10~14

1981 2,2 1013 2 10“3 0,47

1oC4

Por falta de datos no fue posible evaluar, y no ha sido contabilizado, el 
impacto radiológico derivado del uso de material radiactivo, tanto el ocupacional 
y público como el incurrido por pacientes tratados con esos materiales. Extra
polando datos bibliográficos puede asumirse, sin embargo, que esta fracción del 
impacto puede ser significativa [40, 41 ]. Tampoco ha sido incluido el impacto 
resultante del reactor que se utiliza para la producción de radisótopos. Dado el 
uso múltiple de ese reactor, este impacto será evaluado junto a las actividades de 
investigación y desarrollo (véase el Cuadro IV).

4.2. Impacto radiológico resultante de la producción de uranio

El impacto radiológico ocupacional resultante de las actividades de extracción 
y concentración de uranio, entre el año 1967 y la actualidad, se presenta en el 
Cuadro II. El cuadro muestra, para cada año, el producido final (indicando la 
fracción extraída de minas subterráneas), la dosis media, la dosis colectiva total 
y, finalmente, las dosis colectivas por unidad de práctica expresadas por unidad 
de peso de U30 8 producido y por unidad de la energía que se podría generar con 
ese uranio. Hasta el año 1967, la producción acumulada total fue de 100 Mg, 
con una exposición colectiva ocupacional integrada estimada en el orden de 
10 Sv-hombre, valor que debe usarse con cautela porque los datos primarios son 
bastante inciertos. El cuadro muestra una significativa tendencia decreciente del 
impacto radiológico, la que está claramente correlacionada con la disminución 
de la fracción de uranio proveniente de yacimientos subterráneos. La dosis colectiva 
por unidad de práctica tiende a estabilizarse en alrededor de 4 Sv-hombre/GW(e)-a 
o 1,5 10'2 Sv-hombre por tonelada de U3Og producida.
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C U A D R O  II. IMPACTO RADIOLOGICO O CUPACIONAL D E R IV A D O  DE
LAS A CT IV IDA D ES DE EXTRACCION Y CONCENTRACION DE
M IN ERA L DE U R A N IO  (PERIODO 1 9 6 7 - 1 9 8 1 )

Año

Producción 
de изОд

Mg

Fracción 
extraída 
de minas 
subterr.

%

Dosis
media

Sv

Dosis
colect.

Sv-hombre

Dosis colectiva/unidad 
práctica

Sv-hombre Sv-hombre 
GW(e)a Mg U30 8

1967 17 100 2,2 10 '2 2,0 29 11,4 10~2

1968 17 100 3,0 10 '2 3,8 56 22,5 10 '2

1969 27 100 1,1 10-2 1,9 18 7,1 10 '2

1970 36 100 1,9 10~2 2,2 15 6,2 1 0 '2

1971 36 100 2,5 10 '2 2,8 20 7,8 lO-2

1972 29 100 3,4 10 '2 3,8 32 12,9 10 '2

1973 29 100 4,0 10 '2 4,0 34 13,8 1 0 '2

1974 36 100 3,1 1 0 '2 2,7 19 7,5 10~2

1975 27 100 2,8 10 '2 2,3 21 8,5 10 '2

1976 43 29 2,6 10‘2 4,1 24 9,5 10 '2

1977 115 33 2,4 10‘2 8,6 19 7,4 10~2

1978 132 29 2,0 1{T2 10,5 20 7,9 10~2

1979 158 27 1,7 1 0 '2 11,1 18 7,2 1 0 '2

1980 220 15 0,3 10~2 3,4 4 1,5 1 0 '2

1981 145 0 0,2 10~2 2,3 4 1,5 10’ 2

El impacto radiológico público resultante de estas actividades fue evaluado 
mediante modelos ambientales aplicables a los yacimientos y plantas argentinas 
relevantes: Don Otto, Huemul, Los Adobes y Sierra Pintada. La fuente de 
exposición resulta de las colas de mineral. En este caso, la evaluación de las dosis 
colectivas comprometidas presenta problemas especiales debido a los largos 
períodos de semidesintegración de algunos de los radionucleidos involucrados, 
resultando en consecuencia necesario asumir algunas hipótesis de evaluación 
[38]. La dosis colectiva comprometida fue estimada asumiendo que las colas de 
mineral son cubiertas con 2 m de suelo y que el radón emana durante alrededor 
de un milenio, tiempo durante el cual las pilas soportarían una erosión total y se
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C U A D R O  III. IMPACTO RADIOLOGICO EN EL PUBLICO DEBIDO A LAS
OPERACIONES DE EXTR AC CIO N  Y C ON CENTR AC ION  D E  U R A N IO
(PERIODO 1 9 5 2 - 1 9 8 1 )

Dosis colectiva (Sv-hombre)
Año ---------------------------------------------------------------------------------------

Em anación de Rn V ía acuática

1952 1,0 10 '3 3,8 1 0 '2

1953 1,8 10 '2 6,8 1 0 '1

1954 6,5 10 '2 2,5

1955 8,7 10“2 3,3

1956 1,8 1 0 '1 6,9

1957 8,1 10 '2 3,1

1958 1,0 1 0 '1 3,8

1959 6,7 10"2 2,6

1960 3,4 1 0 '2 1,3

1961 2,2 10“2 8,3 1 0 '1

1962 1,2 1 0 '1 4,5

1963 2,9 10"1 1,1 101

1964 4,6 1 0 '1 1,8 101

1965 7,8 1 0 '1 3,0 101

1966 1,1 4,3 101

1967 5,9 1 0 '1 2,2 101

1968 5,6 1 0 '1 2,1 101

1969 8,9 10м 3,4 101

1970 1,2 4,5 101

1971 1,2 4,5 101

1972 9,8 1 0 '1 3,7 101

1973 9,7 1 0 '1 3,7 101

1974 1,2 4,6 101

1975 9,0 10_1 3,4 101

1976 1,4 5,5 101

1977 3,9 1,5 102

1978 4,4 1,7 102

1979 5,3 2,0 102

1980 7,4 2,8 102

1981 4,8 1,9 102
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C U A D R O  IV. IMPACTO RADIOLOGICO OCUPACIONAL R ESU LTA NTE
DE LA OPERACION DE A L G U N A S  IN STALACIO NES R EL E VA NT E S DE
INVESTIGACION Y D ESA R R O L L O  (PERIODO 1 9 6 7 - 1 9 8 1 )

Año

Dosis colectivas (Sv-hombre)

Sincro
ciclotrón

Acelerador 
lineal CAB

R eactor 
RA-1 .

Reactor
RA-2

R eactor
RA-3a

1967 negl. 0,2 1 0 '3 1,9 10~2 7,7 10"3 1,4 10"2

1968 negl. 1,6 1 0 '3 1,0 10"1 4,7 10“2 5,6 10"2

1969 negl. negl. 2,7 10~2 1,0 10 '2 1,1 1 0 '2

1970 negl. negl. 1,7 10~2 2,5 10~3 4,1 1 0 '3

1971 negl. 1,3 1 0 '3 6,1 1 0 '3 6,2 1 0 '3 2,7 10"2

1972 negl. 1,2 1 0 '2 3,3 10‘ 3 1,9 10~3 2,0 1 0 '3

1973 negl. 3,9 1 0 '2 5,5 10-3 3,3 10“3 1,2 1 0 '2

1974 negl. 8,8 1 0 '2 negl. negl. 1,6 10 '2

1975 1,0 10~3 5,5 10"2 3,8 10~3 3,0 10“3 1,0 1 0 '1

1976 negl. OO я 2,3 10 '2 5,3 10~3 1,1 10"1

1977 1,5 1 0 '3 1,2 1 0 '1 1,0 10~3 1,1 1 0 '3 1,6 10_1

1978 0,5 10~3 7,1 1 0 '2 1,5 1 0 '3 3,3 1 0 '3 2,8 10“‘

1979 negl. 9,4 10 '2 9,7 1 0 '3 3,5 1 0 '3 1,5 1 0 '1

1980 0,3 10“3 1,9 1 0 '1 3,3 10~2 8,1 10~3 1,0 1 0 '1

1981 2,6 10~3 2,0 1 0 '2 2,4 10"2 1,2 1 0 '2 1,7 10"1

a Este reactor es tam bién utilizado para la producción de m aterial radiactivo.

incorporarían al ambiente acuático. La dosis colectiva comprometida fue estimada 
en 8,4 Sv-hombre/GW(e)-a para la emanación de radón y en 320 Sv-hombre/GW(e)-a 
para la vía acuática [43]. En el Cuadro III se presentan las dosis colectivas debidas 
a ambas vías de irradiación. Se debe destacar que las dosis debidas a la vía acuática 
serían incurridas en el futuro lejano.

4.3. Impacto radiológico resultante de las actividades de investigación y desarrollo

Hasta que no se materializaron las actividades asociadas a la generación de 
energía nucleoeléctrica, las únicas actividades de investigación y desarrollo, rele
vantes desde el punto de vista radiológico, fueron la operación de los reactores
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CUADRO V. IMPACTO RADIOLOGICO RESULTANTE DE LAS 
ACTIVIDADES DE INVESTIGACION Y DESARROLLO ASOCIADAS AL 
CICLO DE COMBUSTIBLE NUCLEAR (PERIODO 1977-1981)

Año
Dosis colectiva3 
(Sv-hombre)

Dosis m edia3 
(mSv)

Dosis colectiva/unidad de práctica 
(Sv-hombre/GW(e)-a)

1977 0,5 1,1 3

1978 0,5 1,1 2

1979 0,5 0,8 2

1980 0,6 1,1 2

1981 0,5 0,9 2

3 Las dosis colectivas y las dosis medias fueron calculadas a partir de la distribución 
logarí tm ico-norm al..

de investigación y de algunos aceleradores. El Cuadro IV resume el impacto 
radiológico ocupacional resultante de estas actividades; el impacto público fue 
despreciable. A medida que las tareas del ciclo de combustible de potencia 
fueron materializándose, otras actividades asociadas a la investigación y al desarrollo 
fueron contribuyendo el impacto. El Cuadro V presenta el impacto radiológico 
ocupacional resultante de todas las actividades de investigación y desarrollo llevadas 
a cabo desde 1977 hasta el presente. El Cuadro presenta la dosis colectiva 
expresada por unidad de energía nucleoeléctrica generada en el período; esto 
último se ha hecho sólo a título indicativo, ya que las actividades estuvieron 
fundamentalmente ligadas a la generación nucleoeléctrica futura más que a la 
contemporánea. El impacto radiológico público derivado de las actividades de 
investigación y desarrollo continuó siendo insignificante.

4.4. Impacto radiológico resultante de tareas de capacitación

Generalmente, las tareas de capacitación no ocasionan una exposición 
importante. En el caso del PNA, sin embargo, la capacitación “en el trabajo” 
ha sido significativa, en particular en la CNA. El Cuadro VI presenta el impacto 
radiológico derivado de estas tareas. Puede observarse que la contribución de 
la capacitación al impacto es más significativa que la de la investigación y desarrollo. 
El Cuadro VII presenta la contribución de estas dos actividades sumadas.
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CUADRO VI. IMPACTO RADIOLOGICO RESULTANTE DE LAS TAREAS 
DE CAPACITACION EN LA CENTRAL NUCLEAR EN ATUCHA (PERIODO 
1 977-1981)

Año
Dosis colectiva3 

(Sv-hombre)
Dosis colectiva/unidad de práctica 

(Sv-hombre/GW(e)-a)

1977 1,5 8

1978 1,0 3

1979 1,4 5

1980 2,4 9

1981 2,6 8

a Las dosis colectivas fueron calculadas a partir de la distribución logarítm ico-norm al.

CUADRO VII. IMPACTO RADIOLOGICO RESULTANTE DE LAS 
ACTIVIDADES DE INVESTIGACION Y DESARROLLO ASOCIADAS AL 
CICLO DE COMBUSTIBLE NUCLEAR Y A LA CAPACITACION EN LA 
CENTRAL NUCLEAR EN ATUCHA (PERIODO 1977-1981)

Dosis colectiva3 Dosis colectiva/unidad de práctica
(Sv-hombre) (Sv-hombre/GW(e)-a)

1977 2,1 12

1978 1,6 5

1979 2,0 7

1980 3,0 12

1981 3,1 10

a Las dosis colectivas fueron calculadas a partir de la distribución logarítm ico-norm al.
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4.5. Impacto radiológico resultante de la operación de centrales de generación 
de energía nucleoeléctrica

El impacto radiológico ocupacional resultante de la operación de la CNA 
se presenta en el Cuadro VIII, en el que se distinguen las dosis recibidas por 
todo el personal en la central (incluyendo no sólo las del personal específico de 
la misma, sino además las de aquellos que se encontraban en la planta capacitán
dose) de las dosis específicamente necesarias para operar la instalación. También 
se distinguen las dosis incurridas como resultado de distintas tareas, así como las 
recibidas por personal estable y contratado. En cada caso, se han efectuado las 
evaluaciones por dos métodos: en primer lugar, se ha integrado la función 
logarítmico-normal que describe la distribución de dosis individuales del personal; 
en segundo lugar, simplemente se han sumado todas las dosis individuales registradas. 
Las dosis colectivas totales expresadas por unidad de energía generada han oscilado 
en algunas decenas de Sv-hombre/GW(e)-a; siendo las dosis debidas a la exposición 
específica algo menores, entre el 80 y el 90% de aquélla.

La distribución del impacto radiológico ocupacional entre los distintos grupos 
de personal se resume en los Cuadros IX y X. Los valores muestran claramente 
que el grupo que más aporta al impacto ocupacional es el de mantenimiento, con 
casi el 60% de las dosis totales. Se resalta además la significativa contribución del 
personal transitorio (hasta el 40% en un año dado).

El impacto radiológico público derivado de la operación de la CNA se presenta 
en el Cuadro XI [44]. Las dosis fueron calculadas mediante modelos aplicables 
al lugar de emplazamiento de la central, a partir de mediciones de descargas de 
material radiactivo al medio ambiente. No se ha incluido en la presentación la 
contribución debida al carbon o-14, dado que no se dispuso de mediciones 
primarias de la descarga de este nucleido. Se puede estimar que esta contribución 
es importante, del orden de varios centenares de Sv-hombre/GW(e)-a, debido a la 
singular producción de este nucleido en los reactores de uranio natural y agua 
pesada. Se debe destacar, sin embargo, que la dosis colectiva debida al carbono-14 
se protracta en tiempos muy largos y que, como se dijo previamente, en los futuros 
reactores del Programa esa contribución se verá significativamente reducida por 
controles apropiados.

4.6. Impacto radiológico resultante de la fabricación de elementos combustibles 
nucleares de potencia

El Cuadro XII presenta el impacto radiológico ocupacional resultante de la 
fabricación de elementos combustibles nucleares de potencia. Los valores deben 
ser utilizados con cautela, ya que provienen de una operación limitada y semindus- 
trial. Sin embargo, resulta suficientemente claro que se trata de un impacto no 
significativo.
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C U A D R O  IX. DISTRIBUCION DE LAS DOSIS COLECTIVAS
O CUPACIONALES EN LA C EN T R A L  N U C LE A R  EN A TU CH A  SEGU N  LOS
TIPOS DE T A R E A S  (PERIODO 1 9 7 4 - 1 9 8 0 )

Año Tareas

operación Operación
(%)

M antenim iento
(%)

R adioprotección y otras 

(%)

1974 22 56 22

1975 31 57 12

1976 37 45 18

1977 28 60 12

1978 28 52 20

1979 25 58 17

1980 24 62 14

1981 40 42 18

CUADRO X. DISTRIBUCION DE LAS DOSIS COLECTIVAS 
OCUPACIONALES EN LA CENTRAL NUCLEAR DE ATUCHA SEGUN EL 
TIPO DE PERSONAL (PERIODO 1977-1980)

Año
de
operación

Personal estable 
(%)

Personal transitorio  
(%)
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CUADRO XI. IMPACTO RADIOLOGICO PUBLICO RESULTANTE DE LA 
OPERACION DE LA CENTRAL NUCLEAR EN ATUCHA3 (PERIODO 
1974-1980).

Año

Dosis 
individual 
en el
grupo crítico 
(Sv)

Dosis
colectiva
com prom etida

(Sv-hombre)

Dosis colectiva 
com prom etida por 
unidad de práctica

(Sv-hombre/GW(e)-a)

1974 3,4 10~7 7,6 1 0 '3 0,7 10-1

1975 2,4 1 0 '7 6,9 10~3 1,0 10’ 1

1976 1,8 1 0 '6 2,1 10“3 2,6 1 0 '1

1977 1,4 10~6 8,0 10~3 5,6 1 0 '1

1978 2,5 10~6 2,3 10~3 3,3 10_1

1979 2,4 10~6 7,3 10~3 4,1 1 0 '1

1980 2,5 1 0 '6 9,5 10~3 4,8 10-1

a No incluye el debido a descargas de carbono-14.

CUADRO XII. IMPACTO RADIOLOGICO OCUPACIONAL 
RESULTANTE DE LA FABRICACION DE ELEMENTOS COMBUSTIBLES

N o №  de elem entos
com bustibles
producidos

Dosis
colectiva3

(Sv-hombre)

Dosis
m edia3

(mSv)

Dosis colectiva/ 
unidad de práctica

Sv-hombre Sv-hombreb 
elem .comb GW(e)-a

1980 95 2,6 1 0 '2 0,27 2,7 10~4 0,4

1981 125 0,8 1 0 '3 7 1 0 '3 6,4 10"6 0,9 10~2

3 Las dosis colectivas y dosis m edias fueron calculadas a partir de la distribución logarítmico- 
norm al.

** Asumiendo un rendim iento de 213 kg de uranio natural en el elem ento com bustible por 
MW(e)-a.
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CUADRO XIII. RESUMEN DEL IMPACTO RADIOLOGICO OCUPACIONAL 
DE LAS ACTIVIDADES ASOCIADAS AL CICLO DE COMBUSTIBLE 
(PERIODO 1977-1981).

Año
Extracción 

mineral 
de uranio

Fabricación
elem entos

com bustibles

Generación 
de energía 
nucleoeléc- 

trica

Investiga
ción desa
rrollo y 
capacita
ción

Total
del

ciclo

a b a b a b a b a b

1977 8,6 19 8,5 48 2,1 12 19,2 79

1978 10,5 20 5,7 19 1,6 5 17,8 44

1979 11,1 18 7,6 27 2,0 7 20,7 52

1980 3,4 4 2,6 1 0 '1 0,4 12,2 49 3,0 12 18,6 65

1981 2,3 4 0,8 10~3 0,9 1 0 '2 6,4 20 3,1 10 11,8 34

a Dosis colectiva com prom etida expresada en Sv-hombre.

b Dosis colectiva com prom etida por unidad de práctica expresada en Sv-hombre/GW(e)-a.

4.7. Impacto radiológico esperado de otras actividades del ciclo que aún no son
operativas

El Programa Nuclear Argentino prevé iniciar las actividades de reprocesa
miento de combustible irradiado en los próximos afios. La experiencia recogida 
en una pequeña planta piloto operada a comienzos de la década del 70 ha permitido 
evaluar aproximadamente la contribución esperada de esta actividad. Se estima 
que, durante la etapa de puesta en marcha de la planta de reprocesamiento, las 
dosis colectivas ocupacionales serán de varias decenas de Sv-hombre/GW(e)-a, 
aunque disminuirán significativamente cuando la planta entre en régimen. La 
contribución local y regional en el público debería ser del orden de un 
Sv-hombre/GW(e)-a adicional. Los radionucleidos de distribución mundial tales 
como el kripton-85, el tritio el carbono-14 y el iodo-129 contribuirán a la dosis 
colectiva comprometida globalmente, si no son retenidos. La contribución ha
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sido estimada en la bibliografía [24, 40, 41, 45] en alrededor de 1,6 Sv-hombre/ 
GW(e)-a para el kripton-85 y 0,6 Sv-hombre/GW(e)-a para el tritio. La contribu
ción del carbono-14 depende del contenido de impurezas de nitrógeno en el 
combustible y puede estimarse en algún Sv-hombre/GW(e)-a. La contribución del 
iodo-129 será despreciable. Por lo expuesto, la contribución al impacto radiológico 
del reprocesamiento de todo el combustible quemado hasta el presente puede 
estimarse en alrededor de un centenar de Sv-hombre.

Las características del repositorio final para los subproductos finales del 
ciclo (es decir, para los denominados residuos radiactivos) están siendo estudiadas 
actualmente. La contribución de esta actividad al impacto radiológico debería ser 
insignificante en el corto plazo. Asumiendo que haya habido reprocesamiento 
del combustible y que se hayan extraído los transuránidos remanentes, se espera, 
a largo plazo, una contribución de algunas decenas de Sv-hombre debidos a los 
residuos producidos por cada GW(e)-a de energía nucleoeléctrica generada [43].

5. RESUMEN DEL IMPACTO RADIOLOGICO RESULTANTE DE LAS
ACTIVIDADES DEL PROGRAMA NUCLEAR ARGENTINO EJECUTADAS 
HASTA EL PRESENTE

El Cuadro XIII presenta un resumen del impacto radiológico ocupacional 
resultante de las actividades del ciclo de combustible del Programa Nuclear 
Argentino en el período 1977—81. Las Figuras 1 y 2 presentan las tendencias 
temporales de la dosis colectiva y de la dosis colectiva por unidad de práctica, 
ambas ocupacionales. Las Figs, muestran que hubo una tendencia creciente 
que se ha revertido como resultado de las continuas mejoras en las condiciones 
radiológicas y de los cambios en las condiciones de explotación minera. Se estima 
que en el futuro la contribución ocupacional debería ser menor a los 
20 Sv-hombre/GW(e)-a. Se destaca, sin embargo, que las tareas de arranque de la 
nueva central nuclear en Embalse, central de características sustancialmente 
diferentes a la CNA, pueden producir en los años inmediatos un incremento en el 
impacto debido a la generación.

Si bien las dosis individuales en el público son insignificantes, el impacto 
radiológico en el público resultante de las actividades del Programa es sustancial
mente mayor que el ocupacional en lo que hace a las dosis colectivas comprometi
das. Esto se debe a la gran contribución de los radionucleidos de elevados períodos 
de desintegración y de distribución global. Estas exposiciones futuras son hipo
téticas y la evaluación correspondiente tiene un gran margen de incertidumbre, por 
lo que esta porción del impacto radiológico debe considerarse con mucha cautela.
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Incluyendo la contribuc ión  a in fin ito  de las colas de todo el m ineral de uranio . 
procesado hasta el presente 

. - 1Q3 =  Incluyendo la contribuc ión  a in fin ito  de todo el carbono-14 generado en la 
Щ Щ  C NA hasta el presente

Incluyendo la contribuc ión  del reprocesamiento de elementos com bustibles 
generados hasta el presente

o♦
? ? ? ?

67 68 69 70 71 72 73 % 75 76 77 78 79 80 81 AÑO

•  DOSIS COLECTIVA INTEGRADA ♦  TASA ANUAL DE DOSIS COLECTIVA OCUPACIONAL
3TASA ANUAL DE DOSIS COLECTIVA ■  TASA ANUAL DE DOSIS COLECTIVA PUBLICA

F IG .3 . R esu m e n  d e l  im p a c to  r a d io ló g ic o  y  su ten d en c ia .

El Cuadro XIV y la Figura 3 presentan un resumen del impacto radiológico 
total resultante de las actividades del Programa desarrolladas hasta el presente y la 
tendencia temporal respectivamente. La Figura 4 presenta la distribución por 
actividades del impacto radiológico.

6. EXPECTATIVAS FUTURAS

El Programa Nuclear Argentino, que ya lleva generados casi 2 GW(e) a de 
energía nucleoeléctrica, prevé producir entre 40 y 50 GW(e)-a hacia fines de siglo. 
De acuerdo a las tendencias actuales, el impacto radiológico ocupacional total del 
Programa, excluyendo el proveniente del reprocesamiento de los elementos 
combustibles, será del orden de 2000 S v  hombre.

Si se procediera a controlar las descargas de radionucleidos de distribución 
mundial de los reactores y de la planta de reprocesamiento, y a disponer adecuada
mente los residuos de la extracción y tratamiento de mineral y del reprocesamiento 
de elementos combustibles irradiados, los impactos radiológicos ocupacional y 
público por unidad de práctica se mantendrían dentro de los valores asintóticos 
que se han estimado para las condiciones actuales. (Véase la Fig.3.)
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CUADRO XIV. RESUMEN DEL IMPACTO RADIOLOGICO RESULTANTE 
DE LAS ACTIVIDADES DEL PROGRAMA NUCLEAR ARGENTINO 
DESARROLLADAS HASTA EL PRESENTE

Actividades
Dosis colectivas3 

(Sv-hombre)

Producción de m aterial radiactivo
— O cupacional 4
-  Pública (despreciable)

Producción de uranio
— Ocupacional 75
— Publicab 39

Fabricación de elem entos com bustibles (despreciable)

Investigación, desarrollo y capacitación 36

Generación nucleoeléctrica en la CNA 
— Ocupacional

• operación 10
• radioprotección y otros 5
• m antenim iento 20

-  Pública0 2

a Algunas de las dosis individuales medias registradas en cada actividad se indican en los 
cuadros respectivos.

b Sólo incluye una contribución lim itada del radón (véase tex to). La contribución a infinito 
incluyendo todas las vías es cercana a 1,5 kSv-hombre. 

c No incluye la contribución debida al carbono-14, la que, dependiendo del tiem po de 
integración y o tras asunciones, es del orden de algunos centenares de Sv-hombre.

Es decir que, si se asumiera que todo el combustible quemado en el programa 
será reprocesado, que los efluentes de ese reprocesamiento serán controlados 
adecuadamente y que los residuos serán eliminados en el repositorio actualmente 
en estudio, el impacto radiológico total del Programa Nuclear Argentino resultaría 
de algunas decenas de miles de Sv-hombre. Si, por el contrario, esto no se hiciera 
y el combustible quemado se eliminara sin extraer el material fisionable generado, 
el impacto radiológico sería mayor. Se debe destacar que en cualquier caso, el 
impacto radiológico público se distribuiría en tiempos muy prolongados. Los 
riesgos individuales, por otra parte, serán seguramente menores aún que los
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Ẑ j
ü!u
S i
z -o  
ш ^  
Q <

“ 8  Z _l

<CJ

oc_D_l
H <z>m
u-O

§á
e i
CÛ ( J

O h  
(J <Л
< Q 
-1 ш
< Q 
Нел
5 g
иш
Z O ш э
oc z ш о
5 5
ь <  
z 11 — ш

О
>
1—U
< о

ш
_ JоD 
Z  

Í  •<
Е 2о
U Z d
-  <  LU
i  ce Z  â эш 
и ш ш
3 Q ° o o  z Z  z  - oc DOOUi
3 u u c  9 
J О  < ш Q 
Э  Э  CC c l  <  Э Û ш О CC 
D O Z  I I r CE LU 1 I
ï_ CL О  <  CÛ

I I I
- см со

Û
<
ÛC

>
о

°  о> ОС -О 
■7  СС О  —
^ • < и 2 2осл □ <
О  I—  ш  СП ОС OZD^Z)
- Ш  - CLUJ

i l < § 2! ; о < иlZ - tO  . < }г и => сл 5ÏÏ<QO  i > cl о  к
U — UQ. О 

I I I 
ш  со

F
IG

.4
. 

D
is

tr
ib

u
ci

ón
 

de
l 

im
pa

ct
o 

ra
di

ol
óg

ic
o 

de
l 

P
ro

gr
am

a 
N

uc
le

ar
 

A
rg

en
ti

n
o.



IAEA-CN-42/158 473

7. CONCLUSION

Se ha evaluado el impacto radiológico del Programa Nuclear Argentino 
ejecutado hasta el presente y se han estimado las expectativas futuras, en términos 
de riesgo individuales y de daño colectivo.

Los valores obtenidos se comparan bien con similares publicados en la 
bibliografía [46—52] e, inclusive, con promedios mundiales calculados por el 
Comité Científico de las Naciones Unidas para el Estudio de los Efectos de las 
Radiaciones Atómicas (UNSCEAR) [40, 41, 53].

Más aún, los datos presentados muestran una tendencia decreciente, 
permitiendo afirmar que las dosis colectivas por unidad de práctica serán todavía 
menores en el futuro.

El detrimento total que ocasionará el Programa en su conjunto puede 
estimarse como insignificante en relación con los beneficios esperados. Los riesgos 
individuales son también muy bajos. A título meramente comparativo, se puede 
afirmar que la exposición colectiva resultante de todo el Programa Nuclear 
Argentino hasta el año 2000 equivaldría aproximadamente a pocos días de 
exposición a la radiación natural de toda la población mundial.

Las evaluaciones de impacto radiológico presentadas en este trabajo tienen 
varias incertidumbres asociadas. En primer lugar, existen incertidumbres intrínse
cas en la esperanza matemática (designada como detrimento), cuando el número 
de personas expuestas es pequeño y las dosis individuales (y, por lo tanto, los 
riesgos) son bajas; este es generalmente el caso en las evaluaciones del impacto 
ocupacional. Por otra parte, las evaluaciones del impacto sobre el público 
requieren el uso de modelos cuyos parámetros no son conocidos con precisión y, 
en muchos casos, simplemente asumidos. Por ello, las incertidumbres asociadas 
a la evaluación del impacto radiológico sobre el público son muy importantes.
Por todo lo expuesto, los valores presentados en este trabajo deberían ser 
utilizados con mucha cautela para la toma de decisiones.
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Abstract

EXPERIENCE WITH RESPECT TO DOSE LIMITATION IN NUCLEAR FUEL SERVICE 
OPERATIONS IN THE UNITED KINGDOM SUPPORTING CIVIL NUCLEAR POWER 
PROGRAMMES.

Within the U nited Kingdom , the nuclear power generation program m e is supported 
by nuclear fuel services including uranium  enrichm ent, fuel fabrication and reprocessing, 
operated by British Nuclear Fuels Lim ited (BNFL). These have entailed the processing of 
large quantities of uranium  and of plutonium  and fission products arising in the course of 
irradiation of fuel in nuclear pow er stations and have necessitated substantial programmes 
for the radiological p ro tec tion  of the public and of the workers em ployed in the industry.
This paper presents and reviews the statistics o f doses recorded in the various sectors of nuclear 
fuel services operations against the background of the standards to  which the industry  is 
required to operate. A description is given o f the developm ent o f BNFL policy in keeping 
with the objective of being recognized as among those industries regarded as safe and the 
resource im plications of measures to reduce doses received by workers are reviewed in the 
light o f experience. Finally, the paper reviews the epidemiological data which have been, 
and continue to be, collected for workers who have been em ployed in these nuclear fuel 
services.

1. INTRODUCTION

Commercial electricity generation from nuclear power 
commenced in the United Kingdom in 1956 with the commissioning 
of the nuclear power station at Calder Hall on what is now part 
of the Sellafield site of British Nuclear Fuels Limited (BNFL). 
Nuclear fuel for these reactors was manufactured from uranium 
ore concentrate at Springfields Works near Preston commencing 
in 1954. From that time, uranium enrichment, fuel fabrication 
and reprocessing services were provided in support of the UK 
nuclear power generation programme by the Production Group of 
the United Kingdom Atomic Energy Authority (UKAEA) until 1971 
when a new company, British Nuclear Fuels Limited,was established 
to operate these services.
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Three BNFL factories provide these services. BNFL 
Springfields Works processes uranium ore concentrate and 
various intermediates to uranium metal and uranium oxide and 
manufactures reactor fuel elements. A gaseous diffusion plant 
and centrifuge plants at BNFL Capenhurst Works provide uranium 
enrichment services. The BNFL reprocessing factory at Sellafield 
(formerly Windscale Works) stores and reprocesses spent nuclear 
fuel to extract waste fission products and to recover uranium 
and plutonium.

2. RADIOLOGICAL PROTECTION PROGRAMMES

Substantial radiological protection programmes have been 
operated throughout this period for the protection of the 
public and of the workers engaged in the industry. These 
programmes have been particularly extensive in connection with 
the reprocessing activities where fission products and 
plutonium and other actinides have significance.

The protection of the public and of the workers employed 
is primarily ensured in the design and construction of plant 
and by the procedures for its operation and maintenance and, 
where appropriate, modification. Monitoring of the environment 
both within and external to the BNFL Works has been carried out 
to check that the radiological protection features of the 
processes are effective and to provide evidence that persons 
whether outside or within the Works are not excessively exposed 
to radiation. Personal monitoring programmes have been 
operated to provide reassurance to management and individual 
workers and to determine radiation exposure for comparison with 
dose limits. Such programmes have included monitoring of 
external radiation dose by film badges and thermoluminescent 
dosimeters. Where appropriate provision has been made for 
monitoring of excreta in respect of possible internally 
deposited nuclides and for the use of in vivo monitoring 
techniques.

3. REQUIREMENTS FOR DOSE LIMITATION

3.1 Imposed requirement

The radiological protection standards applied in the fuel 
services operations of the UKAEA and subsequently BNFL have been 
based on the recommendations of the International Commission on 
Radiological Protection. Since the formation of BNFL in 1971, 
the requirements to be observed in respect of dose limitation
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have been specified in conditions attached to the site licences 
granted under the Nuclear Installations Act 1965 (as amended). 
The limits set in respect of whole body radiation doses for 
persons occupationally exposed are currently 30 mSv per quarter, 
and 50 mSv per year with additional restrictions for adult 
female persons and young persons. Quarterly and annual limits 
are set for individual organs and tissues following ICRP 
Publications 2 and 6. The 50 mSv annual limit replaced a 
previous lifetime cumulative dose limit of 50 (N-18) m S v ,
N being the age in years. The dose limits set for persons not 
occupationally exposed are one tenth of the annual limits set 
for occupationally exposed male adults. There is also a 
general requirement to take all reasonable steps to minimise 
exposure of persons to radiation.

3.2 BNFL Policy

BNFL's policy with reference to health and safety is to 
ensure that:

(i) where any hazard may exist to its employees 
and to the general public, it is kept as
low as is reasonably practicable;

(ii) all applicable regulations are adhered to as 
a minimum standard;

(iii) there are effective procedures for consultation 
on health and safety matters with representatives 
of the Company's employees;

(iv) there are satisfactory arrangements for 
consultation with appropriate external 
representatives on health and safety matters, 
which may be of concern to the population
in the vicinity of each Works.

In practice BNFL pays particular attention to the design 
of plant and to its operation with the objective of being 
recognised as among those industries regarded as safe.

4. WASTE DISCHARGES AND EXPOSURE OF THE PUBLIC

The processes operated by BNFL give rise to radioactive 
wastes. In the management of these, it has to be recognised 
that if waste is not to be discharged it must be conditioned 
and stored. These activities incur costs and exposure of
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TABLE I

PERCENTAGE OF ICRP DOSE LIMITS ESTIMATED TO HAVE BEEN 
RECEIVED BY THE MOST EXPOSED GROUP OF THE PUBLIC 

IN THE VICINITY OF BNFL WORKS(a)

YEAR PERCENTAGE OF 
ICRP DOSE LIMITS(b)

1971 2.3(c)
1972 3
1973 3
1974 15
1975 24 (d)
1976 23
1977 21
1978 17
1979 16.2(d)
1980 16.3

(a) Marine food consumers in the vicinity of Sellafield 
Site.

(b) Based on ICRP Publication 2 until 1978; subsequently 
based on ICRP Publications 26 and 30.

(c) For 1971 the dose to consumers (in South Wales) of 
laverbread made from seaweed collected near 
Sellafield was estimated to be 10.6% ICRP. This 
source of seaweed was not utilised in subsequent 
years.

(d) The doses have been calculated utilising habit and 
consumption survey data provided by the Ministry 
of Agriculture, Fisheries and Food. Revised data 
was introduced in 1975 and 1979.
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workers to radiation. Furthermore, except to the extent that 
radioactive decay takes place, eventual release to the 
environment is inevitable. BNFL is in practice employing cost 
benefit analysis in the examination of waste management options 
with respect to optimisation of collective dose to the public.
In addition BNFL has expressed its intention that the greatest 
potential radiation dose to that small group of the public most 
affected should average over a number of years less than about 
10% of the annual dose limit. Since that intention was 
declared, ICRP in Publication 26 has set a dose limit of 5 mSv 
in any one year expressed as effective dose equivalent to the 
whole body,and expects that exposure averaged over a life time 
will not normally exceed 20% of that limit.

Table 1 shows the doses estimated to have been received 
by the most exposed group of the public - consumers of local 
marine food - in the vicinity of Sellafield, where radioactive 
waste from the storage and reprocessing of spent nuclear fuel is 
discharged to sea. The increased dose for 1974 and subsequent 
years reflect discharges associated with corrosion of Magnox 
fuel elements kept in extended storage under water. Waste 
treatment plants are currently under construction to reduce the 
estimated exposure having regard to optimisation of collective 
dose and the Companÿslong term target of less than about 10% of 
the ICRP annual dose limit. Meanwhile interim measures based on 
the use of absorbing agents in storage ponds are being applied 
to reduce discharges of radiocaesium.

5. RADIATION DOSES TO WORKERS

Since BNFL has the objective of being recognised as among 
those industries generally regarded as safe, radiation exposure 
of persons occupationally exposed needs to be appraised against 
the observations of the ICRP in its Publication 26 which has 
identified an average dose level of 5 mSv as consistent with 
this objective. Table 2 presents statistics of whole body 
radiation dose for workers on BNFL sites since its formation in 
1971 to 1980. This table shows that the average dose has 
decreased in the period subsequent to 1976. The 1980 average 
of 5.3 mSv corresponds closely with the average figure of
5 mSv identified by ICRP. BNFL's operations are of several 
kinds and figure 1 shows that the principal factor is the 
reduction of the average dose in fuel storage and reprocessing. 
Average doses in fuel fabrication and enrichment which are also 
shown in figure 1 are much less and below 5 mSv.
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ANNUAL AVERAGE WHOLE-BODY DOSE 

F I G .l .  A n n u a l a verage  w h o le -b o d y  d o se .

TableII also shows the distribution of annual radiation 
doses over the period from 1971. The total number of 
individuals monitored has increased by a factor of approximately 
two between 1971 and 1980. The proportion of workers in each 
of the three dose intervals shown up to 50 mSv is little changed. 
However there has been a major reduction of the number of 
individuals receiving annual doses greater than 50 mSv and in 
recent years there have been very few such cases. All of these 
had arisen in spent fuel storage and reprocessing operations.
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The corrosion of Magnox fuel element in pond storage, 
referred to in s e c t i o n  4 as leading to increased exposure of 
the marine food eating group of the public, also affected working 
conditions and required the limitation of the time spent by 
workers on certain tasks in order to keep within dose targets.
In 1975 the Company implemented a management decision that 
radiation exposures in excess of 50 mSv per year should be 
avoided. (As noted in section 3*1 above the statutory dose 
limits at this time were 30 mSv per quarter and 50 (N-18) mSv 
life time cumulative dose.) These measures involved the
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deployment of additional workers in operations involving 
higher levels of radiation exposure and gave rise to some 
additional collective dose.

TableII presents the collective doses recorded for persons 
occupationally exposed over the period 1971 to 1980. Figure 2 
indicates that the major contribution is in spent fuel storage 
and reprocessing and illustrates the increase which occurred 
in 1975/76 to which the introduction of additional workers to 
reduce individual doses referred to above contributed. Since 
that time collective dose has shown a small downward trend, the 
lower value in 1979 reflecting an industrial dispute which 
stopped processing and maintenance activities. There has been 
no substantial trend in collective dose in fuel fabrication and 
enrichment operations.

Following the decision to effect limitation of annual 
doses to below 50 mSv, BNFL put in hand studies of dose uptake 
with the objective of reducing doses within that limit, where 
this was judged to be reasonably practicable. Similar 
consideration has been given in respect of new plant and data 
are being collected with a view to determining the extent to 
which general guidance can be developed regarding the difficulty 
and cost of reducing exposure. In particular special 
consideration is given to plants where exposures may need to be 
higher than 5 mSv. This approach anticipated the identification 
in ICRP Publication 26 of an average dose of 5 mSv as consistent 
with employment generally regarded as safe.

Since the formation of BNFL in 1971, monitoring of workers 
for internal contamination has led to permanent suspension from 
work with plutonium of 15 individuals because their burden of 
plutonium in bone (assessed on the bases of ICRP Publication 2) 
exceeded 50% of the maximum permissible. Where appropriate, 
such individuals have continued to be employed in radiation 
work subject to an external radiation dose limit of 15 mSv in 
any year in accordance with the provision recommended in ICRP 
Publication 6 concerning the addition of doses from external 
and internal exposures. There has been no new case requiring 
such permanent suspension since 1979.

6. OCCUPATIONAL HEALTH EXPERIENCE

BNFL and its predecessor, the UKAEA, have for many years 
maintained a surveillance of the mortality of serving employees 
and pensioners and in particular have done so routinely since 
1962 when records were computerised. An analysis of this
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SELLAFIELD SPRINGFIELDS CAPENHURST TOTAL

0 0/E 0 0/E 0 0/E 0 0/E

Bone Marrow, 
Bone and 
Thyroid Cancer

Serving 3 0.7 4 0.9 3 1.4 10 0.9
Pensioner 1 0.7 4 2.0 1 0.8 6 1.3

Lung Cancer
Serving 34 0.64 50 0.77 18 0.55 102 0.67
Pensioner 23 0.87 29 0.83 27 1.29 79 0.96

Other Cancer
Serving 66 0.99 60 0.76 45 1.15 171 0.93
Pensioner 45 1.24 47 1.02 25 0.89 117 1.06

Total Cancer
Serving 103 0.83 114 0.77 66 0.89 283 0.82
Pensioner 69 1.07 80 0.96 53 1.05 202 1.02
Total 172 0.91 194 0.84 119 0.96 485 0.89

Non-Cancer
Serving 273 0.82 261 0.67 151 0.78 685 0.75
Pensioner 202 0.98 201 0.79 142 0.90 545 0.88
Total 475 0.88 462 0.72 293 0.83 1230 0.80

О - numbers of cases observed 
0/E - ratio of observed to expected
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mortality data for the period 1962-1978 has been made. The results 
are given in Table III which shows numbers of cases observed (0) 
and the ratio (0/E) of observed to expected, based on 
national statistics, adjusted for age, for a range of causes 
of death amongst male employees at Sellafield, Springfields 
and Capenhurst. Female mortality is not shown because numbers 
are small.

Overall, mortality patterns are similar to those in the 
general population. Non-cancer deaths among serving staff 
would be expected to be significantly below those expected from 
national statistics, since they tend to be selected from a 
healthy population. This is found to be the case; (the healthy 
worker effect). Pensioners are more comparable with the 
national population. A similar pattern is found in the case 
of lung malignancy but it is not possible to say whether this 
is due to particular smoking habits or to some other factor. 
Observed deaths due to other cancers among serving staff and 
pensioners approximate closely to expectation. The numbers of 
cases of bone marrow, bone, and thyroid cancers is small, most 
are due to leukaemia but there is no evidence of any increased 
incidence at Sellafield, where radiation exposures are higher 
than at other BNFL sites.

BNFL provides data to the National Register for Radiation 
Workers operated by the National Radiological Protection Board.
BNFL is also undertaking an epidemiological study covering all 
workers who have been employed at sites now controlled by the 
Company. The UKAEA has announced a similar study covering 
workers at its sites. The principal purpose of study is to keep 
under review whether trends with radiation exposure can be 
identified.
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Abstract

EVALUATION OF RADIATION HAZARDS.
This paper presents a critical 20-year review of the evaluation and contro l of radiation 

hazards in the Central Electricity Generating Board o f England and Wales. Within the 
electricity supply industry is has long been realized that the availability of any p lant is 
governed by the acceptability of its im pact on the health  and environm ent of its workers 
and the general public. Stringent contro l o f  radiation and radioactivity from  nuclear plant 
was therefore imposed from the beginning of the gas-cooled reactor program m e, bearing 
in m ind th a t new knowledge and techniques acquired during the decades betw een design 
and decommissioning would improve the understanding of hazards leading to  expensive 
m odifications if these hazards had been wrongly judged. Central to the system of design 
and contro l was the prediction and m easurem ent o f environm ental quantities such as 
exposure rate and activity release. During the past tw enty years the sensitivity, reliability 
and accuracy of predictive and m onitoring techniques have improved, leading to increased 
confidence in their use. The paper includes exam ples relating to  reactor inventories, 
shielding calculations, gamma-ray m easurem ents at high energies and low exposure rates, 
neutron m easurem ents and simplified m ethods of off-site m onitoring. O ther than in areas 
concerned w ith detrim ent to  health , cost-benefit analysis has no t played a significant role in 
setting standards for a variety o f reasons, including recognition of the lack of num erical precision 
in dose-risk relationships and the im portance o f econom ic and social factors. The paper includes 
statistics on operator dose and station discharges, and refers to  current epidemiological studies.
I t  is concluded that the radiation hazards o f nuclear power stations have been successfully 
controlled for tw enty years and th a t they will no t impose a fu ture  lim itation on nuclear power.

1. INTRODUCTION

The availability of any plant is governed by its acceptability 
to its workers and the general public. Health and safety condi
tions in the working and public environments must inspire positive 
confidence and not merely avoid demonstrable illness or injury.
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Some of the risks associated with electricity generation are 
common with those of any industry. Injuries caused by handling, 
falling, misuse of tools or machinery have obvious causes. These 
risks are easily quantified and the accident statistics are con
tinually and deliberately improved. A characteristic of such 
risks is that the victims of the accidents are identifiable, and 
those who have not been injured know that they have not been 
injured. Other risks, common to many industries, are identifiable 
by the olfactory or auditory senses which provide a built-in 
monitoring system to avoid personal injury. Radiation, together 
with certain chemical agents, poses a different problem. Except 
at very high levels of exposure, the relationship cannot be traced 
between the ill-health of any individual and a suspected cause.
Nor can radiation be detected by the senses. The confidence and 
sense of well-being of persons working with or living near radia
tion sources cannot be based on their own observations alone. It 
is the obligation of industry to evaluate potential risks, mini
mize them, and finally to monitor the working and public environ
ment in order to demonstrate that design and operating procedures 
are satisfactory. Having done that, it is then essential to 
communicate with employees and the public in frank and effective 
terms in order to provide them with the information to which they 
are entitled and which they need to underwrite their confidence 
and sense of security.

It is remarkable that the standards and procedures adopted by 
the electricity supply industry of Great Britain have remained 
effective since the first nuclear power stations were designed 
twenty-five years ago. During that time, public attitudes have 
become more diverse, technology has advanced dramatically, and 
the sciences contributing to radiological protection have increas
ed our understanding of radiation effects. This paper will attempt 
to identify some of the reasons for the continuing success of the 
policies used for evaluating and controlling radiation risks in a 
steady and stable manner.

2. HISTORICAL BACKGROUND

The generation and main transmission of electricity has been a 
unified industry since the public system was nationalized by the 
Electricity Act of 1947. The Chairman from 1947 to 1957 was Lord 
Citrine who was a pioneer of joint industrial consultation in which 
trade unions are involved in all health, safety and welfare matters. 
In 1953, the British Electricity Authority established a nuclear 
power branch to plan, design, and arrange for the construction of 
nuclear stations. Thus in 1955, when the UK Government announced 
its first Magnox programme of 1.5 to 2 GW capacity, the industry
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was prepared for the challenge of adding nuclear stations to an 
already well-integrated system enjoying good industrial and public 
relationships. At that time, the public were conscious of the fuel 
shortages of the immediate post-war years, and there were hopes 
that abundant cheap power would be a major tangible benefit from 
the general desire to use atoms for peace. The enthusiasm was well 
demonstrated at the 1955 UN Geneva Conference on the Peaceful Uses 
of Atomic Energy, and at the 1956 connection to the national grid 
of four 23-MW generating sets at the UK Atomic Energy Authority's 
Calder Hall A station.

It was obvious that the adequate control of radiation hazards 
would be of prime importance in the new nuclear industry. Fortuna
tely, a large body of experience was available extending back to 
the earliest days of X-ray and radium work. The International 
Commission on Radiological Protection (ICRP), founded in 1928, was 
already established as an independent authoritative source of 
recommendations on the safe use of radiation. By the 1950's, the 
experience on safe control of external radiation could be used for 
controlling the intake of radioactivity by considering it 
in terms of energy deposited in unit mass of tissue, i.e., dose. 
However, ICRP Recommendations on internal radiation were not 
published until 1960. The guidance available for the design of 
the first nuclear power stations was provided by ICRP discussions
published in 1955. The basic permissible weekly dose was 0.3 rem
but actual exposures were kept at levels well below this. In 1959 
ICRP published the first of its now familiar series of Publications. 
This took note of the future nuclear programme and, essentially, 
introduced an annual limit of 5 rem* for workers and 0.5 rem for 
the general public, except special groups of adults near controlled 
areas who were permitted to receive 1.5 rem. Several ideas which 
are mistaken for recent innovations date back to ICRP's first
Publication, as the two following quotations show.

The Commission recommends that all doses Ъе kept as low 
as practicable, and. that any unnecessary exposure be 
avoided. (para. 45)

Recommendations in quantitative terms are needed in the 
design of power plants and other radiation installations 
and particularly in making plans for disposal of radio
active waste products. It is of the utmost importance 
in this connection to make sure that nothing is done now

*More exactly the dose to the blood-forming organs, gonads and the 
lenses of the eyes was limited by the formula D = 5 (N-18), where D 
was the dose accumulated in occupational exposure up to age N.
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that may prove to be a serious hazard later, which cannot 
be corrected at all. or will be very expensive to correct.
The Commission is aware of the fact that a proper balance 
between risks and benefits cannot yet be made, since it 
requires a more quantitative appraisal of both the probable 
biological damage and the probable benefits than is 
presently possible. (para. 17)

Although these statements were made after Berkeley and 
Bradwell nuclear stations were designed, their spirit was antici
pated. Sufficient margin of safety was left in complying with the 
1955 dose limit of 0.3 rem a week to ensure compliance with the 
1959 dose limit of 5 rem a year without design changes.

The adoption of ICRP recommendations, their incorporation 
into legislation, and interpretation into working rules and pro
cedures involves work in several stages by many organisations.
The UK Medical Research Council provided invaluable source 
material and advice in two reports on The Hazards to Man of Nuclear 
and Allied Radiations published in 1956 and I960,respectively.
These reports identified the atomic energy industry as just one of 
a number of radiation-producing sources. Indeed, the first major 
piece of radiological health legislation, the Radioactive 
Substances Act 19A8, provided a framework into which the control 
of atomic energy could be evolved consistently with other indust
ries. The Inspectorates charged with enforcing the legislation 
were not specially set up to deal exclusively with nuclear risks. 
Airborne hazards were the concern of the Inspectorate concerned 
with clean air, terrestrial hazards were the concern of the 
Ministry of Housing and Local Government or of the Ministry of 
Agriculture and Fisheries. The control of conditions of employ
ment was with the Ministry of Labour.

In 1959 the first Nuclear Installations Act was passed 
requiring nuclear sites to be licensed and insured, and establish
ing a new inspectorate concerned with all aspects of radiological 
safety and health. The Conditions of Licence specified procedures 
for controlling and monitoring the health of workers similar to 
those required in other legislation. By 1961,. when the CEGB began 
operating its first nuclear stations, there was a sound legisla
tive system established, harmonising with legislation for related 
industrial and medical activities.

3. PRACTICAL INTERPRETATION

The CEGB's methods of responding to the challenge of a new 
fuel were developed, as with the legislation, in a way making best 
use of experience and resources in related fields. In 1958 a new
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department was set up to identify and coordinate work on nuclear 
aspects of health and safety. Often existing practice for con
ventional stations could be adapted. For example, the medical 
supervision of radiation workers was incorporated into an already 
established medical service. Similarly, the CEGB Safety Rules 
required to interpret the legislation into specific working pro
cedures were drafted in the same format and with the same consul
tative procedures as analogous rules dealing with electrical and 
mechanical safety.

The CEGB's traditional "good neighbour" policy was extended 
to establish regular meetings with the public near nuclear sites. 
However, some topics identified in advance of operating the first 
nuclear stations were new. The ambient levels of radioactivity 
and radiation in the environment of the nuclear sites were measur
ed by an extensive monitoring programme requiring the establishment 
of a Radiochemical Laboratory which still plays a major role in 
supporting the district surveys carried out by each Station. Also, 
from the earliest days the CEGB has had an Emergency Scheme ensur
ing preparedness in the unlikely event of an accident.

4. HEALTH PHYSICS RETROSPECT

When the first civil nuclear stations became operational far 
less was known about radiation risks than is known today. Also, 
by modern standards, the technologies available for monitoring 
were very much cruder. Thermionic valves were still in common use, 
gamma spectrometers were bulky, unreliable and tedious to use.
The literature was sparse, mainly in the form of reports from 
national laboratories. The situation changed very rapidly as the 
international agencies, especially the IAEA, began publishing 
technical reports and conference proceedings. The journal 'Health 
Physics', which began in 1960 also did a great deal to pass on 
experience, mainly from North America. It was recognized that 
radiological control at the early stations should not extrapolate 
the then-available knowledge, and that it should recognize the 
limitations of the current measuring technologies. At the time, 
epidemiological studies were few and mainly confined to the inci
dence of leukaemia in fairly heavily irradiated groups. There was 
certainly insufficient data to correlate risk with dose in a 
numerate manner. However, the ICRP dose limit, the "permissible 
dose" could confidently be said to involve risks that in ICRP words 
were not unacceptable to the individual and the public at large and 
which could be expected to produce effects that could be detected 
only by statistical methods applied to large groups.



494 PEPPER and WHEATLEY

Combined with avoidance of all unnecessary exposures and a 
policy to keep all doses as low as practicable, the "permissible 
dose" concept was more than adequate to limit risks. However, the 
years of favourable experience on which the permissible doses were 
based were obtained almost exclusively in situations in which X- 
rays or gamma rays were used. Although most exposures around 
reactors are by gamma radiation, there are other types of exposure 
usually confined to limited areas and affecting only a minority of 
the staff. Such exposures, especially to neutrons or aerosols, 
are not only more difficult to measure, but the risks associated 
with a given dose are less firmly established than for gamma rays. 
From the earliest days of nuclear power the CEGB has controlled 
these exposures with extra caution, never allowing them to contri
bute an appreciable fraction of any person's total dose. This 
required high degrees of professional understanding and technical 
and executive competence, which was provided by the health physics 
departments at the stations.

The measurement problem for neutrons arises from the poten
tial width of the energy spectrum stretching over 9 orders of mag
nitude from thermal energies to 20 MeV. Although each end of the 
spectrum can be measured relatively easily, there is an intermedi
ate energy region which is difficult to measure and for which 
accurate standards are not generally available. The biological 
effectiveness at any point of the spectrum is known only from 
animal experiments, although some broad spectrum human data could 
be inferred from atomic bomb survival studies. Although ICRP 
guidance on neutrons was not published until 1964, the US National 
Bureau of Standards' guidance was available in 1957 using princi
ples still in use. Essentially a mathematical model was used to 
calculate the depth dose distribution in a body irradiated with 
neutrons. Each contribution to the dose in a particular region 
was then weighted by a "quality factor" which was a formalized 
number representing the biological effectiveness of the particular 
secondary radiation components contributing to the dose. By this 
means the fluence of neutrons in number per unit area could be 
related to permissible dose, and monitoring instruments designed 
accordingly. Thus the caution exercised in controlling neutron 
exposures was not prompted by complete lack of data, but because 
the data was based on simplified models and invoked indirectly 
derived quality factors.

In the case of aerosols there is an obvious problem in 
ensuring that the environmental sample analysed is typical of the 
material actually breathed. Even where this is known, indirect 
methods of dose assessment have to be used. The metabolic models 
available at the beginning of the civil power station programme 
were adequate but imperfect. For many nuclides the permissible 
intakes were related to permissible dose by computing the energy
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deposited in various organs by radioactive disintegration. For 
others, which became deposited in bone, the permissible intakes 
were computed with reference to radium for which human data was 
available. The working environment at power stations is such 
that exposure to aerosols can be made uncommon, and the safety 
rules used in the CEGB specified respiratory protection at envir
onmental levels only one-tenth of those which would lead to 
permissible doses. The effectiveness of this risk-avoidance policy 
is checked by occasional measurements in a whole-body counter.

5. THE QUALITY OF DOSE ESTIMATION

Simultaneously with the introduction of nuclear power the 
CEGB expanded its research programme and established nuclear 
laboratories. Although the initial emphasis at Berkeley Nuclear 
Laboratories was to underwrite the safe and economical operation 
of the fuel and core materials, attention was also paid to radio
logical measurements.

The objective of radiological protection is to limit risks 
to acceptable levels. There is no measurable parameter which will 
provide a direct estimate of risk. Although organ doses and risks
must be related, data do not exist to establish an exact relation
ship even for one set of particular circumstances. With many 
variables such as age and sex of the person irradiated, the type 
of radiation, the size and geometrical configuration of the irradi
ation field, and the dose rate, it is clear that dose-risk rela
tionships are far from being an exact science. Furthermore, there
is no series of practical routine measurements which will enable 
the precise derivation of organ doses resulting from exposure in a
working environment to be made. The protection of workers does
not depend on precision in estimating risk. It relies on the skill 
in specifying and interpreting measurements of the working environ
ment which are sufficiently comprehensive to include all possible 
sources of risk and sufficiently reliable to estimate organ doses 
adequately for controlling them below a dose limit. Research and 
development clearly play major roles in providing operators with 
the instruments and advice needed.

The emphasis on accurate and reliable monitoring of the work
ing and public environments required that the CEGB had to pass on 
confidence based on first-hand experience. One of the first tasks
was to investigate the accuracy of measurements of 6 MeV gamma
radiation from 16n in the gas cooling ducts at Berkeley. At the 
time of station commissioning, the only instruments capable of 
measuring the very low dose rates encountered had been designed as 
geological survey instruments and could not be expected to have 
the same calibration for 6 MeV radiation as for the radium gamma
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rays used as a standard. A new instrument was designed based on 
an air-equivalent ionization chamber which, on theoretical grounds, 
would hold a radium calibration at 6 MeV. It was then found that 
there were no facilities for tracing the calibration of very low 
dose rate meters back to a national standard, although of course 
traceability was available for meters used for the high dose rates 
used in radiotherapy. The CEGB therefore instituted a well- 
equipped facility at Berkeley Nuclear Laboratories which now cali
brates nearly all the radiation monitoring equipment used in the 
industry. The Dosemeter Calibration Facility now has facilities 
for assessing the reliability of monitoring equipment under a 
range of environmental conditions (temperature and humidity) and 
has co-operated with manufacturers in improving the reliability of 
commercial equipment. The scientists working in the facility have 
built up a great deal of experience and serve on a wide range of 
national and international bodies concerned with the integrity of 
radiological measurements.

6. BIOLOGICAL INTERPRETATION

The scientific foundations of radiological protection change 
with advances in knowledge. Although it is clearly unwise to base 
controls exclusively on the knowledge of the day, it is neverthe
less necessary to have a clear understanding of the science to 
ensure that the degrees of caution used in practice are adequate 
and reasonable. During the CEGB nuclear power station programme 
new knowledge has led to changes in ICRP recommendations in single 
organ doses, there has been scientific controversy over the effects 
of single "hot particles" of radioactivity and over the interpreta
tion of epidemiological data. Also published guidance on the 
relationship between measurable quantities and the risk to skin and 
the eyes has been somewhat incomplete. The CEGB has found it in
valuable to have close cooperation between its stations and labora
tories in order to identify areas where further study is required. 
In some areas research is justified and, where this involves biolo
gical work, it is carried out as collaborative projects with 
universities or biological research centres. With the co-operation 
of the trade unions the CEGB is also carrying out an epidemiologi
cal survey of workers who started radiation work before the 
establishment of a complete national survey in 1976.

7. RISK ASSESSMENT

The CEGB does not use numerate estimates of health effects in 
order to define its radiological protection policy. However, it 
does examine the dose patterns in its employees and in the public 
environment in the light of current estimates on the incidence of
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radiation-induced disease, in order to confirm the safety of its 
operations. With a 5-rem annual dose limit, less than fifteen per 
cent of personal doses exceed 0.5 rem, with a mean dose of 0.24 
rem. The collective dose is 0.4 man-rem per MW, and is distributed 
in a log-normal manner with values considerably below the refer
ence distribution published by the United Nations Scientific 
Committee on the Effects of Atomic Radiation. With that favourable 
experience a design criterion is now in force such that new sta
tions are designed with the intention that it will be exceptional 
for personal doses to exceed one rem a year.

The airborne and aqueous discharges from each station are 
accurately monitored and reported publicly, with annual summary 
reports deposited in local libraries. The resulting population 
doses are very small but are included in surveys of national 
statistics.

Risk assessment does have a role to play in speculative 
modelling of accidental releases. There the objective is to pre
dict the possible consequences of an unplanned release in order 
to judge the desirable scale of engineered safeguards and to plan 
emergency procedures. Modern computers can provide estimates of 
reactor inventories and environmental transfer factors under 
various weather conditions. The safe record of reactor operation 
necessarily means that some of the input data for the models is 
based on theoretical and laboratory studies rather than observa
tion. However, the ability to simulate unplanned releases and to 
assess the resultant risks is a valuable aid to designers and 
operators.

8. CONCLUSIONS

During twenty years of operating nuclear power stations, many 
advances in science and technology have been made. Although know
ledge is still imperfect there is a better understanding of radia
tion risks. Technological advances have led to the availability of 
monitoring equipment which is more sensitive, accurate, and reliable 
than that available in the early days. The increasing power of 
computers has led to improved design methods, and facilitated 
speculative fault studies which enable the consequences of faults 
to be strictly limited.

During this period, radiation hazards have been successfully 
controlled and many lessons have been learned. Firstly, great 
benefit was derived from in-house technical competence and team work 
between stations and central departments concerned with health, 
safety, design, research and technical services. Secondly, there 
was a considerable advantage in integrating nuclear stations into
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an existing administrative system so that legislation, local rules 
and public relationships could be developed from an established base 
without dramatic and specifically "nuclear" introductions. Thirdly, 
although the nuclear industry has been criticized for not responding 
to its adversaries in an aggressive way, it has been found that res
ponsible and positive communication has been effective, probably mor< 
effective than propaganda. Our best spokesmen are the staff, at all 
levels, who know from personal observation that the nuclear electri
city industry is safe, and who pass on their confidence through theii 
everyday lives.
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Abstract

POPULATION DOSES DUE TO THE OPERATION OF LWRs IN JAPAN.
In Japan, twelve boiling w ater reactors (BWRs) and eleven pressurized w ater reactors 

(PWRs) are in operation  at present on  fourteen  sites. In addition , five BWRs and four PWRs 
are under construction  on  these sites and are expected to  be in operation  by  1990. In 1975, 
the Japan A tom ic Energy Commission (now the  Japan Nuclear Safety Com mission) issued 
guidelines which defined dose objectives for LWRs for the  purpose of m eeting the  ‘As-Low-As- 
Practicable’ concept recom m ended by the  In ternational Com mission on Radiological P rotection . 
All the  LWRs m entioned above com pletely comply w ith these guidelines. Since Japan is a 
densely populated  country , an a ttem p t has recently been m ade to  assess population  doses from 
radioactive gaseous effluents released from  all LWRs on the  basis o f the  release conditions 
estim ated a t the  licensing stage and also o f m eteorological, demographic and agricultural data. 
The following exposure pathw ays were taken in to  account: (a) external exposure to  the  
radioactive m aterials in the  clouds and on the  ground, (b) inhalation, and (c) ingestion of 
agricultural products. A m odified Gaussian plum e m odel was applied for the  regional a tm o
spheric dispersion o f the  effluents. D istributions o f population  and agricultural p roducts up  to  
1000 km  from  each site were derived from  data in the  1975 national census. The assessed 
population doses do no t exceed 1000 m an - rem /a. Since the  actual releases are less th an  those 
estim ated at licensing, the  present population  doses are a hundred tim es low er than  th e  assessed 
ones. The paper also discusses how  the  population  doses depend on fu ture increases in the  use 
o f nuclear pow er and in population .

1. INTRODUCTION

In Japan, twelve BWRs and eleven PWRs are currently in operation at 
fourteen sites. In addition, five BWRs and four PWRs are under construction on 
these sites and are expected to be in operation by 1990. Their authorized electric 
capacities are shown in Table I and their location is shown in Fig.l.

499
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TABLE I. LIGHT-WATER COOLED POWER REACTORS IN OPERATION 
AND UNDER CONSTRUCTION IN JAPAN

Site (name). Type of 
reactors

Number of 
reactors

Authorized
Electric

capacity
Thermal

Present Status

MW(e) MW(th)

B1 (Onagawa) BWR 1 524 1593 Construction
B2 (Fukushima-I) BWR 6 4696 14197 Operation
B3 (Fukushima-II) BWR 4 4400 13172 3 under construction
B4 (Tokai) BWR 1 1100 3293 Operation
B5 (Hamaoka) BWR 2 1380 4029 Operation
B6 (Kashiwasaki) BWR 1 1100 3293 Construction
B7 (Tsuruga) BWR 1 3S7 1070 Operation
B8 (Shimane) BWR 1 460 1380 Operation
PI (Mihama) PWR 3 1666 4930 Operation
P2 (Ohi) PWR 2 23S0 6846 Operation
P3 (Takahama) PWR 4 3392 10184 2 under construction
P4 (Ikata) PWR 2 1132 3300 Operation
PS (Genkai) PWR 2 1118 3300 Operation
P6 (Sendai) PWR 2 1780 5304 Construction

14 sites
Total

32
Sum
2S4SS

Sum
75891

As reported at the Salzburg conference [ 1 ], the Japan Atomic Energy 
Commission (now the Japan Nuclear Safety Commission, JNSC) issued in 
May 1975 guidelines entitled ‘Dose Objectives for the Light-Water-Cooled Nuclear 
Power Reactors’ for the purpose o f reducing exposure doses to individuals o f the 
general public from LWRs on the basis o f the concept o f ‘As-Low-As-Practicable’ 
recommended by the International Commission on Radiological Protection (ICRP). 
The dose objectives were defined as 5 mrem/a per site for the total body and 
15 mrem/a per site for the thyroid. All LWRs constructed after 1975 are required 
to comply with this guideline. The compliance o f those permitted to operate 
before 1975 was re-evaluated and confirmed.

For evaluating compliance, JNSC in 1976 provided guidelines on the 
methodology o f estimating releases of radioactive noble gases and iodine isotopes 
and calculating the exposure doses. Table II shows the estimated annual releases
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from each site o f the radioactive gases and the maximum individual doses cal
culated using the guidelines at licensing. On the basis of operating experience 
with LWRs over twenty years, the guidelines assume the fraction o f defective 
nuclear fuel to be 1% for a PWR and the leak rate o f noble gases from the fuel 
into the primary coolant to be 0.3 to 0.4 Ci/s for a BWR. The total-body 
dose is due to the noble gases. The thyroid doses given in the table are for 
children living in the neighbourhood o f a site. For calculating the thyroid dose, 
inhalation and ingestion o f leafy vegetables are taken into account as well as 
ingestion of cow milk if pasture land exists around the site. The figures for 
sites В 1, P I , P2 and P4 do not include the contribution from the milk pathway. 
It can be seen from the table that all LWRs meet JNSC’s requirements.
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TABLE II. RELEASES OF RADIOACTIVTY IN GASEOUS EFFLUENTS 
AND THE MAXIMUM INDIVIDUAL DOSES ESTIMATED AT LICENSING

Site (reactors) Annual releases Maximum individual doses
Noble gases 131-j. 133j Total body Thyroid

Ci/a Ci/a Ci/a mrem/a mrem/a
B1 (1) 45.1 x 10 3.1 6.0 0.9 1.6
B2 (6) 3.1 x 105 1.7 x 101 3.3 x 101 2.5 13
B3 (4) 2.0 x 105 8.4 1.4 x 101 3.5 7.9
B4 (1) 5.0 x 104 2.2 3.5 0.3 0.4
B5 (2) 9.6 x 104 7.2 1.5 x 101 1.3 1.6
B6 (1) 5.0 x 104 2.1 3.4 0.3 1.4
B7 (1) 5.3 x 104 2.3 4.9 2.7 1.7
B8 (1) 3.7 x 104 1.8 3.1 1.2 5.8
PI (3) 5.9 x 104 2.0 1.4 0.3 2.2
P2 (2) 7.4 x 104 2.2 1.3 0.3 3.6
P3 (4) 9.0 x 104 1.7 1.4 1.4 3.7
P4 (2) 3.1 x 104 2.0 1.1 0.5 9.5
P5 (2) О X о 2.0 1.1 0.2 7.7
P6 (2) 4.4 x 10 1.7 1.1 0.3 4.5

Japan is a densely populated country, as shown in Fig.2. Thus, an attempt 
has been made to assess the whole impact on the population at large o f all the 
LWRs, none o f which produce higher doses to any individual than the dose 
objectives. In this paper the estimated population doses from the gaseous 
effluents are presented and the results are discussed in relation to the present 
status o f  releases and future increases in nuclear power generation and in 
population.

2. CALCULATION OF POPULATION DOSES

For the calculation o f the population doses, we used the annual releases o f the
noble gases 1311 and 133I which had been estimated at the licensing stage for each 
LWR, that is, those shown in Table II. For iodine nuclides, 50% organic iodine was 
assumed. In addition, releases of tritium including 50% gaseous tritium and 14C 
were assumed on the basis of the normalized releases estimated in 1977 by the
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United Nations Scientific Committee on the Effects o f Atomic Radiation 
(UNSCEAR). These are, in Ci per MW(e) • a units: 0.05 (BWR) and 0.2 (PWR) 
for tritium, and 0.016 (BWR) and 0.006 (PWR) for 14C, respectively [2]. Also, 
annual releases of radioactive particulates were used, assuming 0.1 mCi per 
MW(e) • a for BWRs and 0.04 mCi per MW(e) • a for PWRs.
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D IS TA N C E  (km)

F IG .3 . C hange o f  p o p u la t io n  w ith  d is ta n c e  f r o m  s i te  B 4.

The population doses attributed to LWRs in one site were calculated by 
summing the collective doses in segmental areas for a total area up to 1000 km 
from this site. The segments were determined by dividing the area surrounding 
the site into annuli o f logarithmically varying radii, these annuli being further 
subdivided into 16 sectors.

For the calculation o f the collective doses in a segment, the following 
modes o f irradiation from the released materials (exposure pathways) were 
considered:

(a) External irradiation o f people living in the segment from the cloud 
(cloudshine), and from the ground (groundshine),

(b) Inhalation o f radioactive materials in the cloud (inhalation), and
(c) Ingestion o f contaminated foodstuffs produced from the segment (ingestion).

The Gaussian plume model and site-specific annual meteorological data were 
applied to calculate air concentrations o f the released material in the segment.
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The annual averaged height o f the mixing layer was assumed to be 1000 m. The 
radioactive decay chains of nuclides and their dry deposition during dispersion 
were taken into account. A deposition velocity o f 1 cm/s was chosen for iodine 
nuclides, particulates and the daughter products o f the noble gases (88Rb, 13sCs 
and 138Cs). The transfer of inorganic iodine, particulates, tritiated water and 14C 
from air to the foodstuffs was estimated using the models and most o f the 
parameters proposed by the United States Nuclear Regulatory Commission 
(USNRC) [3]. The internal dose conversion factors were calculated from ICRP’s 
old dosimetry models [4].

The populations given in administrative units in the national census in 1975 
were converted to the segments and distributed into six age groups for each sex 
so that the age dependence of collective doses could be considered. An example 
is given in Fig.3 of population distributions along some sectors around site B4 
which are shown in Fig.2. The population at distance Xj is that in a segment 
between X¡_ j and X¡.

Fourteen kinds o f agricultural products were chosen from the data in the 
national agricultural census in the same year as the population data and also 
transferred to the segments.

3. RESULTS AND DISCUSSION

The estimated population doses to total body are summarized in Table III.
It can be seen that the relative contribution of the cloudshine pathway to the 
total population (80%) is the largest and that it is mainly due to the noble gases.
As mentioned above, the annual release rates of the noble gases used in this paper 
are those assumed when licensing LWRs. However, the present actual releases 
from these LWRs are considerably smaller, as shown in Table IV [5], being about 
three hundredths o f the assumed values. This reduction can be explained by the 
fact that both the fraction of the PWR fuels that are defective in the reactor core 
and the leak rate o f the noble gases from the BWR fuels into the coolant are less 
than those assumed on licensing. Consequently, the population dose from these 
LWRs can be estimated to be 2 man • rem/a at present. The actual operation 
factors averaged for all reactors [5] are 65% for BWRs and 52% for PWRs. If the 
factor was 80% as assumed in this paper, the figure o f 2 man • rem/a could increase 
slightly. Therefore, as long as the fuels are managed as carefully as they are at 
present, the contribution o f the noble gases to the population dose is very small. 
This indicates that 14C, which is mainly produced in the coolant, is relatively 
important in the calculation of the population dose.

For the purpose o f assessing the future increase in the population dose with 
increasing nuclear energy production, the normalized population doses were 
estimated. The averages o f those from the noble gases are 0.033 man • rem/MW(e)-
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TABLE III. ESTIMATED POPULATION DOSE DUE TO NORMAL OPERATION 
OF ALL LWRs IN JAPAN AND NORMALIZED POPULATION DOSE

Exposure pathway BWR PWR Total

man•rem/a man-rem/a man•rem/a

Cloudshine 3.7 x 102 1.3 x 102 5.0 x 102

Groundshine 3.3 x 101 4.7 3.8 x 101

Inhalation 2.4 4.6 7.0

Ingestion 6.0 x 101 2.2 x 101 8.2 x 101

Total 4.7 x 102 1.6 x 102 6.3 x 102

Electric energy ■ 
generated [MW(e).a]*

41.1 x 10 9.2 x 103 2.0 x 104

Normalized population 
dose [man-rem/MW(e)-a] 0.04 0.02 0.03

* This term is defined here to be the authorized electric 
capacity multiplied by 0.8, the assumed operation factor.

for BWRs and 0.014 man • rem/MW(e) • a for PWRs, respectively. For reference, 
the normalized collective doses for the population up to 1000 km estimated by 
UNSCEAR in 1977 are 0.55 man • rem/MW(e) • a for BWRs and
0.0025 man • rem/MW(e) • a for PWRs. These values cannot, o f course, be compared 
directly with each other because o f  the differences not only in the release data 
but also in such factors as meteorological, demographic and agricultural production 
data used for the evaluation. We can only say that the Japanese LWRs that meet 
ICRP’s ALAP concept do not give population doses above these levels at present.

The electric power companies are now planning to construct one PWR 
(1160 MW(e)) and four BWRs (4120 MW(e)) on the four existing sites in the 1980s
[6]. When they are in operation, the population dose estimated in this paper will
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TABLE IV. ACTUAL RELEASES OF NOBLE GASES AND 1311 
FROM LWRs IN 1980

increase by about 20% in ten years. Moreover, Japan aims to supply 5 .1X 104 MW(e) 
from nuclear power reactors by 1990 [7]. When this objective has been achieved, 
the population dose estimated here would be about 1000 man • rem/a. However, 
we can say that the future population dose will never exceed the value estimated 
here as long as the present technology for reducing the radioactive effluents is 
maintained.

The current population increase in Japan is about 1% (1 X 106 people) 
per year. Thus, this does not affect the above conclusion.

The occupational collective dose in Japanese LWRs was reported to be 
13 000 man-remin 1980 [5], which is about 0.1% of that from natural radiation 
and is o f the same magnitude as that for Japanese aircraft passengers,
2 X 1 0 4 man-rem in 1977 [8]. The total o f 600 man • rem/a from gaseous 
effluents is about 5% of the occupational collective dose, and thus is considerably 
smaller than the population dose from natural radiation.
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We have estimated the population dose to be about 500 man • rem/a from the 
licence-based releases of noble gases. In addition, that from other radioactive 
nuclides was estimated to be about 100 man • rem/a on the assumption that their 
release rates are the same as the actual values measured in foreign LWRs. This is 
far below the population dose from natural radiation. It is concluded that the 
future population dose due to the ‘first pass’ o f the radioactive gaseous effluents 
from LWRs in Japan would not exceed the value estimated here if the present 
technology for reducing releases to the environment is maintained.

4. CON CLUD IN G REMARKS
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RADIOACTIVITY EMISSIONS FROM LWR 
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Abstract

RADIOACTIVITY EMISSIONS FROM LWR NUCLEAR POWER STATIONS IN THE 
FEDERAL REPUBLIC OF GERMANY. SURVEY AND EXPERIENCE ACCUMULATED 
OVER TWENTY YEARS.

In the  Federal Republic o f Germ any about 20 years o f experience is available concerning 
radioactivity  em itted w ith the  exhaust air and liquid effluents from  nuclear power stations — 
starting w ith the  first experim ental nuclear power station erected in 1961 (17 MW(e)), through 
the dem onstration  nuclear pow er stations (250 MW(e)) built in the  late ’60s and the first 
econom ically operated plants o f the 600 MW(e) category, to  the present standard size of 
1300 MW(e). Normalized to  1 MW(e) a each the mean values o f activity released w ith the 
exhaust air were 0.15 TBq (noble gases), 0.8 MBq (aerosols) and 0.8 MBq ( 131I) forPW R s 
(> 3 0 0  MW(e)) and 0.27 TBq, 3.9 MBq and 2.7 MBq fo r BWRs (> 3 0 0  MW(e)) in the  period 
from  1969 to  1980. The norm alized activity release in liquid effluents has been calculated as 
0.05 GBq (fission and activation products) and 12 GBq (tritium ) for PWRs and 0.08 GBq 
and 3.5 GBq for BWRs. The calculable radiation  exposure due to the release o f radioactive 
substances with the  exhaust air results in annual dose values o f  less than  10 £iSv/a, even for a 
fictitious person staying at the  least favourable poin t in the  vicinity o f the plant and taking 
in to  account food chains as well. The m ean whole-body exposure values for adult persons 
o f the  population  living w ithin a radius o f up to 3 km  around the p lant am ount to 
approxim ately 0.1 iiSv/a, while mean values o f 0.01 jiSv/a are calculated for distances up to  
20 km . The rad ia tion  exposures for groups of th e  population, calculated from  the  release of 
radioactive species w ith the  liquid effluents, are less than 0.1 /uSv/a.

1. NUCLEAR POWER STATIONS IN THE FEDERAL REPUBLIC 
OF GERMANY

Following the resumption o f nuclear activity in the Federal Republic o f  
Germany in 1955, the Kahl Atomic Power Station (BWR, 17 MW(e)) was 
commissioned in late 1961 as the first nuclear power station. To demonstrate 
the suitability o f nuclear reactors for power station operation and to extend

509
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TABLE I. NUCLEAR POWER PLANTS IN OPERATION IN THE 
FEDERAL REPUBLIC OF GERMANY (DEC. 1981)

Nuclear power plant Start-up
year Type

Gross
capacity

MWe

Load factor
since
start-up

VAK Kahl 1961 BWR 1 7 0.61
KRB Gundremmingen 1966 BWR 250 shut downr
KWL Lingen 1968 BWR 252* Jan. 1977
KWO Obrigheim 1968 PWR 345 0.80
KWW Würgassen 1 971 BWR 670 0.42
KKS Stade 1 972 PWR 662 0.83
Biblis A 1974 PWR 1 204 0.64
KKB Brunsbiittel 1 976 BWR 805 0.33
GKN-1 Neckarwestheim 1976 PWR 855 0.70
Biblis В 1976 PWR 1 300 0.59
KKI-1 Ohu/Isar 1 977 BWR 907 0.51
KKU Unterweser 1978 PWR 1 300 0.78
KKP-1 Philippsburg 1 979 BWR 900 0.25
KKG Grafenrheinfeld 1 981 PWR 1 300 0.06

MZFR Karlsruhe 1965 D3O-PWR 58 0.60
AVR JUlich 1 967 HTR 15 0.60
KNK-II Karlsruhe 1972/78 FBR 21 0.21

‘with fossile superheater (82 MWe)

the knowledge of nuclear engineering, three demonstration nuclear power 
stations were built as a further step — some of them still operating on the 
original licences — and the plants Gundremmingen (BWR, 250 MW(e)),
Lingen (BWR, 252 MW(e)) and Obrigheim (PWR, 345 MW(e)) were commissioned 
in 1966 and 1968, respectively. Besides taking over light-water-reactor technology 
from abroad, domestic research and technical development in the field 
of other reactor types resulted in the construction of experimental power 
stations equipped with heavy-water, high-temperature and fast-breeder reactors.

In 1971/72 the Würgassen (BWR, 670 MW(e)) and Stade (PWR, 662 MW(e)) 
nuclear power stations started operation as the first commercial plants. In the 
mid-seventies the startup o f Biblis A (PWR, 1204 MW(e)) opened up the series 
of nuclear power stations in the 1300 MW(e) category — now the standard 
size. A survey o f  the nuclear power stations operating at present in the Federal 
Republic o f  Germany as o f  December 1981 is shown in Table I. The two



IAEA-CN-42/134 511

Year

F I G .l .  G ross  e le c tr ic a l en e rg y  g e n e ra te d  f r o m  P W R s a n d  B W R s ( > 3 0 0  M W (e)j.

demonstration power stations Lingen and Gundremmingen were shut down in 
January 1977 after damage to the steam generation system in the one and 
an incident in the other and will be decommissioned, since backfitting to attain 
the present status o f  technology would be uneconomical.

Of a total o f 10 359 MW(e) gross power installed, 67.3% is covered by 
nuclear power stations equipped with pressurized water reactors and 31.8% by 
nuclear power stations with boiling water reactors. Until late 1981 a total of 
307 TW-h electric energy was generated in LWRs, 220 T W h (72%) thereof 
from plants equipped with PWRs and 87 TW h (28%) plants equipped with 
BWRs. In addition, 6.1 TW h electric energy were generated in non-LWRs — 
D20-PWR: 4.8 TW h, HTR: 1.1 TW h, and sodium-cooled reactor: 0.2 TW h.

Figure 1 shows the gross electricity generated by PWR and BWR nuclear 
power stations with an installed power of > 3 0 0  MW(e) for the years 1969 to 1981.

2. LEGAL REGULATIONS FOR ACTIVITY RELEASES AND
PERMISSIBLE RADIATION EXPOSURE

The basic legal regulations in the Federal Republic o f  Germany for the 
release o f  radioactive material from nuclear facilities and reactor stations into 
the air or the water are contained in the Ordinance on the Protection against 
Damage caused by Ionizing Radiation, the Radiation Protection Ordinance 
(Strahlenschutzverordnung) for short. This Ordinance is based on the recom
mendations by the International Commission on Radiological Protection and 
the basic Euratom standards derived from those recommendations.
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TABLE II. MAXIMUM PERMISSIBLE ANNUAL DOSE LEVELS IN THE 
VICINITY OF NUCLEAR FACILITIES UNDER THE RADIATION 
PROTECTION ORDINANCE

Maximum permissi 
calend

Airborne exposure 
pathway

Die doses in a 
ar year
Waterborne exposure 

pathway

Whole body, bone 
marrow, gonads, 
uterus

Hands, forearms, 
feet, lower legs, 
ankles with their 
skin

Bones, skin 

Other organs 

Thyroid

0.3 mSv

3.6 mSv

1.8 mSv 

0.9 mSv

Food с 
0.9

0.3 mSv

3.6 mSv

1.8 mSv 

0.9 mSv

hains
tiS v

The permissible radiation exposure o f persons as a result o f releases of 
radioactive substances into the air and into the water during the operation of 
nuclear power plants is strictly limited under the Radiation Protection 
Ordinance. Section 45 o f  this Ordinance, which guarantees the protection of 
the public and the environment, reads as follows:

. . . “The responsible radiation protection officer shall plan the technical 
design and the operation o f his facilities or systems in such a way as to minimize 
the radiation exposure o f persons due to the releases of radioactive substances 
from such facilities or systems into the air or water and to prevent it from 
exceeding 3/500, for thyroid uptake by way of the food chains a total o f  
3/1000, o f the levels indicated in column 2, Annex X. Such radiation exposure 
shall be calculated for the most adverse points o f  impact with all relevant 
exposure pathways, including the food chains . . .

“If other facilities or systems at these sites or others contribute to the 
radiation exposure at the points of impact referred to above, the responsible 
authority shall ensure that the aggregate levels mentioned in sentence 1 above 
are not exceeded” .
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Conversion of the relative levels mentioned in the wording o f the Ordinance 
results in the maximum levels o f annual equivalent doses, e.g. for the whole 
body and for important organs shown in Table II.

The two requirements outlined below are particularly important in the 
wording of Section 45 o f the Radiation Protection Ordinance:

— Minimize the radiation exposure.

-  Use the most adverse point o f  exposure, taking into account all significant 
exposure pathways and the contributions by other emitters at the same 
site or other sites.

Under the first criterion, the planner, builder and operator o f a nuclear 
power plant is required to keep releases o f radioactive substances and the 
resultant radiation exposures to persons and the environment as low, even 
below the levels mentioned above, as is possible in accordance with the state 
of the art and the appropriate application o f techniques and equipment.

The second requirement implies that for those points in the environment 
the-maximum radiation dose levels permissible are those which can be expected, 
from the distribution patterns o f  the radioactive substances released, to cause 
the highest allowable radiation exposure and the highest allowable ingestion 
dose from the consumption o f food produced in this region. According to a 
recommendation by the Advisory Committee on Radiation Protection 
(Strahlenschutzkommission), it is irrelevant whether the most adverse point is 
actually inhabited or used for the production o f food at the time in question. 
This is to exclude any restriction with regard to future change o f use.

Locations which cannot be inhabited during the service life o f a facility 
for ecological reasons or cannot be used for agricultural or other purposes 
shall, however, be left out of account.

Under Section 45 of the Radiation Protection Ordinance, the Federal 
Ministry o f the Interior, which is responsible for radiation protection problems, 
has issued “General Principles o f  Computation in Determining Radiation 
Exposures Caused by Radioactive Releases with the Exhaust Air or into Surface 
Waters.” These guidelines give standard methods and computation rules to 
calculate the radiation exposure.

3. LICENSED AND ACTUAL RELEASE LEVELS

On the basis o f the maximum permissible dose levels in the environment 
of a nuclear facility, taking into account both enrichment within various food 
chains and the radionuclide mixtures emitted with the exhaust air and liquid
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effluent, the usual levels indicated in the licences o f a nuclear power plant 
of 1300 MW(e) equipped with a light water reactor are:

Exhaust air:

Noble gases
Aerosols
Radioiodine

Liquid effluent:

Fission products and activation products 30—200 GBq/a
Tritium 7—40 TBq/a

These levels may be reduced under certain conditions: if several nuclear 
power plants are erected on the same site or if there is an effect from adjacent 
sites, because the boundary levels o f radiation exposure in the environment 
apply not only to one plant and one site. Furthermore, the combined impact 
of all nuclear facilities in the Federal Republic o f Germany and abroad may 
not cause the environmental dose limits to be exceeded.

The activity discharged in airborne and liquid effluents from LWRs from 
1962 to 1980 is listed in Table III, as far as data are available. Table III also 
shows the annual gross electrical energy generated by the individual plants.

Figure 2 shows the data o f  emissions from LWR-equipped nuclear power 
stations related to 1 MW(e) a each o f electric energy generated, applicable to 
noble gases and iodine-131 for the periods 1962—1980 and 1968—1980, 
respectively. The high values for the normalized noble gas emissions in the 
years 1969 and 1970 are due to permissible, although very high, values from 
the Lingen Nuclear Power Station, which, on account o f the small number of 
the facilities taken into account, gave rise to great statistical variation.
Likewise, the iodine-131 emissions in the year 1973 are due to high release 
values from the Gundremmingen plant.

To get a more suitable basis for the expected normalized activity releases 
from nuclear power stations representing better current designs and capacities, 
only nuclear power stations equipped with PWRs or BWRs, with a generating 
capacity above 300 MW(e), have been taken into account in the figures elaborated 
from Table III. Figures 3 to 5 show the development o f  the normalized release 
values for radioactive noble gases, aerosols and iodine-131 discharged with the 
exhaust air for nuclear power stations equipped with PWRs and BWRs, applicable 
to the years 1969 to 1980. The mean values o f the normalized releases per 
MW(e) • a, part o f  them greatly determined by high releases in some years — 
mainly during the initial phase o f technical scale utilization — amount

1 -  3 PBq/a 
7 - 7 0  GB/a 
7 -2 0  GBq/a
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Year

F IG .3 . N o r m a liz e d  re lea se  o f  n o b le  gases  in a irb o rn e  e ff lu e n ts  f r o m  P W R s a n d  

B W R s ( > 3 0 0  M W (e j) .

FIG . 4. N o r m a liz e d  re lea se  o f  a e ro so ls  in  a ir b o rn e  e f f lu e n ts  f r o m  P W R s a n d  

B W R s ( > 3 0 0  M W (e)).
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g2

Year

FIG . 5. N o r m a liz e d  re lea se  o f  io d in e -1 3 1  in a irb o rn e  e f f lu e n ts  f r o m  P W R s a n d  
B W R s ( > 3 0 0  M W (e j).

70 72 74 76 78 80
Year

F IG . 6. N o r m a liz e d  re lea se  o f  f is s io n  a n d  a c t iv a te d  c o rro s io n  p r o d u c ts  in l iq u id  
e ff lu e n ts  f r o m  P W R s a n d  B W R s ( > 3 0 0  M W fe j} .
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50

7/ //
i  40

n/
Н-3 шг PWR BWR

av.

n  PWR

BWR

F/G. 7. N o r m a liz e d  re lease  o f  t r itiu m  in l iq u id  e f f lu e n ts  f r o m  P W R s a n d  B W R s  
( > 3 0 0  MWfeJJ.

to 0.15 TBq (noble gases), 0.8 MBq (aerosols) and 0.8 MBq ( 131I) for PWRs, 
and to 0.27 TBq, 3.9 MBq and 2.7 MBq, respectively, for BWRs. The 
normalized activity releases per MW(e) • a with the liquid effluents (see Figs
6 and 7) are calculated as 0.05 GBq (fission and activation products) and 12 GBq 
(tritium) for PWRs and 0.08 GBq and 2.5 GBq for BWRs, respectively.

If increased utilization o f nuclear energy is to be accepted it is important 
that the emission values show a clear downwards tendency attributable to the 
application o f improved technology and production methods.

4. RADIATION EXPOSURE IN THE ENVIRONMENT OF LWR
NUCLEAR POWER STATIONS

The annual release values for radioactive materials determined by the 
operators of nuclear facilities and by the supervising authorities serve as a basis 
for calculating the radiation exposure o f  persons living in the neighbourhood of  
these facilities. The calculation is made on the basis o f the measured release 
data, taking into account the siting conditions and using the ‘General Principles 
of Calculation’. The results o f  the calculation of the radiation exposure to 
the members o f the public are shown in Tables IV to VI as examples for the 
years 1975, 1977 and 1979. The values indicated relate to the radiation
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burdens to the whole body o f an adult person, expressed as the sum o f  
7-radiation from the exhaust air plume and the deposition o f radioactive 
substances on the soil, on the one hand, and the radiation burden due to 
internal irradiation from ingestion and inhalation o f radioactive substances on 
the other. In the determination o f the radiation burden from the deposition 
of radioactive substances, the activity o f long-lived radioactive aerosols 
determined in the previous years and their accumlation in the soil are taken into 
account. The maximum radiation exposure o f the thyroid o f an infant is 
indicated separately because it is governed by the pasture-cow-milk exposure 
pathway for 1311. The calculation o f this radiation dose is based on the 
consumption of 0.8 litre milk per day from the zone o f the most adverse point 
o f impact, taking into account the release of radioiodine during the grazing season.

When calculating the maximum whole-body exposure o f an adult due to 
the release of radioactive substances with the waste water, the maximum 
contribution calculated is obtained from the consumption of fish living in the 
cooling water outlet of the nuclear power station, assuming a very high 
consumption o f 39 kg per year.

The values given in Tables IV to VI for the radiation exposure to individual 
persons and members o f the public have been determined on the basis o f the 
prescribed principles o f calculation. The actual radiation exposure caused by 
the emission o f radioactive substances with the exhaust air and the liquid 
effluents from nuclear power stations should be lower by roughly one order 
of magnitude, even at the most adverse point o f  impact since a multitude o f  
conservative calculation factors have been used. The results o f  specific 
measurements o f  the radioiodine content in milk near the Gundremmingen 
Nuclear Power Station have shown that, e.g. the calculated value o f the maximum 
thyroid dose to infants as indicated in Table IV was far from being attained and 
was only 0.02 mSv/a instead o f the calculated value o f 0.3 mSv/a.
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Abstract

RADIATION PROTECTION IN NUCLEAR POWER PLANTS.
The paper sum m arizes the radiation  p ro tec tion  conditions o f water-cooled reactors. At 

present and in th e  near fu ture  these reactor types are and will be decisive for power generation 
by nuclear energy. The level o f radiation p ro tec tion  and the results o f individual dosim etric 
supervision are similar in different countries. This level is m ainly influenced by the  way in which 
th e  tasks to  be perform ed are arranged and by the  skills o f all persons concerned. External ex
posure to  gamma radiation is the  principal facto r o f the  overall radiation exposure o f NPP 
personnel. N eutron radiation  is responsible for only a small share o f th e  exposure. In all NPPs, 
the m ain exposure (about 90%) to  the  personnel arises during m aintenance, repair and reconstruc
tion  w ork. A bout ten  per cent is due to  norm al pow er operation of the  reactor. In ternal exposure 
contributes one per cent or less to  the  collective dose equivalent. The results o f exposure m oni
toring discussed show th a t a good standard o f radiation  p ro tection  for NPP personnel has been 
reached. This does no t m ean th a t im provem ent is no longer necessary. The possibilities for 
reducing exposure w ithout m ajor expenditure have no t yet been exhausted. They are to  be 
taken in to  consideration, especially in work involving the  highest exposures.

1. INTRODUCTION

Measures to ensure the radiation protection of nuclear power plant personnel 
are very similar in various countries and for nuclear power plants, regardless of type, 
manufacturer or user. This uniformity is to a great extent the result o f the endea
vours of international associations and organizations [ 1 ] . In the field of radiation 
protection the recommendations o f the International Commission on Radiological 
Protection [2, 3] applied all over the world must be particularly stressed. The 
International Atomic Energy Agency, too, has considerably promoted this develop
ment by recommendations and standards and by organizing the pooling of experience 
at international symposia and conferences [4—6].

529
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Experience of the extent of exposure, its causes and suggestions for its further 
reduction are the subject of the following report. Here, priority will be given to 
radiation protection conditions in water-cooled reactors. For the time being 81% 
of all power reactors are water cooled and supply 92% of the electric power installed 
in nuclear power plants. For the nuclear power plants planned and under construc
tion, these figures reach 94 and 96%, respectively [7].

2. RADIATION SOURCES IN AN NPP

Many areas of an NPP provide sources of ionizing radiation necessitating 
radiation protection measures. Figure 1 gives an idea of the extent of quantities 
of radioactive materials, activity concentrations and equivalent dose rates for 
the main and auxiliary systems in a nuclear power plant equipped with a pressurized- 
water reactor [8].

3. RADIATION PROTECTION MEASURES FOR NPP PERSONNEL

3.1. General

The radiation protection measures required for the stationary power operation 
of an NPP can already be assessed in the planning stage and allowed for in facility 
designing. They represent fixed components of the structures, equipment and 
technologies of the NPP.

It is much more complicated to anticipate the necessary maintenance and 
repair work and to take it into consideration already in the planning stage. Here, 
radiation protection measures differ considerably from case to case. To this 
effect, generally usable means are flexibly applied. Often, however, highly specialized 
auxiliary and protective equipment is required which can be developed only on the 
basis of operational experience.

3.2. Radiation protection during power operation

The external exposure of persons is due to gamma radiation, except in the 
immediate vicinity of the reactor where there is also neutron radiation. Protection 
from external exposure by any fixed radiation source is provided by stationary 
shielding. This is constructed mainly of concrete and is, in most cases, simulta
neously a part of the structure of the containment of the main and auxiliary systems of 
the NPP. Concretes are preferred, since they are easily processable constructional 
materials and are easy to produce in the desired shape.
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During reloading spent nuclear fuel, radiation shielding is often provided by 
water layers. The decisive advantages o f this shielding are the good transparency 
of even thick water layers and the all-round fissure-free containment of radiation 
sources during transport operations. In addition, for the shielding of radiation 
sources during transport, containers are used, made of very different shielding 
materials (steel, lead, concrete).

Protection from internal exposure during stationary power operation is 
also mainly provided by collective shielding media. For this purpose a system 
of barriers is built up enclosing all devices and equipment containing radioactive 
materials. These barriers (e.g. fuel element claddings, vessels and piping, rooms) 
are designed in such a way that the radioactive materials are largely prevented 
from escaping. Unavoidable leakages will be detected and can be decontaminated. 
Here, ventilation systems have an important radioprotective function by producing 
an air flow from work places to possible contamination sources and are equipped 
with filter and retainment devices for decontamination. In a similar way, leakage 
of contaminated liquids is limited by pressure staggering. Contaminated waters 
are cleaned and thus incorporation risks reduced.

3.3. Radiation protection in maintenance, repairs and inspection

Maintenance, repairs and inspection require the direct access o f personnel 
to contaminated or activated equipment. In this respect, the potentially necessary 
actions can hardly be all anticipated already in the planning stage. Accordingly, 
radiation protection measures have to be planned topically and in relation to 
the tasks and prepared in the short term to a greater extent than for power 
operation.

Protection from external exposure is provided mainly by:

— Disposal o f radiation sources (by removal or decontamination)
— Reduction o f times spent near sources (e.g. by training personnel or using

remote-controlled devices) and
— Radioactive decay.

In addition, transportable radiation shielding (e.g. mobile shields, stackable bricks, 
lead mats, etc.) is used. It should be noted that considerable exposure is possible 
already when installing transportable shielding.

Protective clothing and masks are the chief components of incorporation 
protection together with local decontamination of working surfaces or exhausting 
contaminated air.

The measurement of radiation and contamination conditions before and during 
operations is a prerequisite for work and a component of the radiation protection 
measures. Transportable devices are usually used for inspections and repairs;
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these can be operated and read off by personnel themselves or can trigger an 
alarm when threshold values are exceeded.

Ensuring radiation protection during inspections and repairs requires that

— all persons involved are properly qualified;
— work is responsibly and carefully prepared; and
— work is performed in a disciplined way.

4. RADIATION EXPOSURE OF PERSONNEL

4.1. Internal radiation exposure

Internal exposure can occur by :

— Incorporation of the activated corrosion products of construction materials 
(60Co, S4Mn, 110Agm);

— Incorporation of fission products, particularly of relatively easily volatile 
ones ( 131I, 137Cs);

— Incorporation of tritium produced as a ternary fission product and by nuclear 
reactions in coolant and boron absorbers; and

— Incorporation of 14C developed by ternary fission and nuclear reactions in fuel, 
coolant and moderator.

Current investigations of internal radiation exposure of NPP personnel 
show that this component contributes only insignificantly to the overall radiation 
exposure (see Refs [9—13]). In Ref. [13] it is stated that the contribution of 
internal exposure to the collective personal dose lies below 1% and, even in the 
group subjected to relatively high incorporations, does not exceed 4%. More
over, individual exposures are low compared with external exposure.

4.2. External radiation exposure

4.2.1. M easurement and evaluation

In every NPP individual external exposures are carefully monitored and 
recorded. There are numerous publications on the results of exposure monitoring, 
and special international meetings have served to pool experience (see Refs [1 4 -1 6 ]). 
A survey o f current knowledge was attempted in Ref. [17].

Generally, the following parameters are used in analyses.to describe 
conditions:

— Collective dose, S, for single facilities, years of operation or work tasks;
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— Mean individual dose, H, for the entire personnel or special groups of 
operators; and

— Collective dose, S/E, normalized to the power produced by the NPP.

Caution is required in all comparisons of mean individual doses. Here, it 
should be carefully noted to which collective the data refer. As in this respect 
the data for ‘persons exposed’ and ‘persons measurably exposed’ can differ by a 
factor of 2, and international agreement on a generally applicable procedure is 
urgently needed to improve the comparability of data in the future. One prac
ticable way would be to calculate from the collective dose of all persons ex
posed, which should be determined by the method recommended by UNSCEAR 
[17].

The collective dose normalized to the power produced is an important 
parameter for all investigations into the hazards of the nuclear fuel cycle.
This parameter, however, is not suitable for assessing and comparing the radiation 
protection situation in single facilities. This is for the following reasons:

— Experience shows that S only slightly depends on NPP power. As work, E, 
is proportional to power, S/E strongly depends on NPP power [18]:

— In general, in periods of low production but high expenditure, the collective 
dose for inspection and maintenance is higher than during undisturbed power 
operation. Under these conditions S/E will increase overproportionally.

4.2.2. Average values o f  radiation exposure

In the USA the mean collective dose is 4.9 man-Sv/reactor year for 391 reactor 
years [19]. The respective values in the Federal Republic of Germany are 4.8 
man-Sv/reactor year for 66 reactor years [20] and in the German Democratic 
Republic 1.7 man-Sv/reactor year for 20 reactor years, using reactors of the 
WWER-440 type. For gas-cooled reactors in the United Kingdom the collective 
doses were 1 man-Sv/reactor year for more than 200 reactor years in the period 
from 1970 to 1978 [21]. However, there is great variation in all cases. Evidently 
owing to special inspection and maintenance work, collective doses in individual 
US NPPs amount to above 30 man-Sv/reactor year, and in the Federal Republic 
of Germany to 18 man-Sv/reactor year. The highest value in the German Demo- 
catic Republic was 4 man-Sv/reactor year. There are also facilities where 
collective doses of about 10 man-Sv/reactor year are reached relatively regularly 
[19 ,20].

Mean individual exposures of personnel also vary over a wide range, values 
of between 2 and 15 mSv/a being quoted (see Refs [1 8 —23]). In this respect, 
however — as discussed in section 4.2.1 — it should be noted that the basis
of reference is not always the same.



------------ —  Operational age [a ]

FIG.2. Radiation exposure in relation to operational age o f  reactor for US power reactors.

These few figures do not claim to be complete, but they are representative of the 
extent of exposure. Furthermore, they show a wide range of variation, which 
makes it difficult to derive any general tendency.

4.2.3. E xposure and operating tim e o f  the facility

Major radiation sources will reach equilibrium values only after a number 
of operating years. For instance, it can be expected that the exposure of 
personnel will increase over the first years of reactor operation and then reach 
some kind o f equilibrium value. However, considerable variation is possible 
both below — under extremely disturbance-free operation — and above normal
— at increased expenditure for work on main equipment. This tendency became 
clear under evaluation o f experience gained in the Federal Republic o f Germany 
[20], it is also expressed in Fig. 2, which is based on US data [19]. This figure 
shows the wide range of values, too. Surveys also reveal facilities which do not 
exhibit any extreme peak values at low means of exposure for a greater number 
of years. For instance, quite a number of US NPPs equipped with pressurized- 
water reactors achieved means of 2 man-Sv/reactor year for many years with 
peak values of 4 man-Sv/reactor year. The four units of the Bruno Leuschner 
NPP at Greifswald, GDR, can also be assigned to this group (see Fig. 3). A detailed 
analysis o f the radiation protection measures at these NPPs and comparison 
with NPPs with higher exposures could give important information on how to 
reduce individual exposures.
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Unit 1 : 12/73 
Unit 2 ■ Л 2 / П  
Unit 3 : 11/77 
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F IG .3 . C o lle c tiv e  d o s e  e q u iv a le n ts  a t  B ru n o  L e u s c h n e r  N P P , G re ifsw a ld  (m o n ito r in g  va lu es  
u sin g  p e n c il  d o s im e te r s ) .

4.2.4. Exposure and age o f  the facility

In general, individual exposures to personnel during plant operation is 
expected to be higher in older facilities, planned and constructed in the early 
years of nuclear energy, than in facilities put into operation more recently, where 
operational experience has been incorporated already in the design stage. The 
latter should also result in a reduction of the radiation exposure. Reference [20] 
describes such a tendency for the NPPs in the Federal Republic of Germany but, 
in general, this does not seem to be the case. For instance, in statistics from the 
USA one can find, almost regardless of year of commissioning, both NPPs with 
low average and NPPs with high average individual exposures. So, for the time 
being, no further improvement in the already good level of radiation protection 
in modern NPPs can be demonstrated.

4.2.5. Exposure and kind o f  w ork  to  be perform ed

In all NPPs the main exposure to personnel results from maintenance, repair 
and reconstruction work. In the Bruno Leuschner NPP, Greifswald, for instance, 
the dose arising during reloading periods — when also the greatest amount of 
repair and maintenance work is done — lies between 86 and 96% of the overall 
individual exposure. US surveys also show that only 10 to 13% of exposure 
can be assigned to reactor operation.

These numbers reflect a general tendency. They express the fact that the 
work which is difficult to plan, or cannot be planned at all, when designing 
NPPs causes the greatest exposures. Here, the work which causes the highest con-
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tribution differs from facility to facility. It concerns, in general, frequently 
recurring tasks with respect to the components of the primary circuit. In the 
literature the emphasis is often placed on:

— Inspection and repair of steam generators;
— Inspection of the reactor and its installations;
— Inspection of the main coolant pump; and
— Inspection of the control rod drives.

Figure 4 shows a typical picture of these conditions.

4.2.6. Overexposures

In general, the number of overexposures — i.e. exposures in excess of the 
maximum permissible quarterly or yearly dose — is quite small. In the USA 
a total of 171 overexposures have been reported for the period 1971 to 1979, 
which corresponds to 1.3 overexposures per reactor year [19] .

In these cases the maximum effective dose equivalent lay below 300 mSv 
and this in a range in which non-stochastic radiation damage can be ruled out 
[3]. In two cases partial body exposures — particularly skin exposures to 
unprotected contact with beta emitters — reached values of somewhat above
l _Gy [24]. These generally good results should prevail in all other countries, too.

All overexposures are carefully analysed but the results of such analyses are 
difficult to find in the literature. An exception is an evaluation of US expe
rience [24]. According to this, the main causes of the overexposures detected 
were:
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— Errors in book-keeping which, however, always resulted in a relatively 
insignificant excess (~45%  of all cases);

— Violations of existing operating instructions (~20%);
— Insufficient measurement o f the radiation conditions at the work place 

(~20%);
— Errors or maloperation of the radiation measuring devices (—10%).

Most overexposures occur when the reactor is out of operation.
This experience can be considered typical for other countries. So, on the 

whole, overexposures have never reached dangerous values and have an insigni
ficant influence on the exposure values.

5. MEASURES TO FURTHER REDUCE RADIATION EXPOSURE OF 
PERSONNEL

5.1. Aims for reducing exposure

In its last recommendation the ICRP [3] stated that the hazard of radiation 
exposure will become comparable with the risks in ‘occupations recognized as 
having high standards of safety’ only when average individual exposures are 
5 mSv/a. This has not yet been attained at a number of facilities and also for 
larger groups of radiation workers.

Furthermore, for anumber of highly specialized experts, the observation 
of maximum permissible limits (50 mSv/a or 30 mSv/quarter year) is difficult.
A reduction in exposure would enable these experts to devote all their working 
time to their qualified work, thus reducing personnel.

These are the main objectives for further reductions in exposure. More or 
less extensive work to this effect is being done in many countries [1 4 -1 6 ;
2 5 -3 5 ].

5.2. Measures for reducing exposure

5.2.1. General

Results of individual monitoring suggest that measures for reducing radiation 
exposure should be concentrated on the following topics:

— Exposures in inspection and maintenance work since they make the main 
contribution to the total.

— External exposure, since internal exposures are insignificant. Furthermore, 
reductions in external exposure should also reduce incorporation risks.
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External radiation exposure can be described by

S-T
H ----------

Rn k

where S is the strength o f source, T is the period of exposure, R is the distance, 
and к is the material attenuation factor o f the radiation shielding. Thus, to reduce 
exposure, the following measures are recommended: reduction of source strength 
or exposure period, enhancement of distance, and installation or improvement of 
radiation shielding.

5.2.2. R eduction  o f  source strengths

The main sources of individual exposure are activated corrosion products 
of constructional materials. To reduce source strength, the main subjects of 
discussion are:

— Reduction of generation;
— Reduction of contamination; and
— Decontamination.

In this respect the general use of poorly activable constructional materials 
(e.g. steels with little cobalt) does not appear to be very promising. Of course, 
cobalt and silver alloys should be avoided [30]. Recently, the application of 
high-duty filters to clean primary coolant and feed water has been intensively 
studied (see Refs [20, 32—34]).

It is expected that their application will noticeably reduce the strength of 
radiation sources in primary circuit components. One method applied every
where to a greater or lesser extent is the decontamination of equipment and 
systems, whereby considerable reduction in the source strength is possible 
[11, 35] .  However, decontamination is no universal remedy. When applying 
it, the overall radiation exposure should always be considered; this includes 
also the decontamination work itself and the removal of wastes produced [31 ].

5.2.3. R eduction  o f  exposure tim es

A major possibility for reducing the necessary time spent in a radiation field 
is to make equipment that requires little maintenance and is resistant to wear 
and tear, thereby reducing the time for maintenance and repair. Furthermore, 
easy access to such equipment and simplified methods of replacement of wearing 
components would help to reduce exposure times.

Moreover, individual exposure times during normal operation can be 
reduced in many ways. In the first place, all work done in the radiation field
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should be carefully planned. Individual qualification and mock-up training 
can considerably contribute to speeding up the sequence o f operations. Finally, 
the employment of communication equipment and closed-circuit TV can provide 
a measure of remote control and avoid unnecessary delays in urgent decisions.

5 .2.4. Enhancem ent o f  distance

Many radiation sources are of small extent (pumps, piping, fittings, etc.) 
and cause highly inhomogeneous radiation fields (n~2) .  Considerable reductions 
in exposure are possible through the skilful arrangement of sources relative to the 
individual work places expected. There is still much that can be done in this 
respect. For example, operational experience of the intensity of radiation sources 
and the necessity of repairs and maintenance should be considered as completely 
as possible when planning new facilities.

The insight gained hereby can also contribute to lessening exposure even 
without constructional change to existing facilities, e.g. by arranging work 
places in areas of lowest dose rate, by using longer tools or by developing special 
remote-controlled instruments for frequent tasks in relatively intense radiation 
fields.

5.2.5. Im provem ent o f  radiation shielding

Stationary shielding around single sources of great strength and shielding 
work places frequently occupied for inspection or repair work from intensive 
sources can contribute to reducing exposure.’ In this respect as well, operational 
experience should be carefully evaluated for incorporation in reconstructing and 
designing new facilities.

Partial shielding or transportable shielding around intense sources can, 
within certain limits, reduce individual exposure. Shielding materials can be 
brought to the vicinity of sources in bags or as mats, bricks or wall elements. In 
some cases also the storage of disassembled intense sources in water ponds (e.g. 
in the spent fuel pond) can be a good method of radiation shielding. The use 
of transportable shields or the transport of sources to shielded places always 
require careful planning. When installing shields or transporting sources care 
should be taken to avoid exposures comparable with those from ‘unshielded’ 
performance of the work scheduled.
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Abstract

OCCUPATIONAL RADIATION EXPOSURES AT CANADIAN CANDU NUCLEAR 
POWER STATIONS.

Pressurized Heavy Water Reactors (PHWRs) in Canada have achieved a steady reduction 
in both external and internal radiation exposure of workers, despite increasing age of the 
plants and increasing tritium concentrations in the primary coolant and moderator. Both 
the collective dose at each station and the mean individual dose per worker have been reduced. 
This achievement has been facilitated by close collaboration between designers, operators, 
and suppliers of equipment and services. The location of several large, identical reactors on 
the same site has permitted sharing of experience and skilled workers between reactors. The 
reliable performance of equipment and the high capacity factor of CANDU (CANada Deuterium 
Uranium) reactors have contributed to corresponding low exposures. Experts in radiation dose 
control are involved at every phase of the design of a new CANDU and bring to bear experience 
from currently operating stations. Major design improvements include equipment layout, 
shielding, selection of materials, and enlarged purification capability. Significant operating 
factors include invariant water chemistry, improved equipment reliability, and maintainability. 
Tritium in the working environment is controlled by minimizing leakage, maximizing tritium 
removal from the environment, and well designed ventilation. Low tritium environments 
obviate the need for cumbersome protective clothing, thereby enabling work to be done 
more quickly with a large decrease in external dose, at the cost of a small increase in internal 
dose. Decontamination by several means, especially Redox cycling and the CAN-DECON 
dilute chemical regeneration process, have achieved reductions in radiation fields and
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hence worker exposure. Many of the techniques which have been successfully applied at 
CANDU reactors are applicable to Light Water Reactors (LWRs). Some of them, notably the 
CAN-DECON process, are already being successfully applied at LWRs and contribute to the 
reduction of occupational exposure in the whole nuclear industry around the world.

1. INTRODUCTION

In Canada, methods to reduce the radiation exposure to 
workers at nuclear power reactors have been studied and 
implemented since the early days of the CANDU reactor program. 
Close collaboration between Atomic Energy of Canada Limited 
(AECL), Ontario Hydro, and Canadian industry has reduced:

1) the total exposure at each station (Fig. 1),

2) the dose requirement to operate and maintain each 
successive station compared with earlier stations 
(Fig. 2), and

3) the average annual exposure per worker (Fig. 3).

The specific methods developed to achieve dose reduction [1,
2, 3, 4, 5] include: water chemistry; corrosion resistant
materials; low cobalt materials; decontamination; hot filtration; 
improved equipment reliability, maintainability, and 
accessibility; improved shielding design and location; planning of 
work for low exposure; improved operating and maintenance 
procedures; removal of tritium from D£0 systems; removal of 
tritium from work environments; improved protective clothing; 
on-power refuelling; worker awareness and training; and many other 
small improvements that collectively contribute to the overall 
success achieved. The outstanding capacity factors of CANDU 
reactors and the practice of locating several identical reactors 
on the same site have also contributed significantly to achieving 
low doses. The 1981 occupational dose productivity factors for 
Pickering A and Bruce A nuclear generating stations were 
respectively 0.43 and 0.2 rem/MW(e)*a, which are 
significantly lower than the values generally reported for 
Pressurized Water Reactors (PWRs) and Boiling Water Reactors 
(BWRs) .

Because of the excellent reliability and maintainability of 
components and systems, the capacity factors of CANDU reactors 
have been high, with a consequent trend towards a lower, more 
uniform, dose distribution. Since shutdowns are few and of short 
duration, operating functions rather than shutdown maintenance 
functions are now the major contributors to the much reduced total 
dose expenditures.
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FIG.3. Mean individual dose.

2. CURRENT PERFORMANCE

Improvements such as low cobalt materials, Increased 
purification capacity, and chemistry control [4] reduce the growth 
of radiation fields. Others, such as layout of equipment, 
increased reactor size, multi-reactor stations with identical 
reactors, sharing of skilled manpower, intensive training of 
operators and maintainers [5], and feedback of operating 
experience [3], contribute to dose reduction in more subtle ways.

The dose reduction process begins at the concept phase of a 
new station, continues through the design and construction, and is 
carried through to the operating phase. Experience from operating 
stations is fed into the design of later stations.

For each new CANDU station, a comprehensive dose management 
program is prepared that considers, among other factors, dose 
targets, performance criteria, design guides, and the economic 
value of a rem saved. Radiation safety experts provide advice and 
information to the designer during all engineering phases 
(conceptual, preliminary, and detailed) of the design. At the end 
of each phase, the design is reviewed to ensure the adequacy of 
the radiation reduction measures.

Records are kept of recommendations and improvements, and of 
exposures from specific areas and specific tasks. Analysis of 
these records is used to formulate recommendations for later 
designs.
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Despite the normal growth of radiation fields with continued 
operation, each station has experienced a continuing overall 
downward trend in both collective and individual dose 
consumption.

The progressive improvement in design and operating
performance of CANDU reactors is illustrated by the fact that the
external and internal dose expenditures per MW(e)-a for each 
successive station have been reduced by approximately an order of
magnitude from those of its predecessor (Fig. 2).

3. SOURCES OF RADIATION EXPOSURE

3.1 Activated corrosion products

Activated corrosion products were the principal source of 
radiation fields in early CANDU reactors. A comprehensive program
[6], initiated in the early 1970s, has identified decontamination 
methods to reduce fields [7, 8], materials to reduce the rate of 
growth of fields [9, 10], and coolant chemistry parameters that 
influence field growth [11, 12]. To reduce the inventory of 
corrosion products that can become activated, good chemistry 
control is needed from commissioning of the reactor and through 
normal and abnormal reactor operation. The separation of coolant 
from moderator in the CANDU-PHW design permits control of chemical 
parameters within close limits. Fundamental studies [6] on the 
production, transport, activation, and deposition of corrosion 
products have produced reliable mathematical models, which have 
led to the optimization of chemical parameters. Close chemical 
control permits the use of carbon steel as primary circuit 
material, thereby avoiding the possibility of cracking of 
stainless steels with consequent costly repairs and high radiation 
exposures.

3.2 Fission products

CANDU fuel has a high reliability [13]. The pressure tube 
design of the CANDU reactor facilitates the location and removal 
of defected fuel from the reactor without requiring shutdown. 
Consequently, the radiation fields due to fission products have 
generally been low. However, the systematic reduction of fields 
due to corrosion products, in conjunction with occasional fuel 
defects, has resulted in fission products becoming the dominant 
source of external radiation at a few reactors. Decontamination 
methods initially optimized for corrosion product removal are 
currently being modified to remove fission products more 
efficiently.
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The principal airborne contaminant at CANDU reactors is 
tritium, a weak, beta-particle emitter.

The release of, and exposure to, tritium is reduced by:

1) reducing leaks,

2) recovering heavy water, and

3) ventilating work areas [14, 15].

Leak-tightness has always been an important part of the design and 
manufacture of PHWR systems and components, because heavy water is 
expensive. This emphasis has led to improvements in the design of 
individual components and to elimination of unnecessary 
components. Thus, despite the much larger size of the Bruce 
reactors compared with the Pickering reactors, fewer primary 
valves (19 versus 52) and pump seals (4 versus 16) are used, 
thereby reducing the potential leakage of D 2 O, and hence of 
TDO. Bellows seals have been installed on small valves, and 
larger valves have been fitted with live-loaded packing [16] to 
further minimize leakage. As a result of these and other 
measures, the loss of D 2 O at CANDU-PHW reactors is <1% of 
inventory per year.

Leakage is collected by efficient heavy water recovery 
systems, including vapour recovery dryers. Following installation 
of improved dryers at Pickering A in 1979, the station internal 
dose was reduced from 450 rem in 1979 to 207 rem in 1981 (Fig. 1), 
even though the concentrations of tritium in both the primary heat 
transport and moderator heavy water increased.

A significant reduction in the concentration of tritium in 
the atmosphere leads to less stringent requirements for operator 
protection against inhalation of tritiated vapours. Protective 
equipment tends to encumber the wearer. If it is not required, 
work may be performed more quickly. The higher internal dose is 
more than offset by the reduced external dose. Generally, at a 
CANDU station, external dose is three times the internal dose.

As tritium concentrations in the D 2 O increase in the later 
years of the plant's life, the benefits to be gained from a 
tritium removal process increase. A system is being built at 
Pickering to limit the tritium activity to 5 Ci/kg D2 O in the 
moderator and 0.5 Ci/kg D 2 O in the heat transport heavy water.
By this means, the occupational internal dose, which is already 
low, will be lowered still further.

3.3 Tritium
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4. PROVEN DEVELOPMENTS

Because coolant is allowed to boil in advanced PHWR plants, 
Inconel 600 was selected for steam generator tubes at Bruce A and 
B, instead of the Monel 400 used at Pickering A and В [9].
Incoloy 800 is the tube material for later stations, providing 
further protection against corrosion, and further reducing the 
amount of activatable corrosion products released to the coolant
[9]. Other improvements are the adoption of leak-tight 
condensers, the elimination of copper alloys from heat exchangers, 
and chemistry control to minimize the transport of corrosion 
products into the steam generator. These measures have reduced 
the probability of steam generator tubing failure. The 
comparative total number of tube defects is shown in Table I.

TABLE I. STEAM GENERATOR TUBE PERFORMANCE TO 31 DECEMBER 1980 [17]

Type of 
Reactor

No. of 
Reactors

No. of 
S/G Tubes

No. of 
Tube Defects

% of Tubes 
With Defects

CANDU 12 300 599 63 0.02

PWR & 
BWR 85 1 061 688 22 351 2.1

Starting with Bruce A, the main heat transport pump motors 
and gland seals have been positioned outside containment, with 
shielding and a tritium barrier above the pump volute. This 
permits access to the pump gland assemblies and motors while 
minimizing the exposure of maintenance personnel to radiation 
fields from the primary heat transport system feeders and 
headers. Pump seals have been developed that should operate for 
five years without replacement. Examination of pump seals after 
3.5 years operation in Bruce gives assurance that the five-year 
target will be achieved. Another example of shielding is the 
CANDU design practice to shield the steam generators up to the top 
of the tube bundles.

Crud removal by heat transport purification has been 
insignificant. Operating plants normally have a purification 
half-life of two to four hours. For crud removal to be effective, 
a filtration half-life of twenty minutes would be necessary.
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However, as the Bruce A results show, the total exposures are 
acceptably low. As a result, no need is now seen for high 
purification flow rates. Even so, two types of high-temperature 
filters have been developed [18, 19], and could be installed at 
short notice should they be required.

Two novel decontamination processes developed in Canada are 
Redox Cycling [7] and the CAN-DECONl regenerative dilute 
chemical process [20]. Redox Cycling, which involves the 
alternate addition of hydrogen and oxygen to promote dissolution 
of metallic oxides, was applied at Douglas Point in the early 
1970s and achieved a notable reduction in fields from the steam 
generators [1].

The CAN-DECON process was successfully applied to the full 
heat transport systems (including fuel) at the Gentilly 1 reactor 
(1973) and Douglas Point reactor (1975) and has been applied many 
times since to subsystems and isolated components at Douglas 
Point, Pickering, and Bruce.

In the process [21], organic complexing agents are added 
directly to the system to be decontaminated, to give a 
concentration of about 0.1 wt%. Dissolved metals are removed on 
cationic exchange resin, which also regenerates the reagent. At 
the end of the decontamination, which does not require fuel 
removal and needs only a few days' shutdown, the reagent is 
removed on anionic resin. Thus, no liquid waste is produced and 
the volume of solid waste is small. A passivation treatment after 
decontamination minimizes recontamination. Figure 4 illustrates 
the high decontamination factors and low recontamination rate 
achieved at a BWR by two applications of CAN-DECON two years 
apart. Other applications at LWRs have been equally successful[22]

5. NEW DEVELOPMENTS

5.1 Corrosion product transport

In the accepted mechanism for the transport of corrosion 
products in water-cooled reactors, suspended particles from the 
coolant deposit on the fuel, become activated, and then dissolve 
in the heated coolant. A recently completed study [23] indicates 
that at very low crud levels (<1 yg/kg D 2 O) dissolved cobalt may 
deposit directly from coolant onto the fuel. The deposition is

ICAN-DECON is a Registered Trademark.
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FIG.4. Vermont Yankee cleanup system decontamination/recontamination data.

independent of both heat flux and the degree of boiling. The 
amount of deposition seen experimentally accounts for only a small 
fraction of that observed on CANDU fuel. This work is a recent 
example of the fundamental understanding developed of activity 
transport processes, which permits chemical minimization of 
radiation field growth.

5.2 Decontamination development

Development of the CAN-DECON process has focussed on 
increasing the effectiveness of the process for stainless steels
[24] and for fission product decontamination [25]. Three 
pretreatments have been identified that are effective in rendering 
chromium-rich films soluble in CAN-DECON solutions. Each conforms 
to the basic CAN-DECON principle of dilute reagents and low 
volumes of solid radioactive waste. Combined with a standard 
CAN-DECON treatment, each results in removal of >90% 
activity from stainless steels and high nickel alloys with 
acceptable corrosion rates on all system materials.

Optimization of the process for fission products has 
concentrated on identifying polyelectrolytes that could minimize 
redeposition of particles. Initial experiments indicated that 
polyacrylic acid was the most effective of the reagents tested. 
This experimental work is continuing to further develop the 
capability of the CAN-DECON process.

5.3 Tritium transfer process

The recovery of tritium from heavy water in the Pickering 
tritium removal system is based on the proven, vapour-phase,
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catalytic-exchange process. The exchange takes place at 200°C to 
avoid catalyst poisoning by liquid water, and this results in a 
complex multi-stage process. The development of a wetproof 
catalyst [26] has resulted in a new, simpler process [27] for the 
transfer of tritium from heavy water to hydrogen gas.

Pilot plant experiments have demonstrated adequate catalyst 
lifetime, catalyst regeneration techniques, and have defined a 
feedwater purification system to prevent catalyst poisoning [28].

A prototype tritium recovery plant based on this technology 
is being prepared at AECL's Chalk River Nuclear Laboratories.

6. EXPECTATIONS

Because of improvements in layout, accessibility, number of 
components, equipment simplification, materials selection, and 
maintenance and operating procedures, both Bruce В and Darlington 
A are expected to experience even lower occupational' doses than 
Bruce A.

For all designs of reactors, major renovations are required 
sometime during the reactor life, involving potentially large 
radiation exposures. For Ontario Hydro's CANDU reactors, the 
largest, single, dose-expenditure item anticipated is to 
compensate for pressure tube elongation at Pickering A. Competing 
corrective options are:

1) replacement of the complete fuel channels, and

2) repositioning of the pressure tubes.

At present, they are estimated to require approximately 1 000 and 
500 rem per reactor respectively. The first number is only 
one-quarter of initial estimates for channel replacement. The 
reduction has been achieved by adopting remote tooling and 
handling as a key component of the work plan. Further reductions 
in these dose estimates are expected from other design measures, 
decontamination, and by planning, optimizing, and rehearsing the 
work. Some pressure tubes have been replaced at Pickering (the 
cause of the 1975 peak in Fig. 3), so there is experience on which 
this development can be based. Such replacement of primary 
circuit core components illustrates the flexibility of the CANDU 
design concept of pressure tubes as opposed to a single pressure 
vessel. Design improvements have ensured that fuel channel 
elongation will not be a cause for fuel channel replacement at 
Pickering В and subsequent stations.
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Many of the techniques developed for CANDU reactors and 
applied at existing stations are applicable to LWRs. For example, 
the CAN-DECON process has been applied successfully several times 
to BWRs [22], and modifications to the process make it applicable 
to PWRs [24]. Many of the equipment improvements to increase the 
period between maintenance work and to reduce the time needed to 
perform the maintenance, are applicable to components used in 
LWRs. Fundamental research into the processes that govern 
corrosion, the transport of corrosion products, and redeposition 
of the activated products, is valuable in reaching an 
understanding of the processes that take place in BWRs and PWRs.

Thus, the many developments that have collectively produced 
the current desirable situation in CANDU reactors have 
implications throughout the nuclear industry in helping to reduce 
the occupational exposures of nuclear workers around the world.
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Abstract- Аннотация

RADIOACTIVE CONTAMINATION OF WATER SYSTEMS HAVING INTERNATIONAL 
SIGNIFICANCE.

Almost any local radioactive contamination of a water body takes on a regional and 
sometimes global character. This has provided the stimulus for research on radioactive 
contamination of water systems having international significance. The Baltic Sea and the 
River Danube, together with the adjacent portion of the Black Sea, are particularly sensitive 
to radioactive contamination. Soviet specialists have been conducting research in these areas 
together with specialists from other countries. The concentrations of 90Sr, 137Cs and tritium 
in the waters of the Baltic have been studied, and estimates of the various factors contributing 
to  the existing balance of the first two of these nuclides have been performed; the dominant 
factor has been found to be the influx of these nuclides from the North Sea. The main factor 
in the negative part of the balance for 137Cs is presumably its deposition on the bottom. The 
flow of 90Sr out of the Baltic through the straits exceeds its influx from the North Sea, while 
the flow of 137Cs out of the North Sea exceeds its flow out of the Baltic. Taking discharge 
into account, it is found that the respective quantities of 90Sr balance out well, whereas for 
137Cs there is a significant discrepancy; this disappears, however, if it is assumed that every 
year part of the 137Cs is carried into the bottom  deposits. Data have been collected on the 
radioactivity of Baltic flora and fauna, and it has been shown that most of the radionuclides 
which reach the population from the Baltic are carried in fish. The amounts of 90Sr and 137Cs 
reaching the population have been calculated, as has the possible external dose received from 
beaches washed by the sea during storms. The radioactive contamination of the Baltic does 
not at present cause significant doses to the population, but the prognosis is still somewhat
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uncertain and particular concern is felt at the inflow of 137Cs from the North Sea. The annual 
investigations of the lower reaches of the Danube in the Kiliya branch along the Soviet shore 
have provided us with an average characterization of the radionuclide balance in the river 
discharge and the amounts carried into the Black Sea. The published findings for 1978 have 
been subjected to statistical treatment. The radionuclide inventory is assessed for the Danube 
as a whole and for individual sections of the river, and the radiation situation is found to be 
satisfactory. Finally, goals are defined for further investigations of radioactive contamination 
in water systems having international significance.

РАДИОАКТИВНЫ Е ЗА ГРЯ ЗН Е Н И Я  ВОДНЫХ СИСТЕМ МЕЖДУНАРОДНОГО ЗНАЧЕНИЯ.

Почти лю бое локальное радиоактивное загрязнение водной среды  приним ает региональ

ный, а иногда глобальны й масш таб. Это побудило к  исследованию  радиоактивны х загрязнений 

водны х систем м еж дународного значения. Особенно чувствительны к  радиоакти вн ом у загрязне

нию Б алти й ское  м оре и Д унай сприлегаю щ ей частью Черного м оря. С оветские специалисты ведут 

здесь исследования в содруж естве со специалистами други х  стран. Изучено содержание в вод ах  Б алти

ки  ,0 S r , 137Cs, трития. Выполнены оценки  различны х статей баланса д вух  первы х из этих н у к 

лидов. Д оминирую щ ей статьей поступления этих н уклидов о казал ся  их п риток  из С еверного мо

ря. О сновны м  членом отрицательной части баланса д л я  137 Cs предполож ительно явилось его от

лож ение на дно. С ток 50 S r из Б алти й ского  м о р я  через проли вы  превосходит его п риток из Се

верного м оря . Поступление 137 Cs из Северного м о р я  превосходит его вы нос из Б алти й ского  

м оря . С учетом  расхода баланс по 90 S i сходится хорош о, а по 137 Cs обнаруж ивается н еу в язка , 

ко то р ая  исчезает, если признать, что часть 137 Cs еж егодно уходит в донны е отлож ения. Получе

ны  данны е о радиоактивности  ф лоры  и фауны Б алти й ского  м оря. П оказано, что поступление 

радион укли дов к  населению из этого вод оем а происходит в основном  с ры бой. Рассчитано пос

тупление 5°S r  и 137Cs к  населению и доз возм ож ного  внеш него облучения от пляж ей, заливае

м ы х водой  во  в р е м я  ш торм ов. Радиоактивное загрязнение Б алти й ского  м о р я  не создает в нас

тоящ ее в р ем я  значительных д о з облучения населения, одн ако  п рогноз все  ещ е не я вл яется  вполне 

определенны м, и вы зы вает тревогу  п риток  137Cs из С еверного м оря . Е ж егодны е обследования 

н изовья  Д уная по К или й ском у  гирлу на протяж ении советского  побереж ья п озволяю т следить 

за средней характери сти кой  стока  радионуклидов с водам и  этой реки  и вы носами в Черное море. 

О публикованны е результаты  за  1978 г. подвергнуты  статистической обработке. У становлена 

благополучная радиационная обстановка, оценен сто к  радион укли дов с водам и  Д уная  в целом  

и по отдельны м  участкам  его течения. О пределены направления дальнейш его изучения радиоак

тивного загрязнени я вод н ы х  систем  м еж дународного значения.

ВВЕД ЕНИЕ

Озабоченность по поводу ресурсов океана побудила к  проведению большой 
серии исследований [1 -3 ] . В последние годы стали привлекать внимание места 
сброса упакованных радиоактивных отходов в связи с неоправданно расширяю
щейся практикой такого захоронения [4].

Для ряда европейских стран особое значение имеет сохранение радиологичес
кой чистоты и ресурсов таких водных систем как  Балтийское море, бассейн Ду
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ная, Черное море [5]. Еще недавно считалось, что до 1976 г. основным источни
ком  радиоактивного загрязнения Балтийского моря были глобальные выпадения 
радионуклидов. Теперь же прослежено поступление I37Cs из Северного моря. По
лученные нами результаты наблюдений за 1971- 1973 гг. опубликованы ранее 
[1 -3, 5, 6 ]. Здесь приводятся данные за 1974-1980 гг. Объем информации о ра
диоактивности вод Дуная возрастает, и возникает возможность статистического 
подхода к  ее интерпретации.

БАЛТИЙСКОЕ МОРЕ

Накопленный материал подвергнут статистическому анализу. Оценки пара

метров распределения 90 S r указаны в табл. I.
В выборках данных о содержании 90 S r в поверхностных водах Балтики об

наруживается нормальное распределение, если отбросить крайние значения в соот
ветствии с критериями анормальности. В качестве примера на рис. 1 показано 
распределение данных за 1974 г.

Результаты наблюдений за содержанием 137 Cs обнаруживали значительное от
личие в зависимости от места пробоотбора. Рассмотрение параметров распреде
ления содержания 137Cs в поверхностных водах Балтийского моря показало нали
чие двух групп концентраций. Меньшие значения концентрации отмечены в Финс
ком  заливе и его внутренних бухтах. Вторая группа результатов получена в са
мых разных пунктах собственно Балтийского моря. Итоги анализа приведены в 
табл. П.

В распресненных мелководьях к  90 Sr, присутствующему в речной воде, до
бавляется он же за счет глобального радиоактивного выпадения на поверхность 
водоема. Создаются более высокие концентрации, чем в открытом море, где и 
речной сток и выпадения перемешиваются в значительно большей водной массе. 
Цезий прочно удерживается в почвах, поэтому вода рек, бухт, заливов имеет низ
кое отношение концентраций 137 Cs и 90 Sr. В водах открытого моря большая 
соленость и незначительное содержание взвесей позволяют цезию долго оставаться 
в ионной форме. Следует полагать, что в зоне близ проливов к  настоящему вре
мени указанное отношение должно стать высоким вследствие прихода водных масс 
из Северного моря, сильно загрязненного 137 Cs.

За время с 1974 г. по 1980 г. можно отметить тенденцию к  уменьшению со
держания обоих радионуклидов повсеместно.

Результаты определений трития в водах Балтийского моря приводились в 
работе [7]. Средние значения приведены в табл. II.

Принимая концентрацию 90 Sr и 137 Cs в поверхностных водах за единицу, резуль
таты по другим горизонтам были выражены в относительных величинах. Средние 
значения показаны на рис. 2. Для оценки запаса 90Sr, I37Cs и трития во всей вод
ной массе приняты средние значения их содержания из табл. II. Различия в содер-



5 6 0 ГЕДЕОНОВ и др

о“

в
ся

<и>>н
SнU¡E
S
оLh
Осош
К

в  
К  
X  W  С[ 
S ч

S  W

о"

Синяшяко«
«
S
X

Tj-
о

»  ̂\ 
в -
?Онеи

«о
Оннш
S<с
ОнС
С
с«жW¡гго

«

>. с  
ш  о  со
сч о. 
О  
S  
о(-4

-• О  
<  и
а  ®  s  s  
S § 
Í  «

*tû

5Сос:х -о&«Н
<сиСС

оfe оа  ^  -г ж о  «i =  4>
I  1 1 1 *• & I &л О 2Г л. ¿ О п Л

а о Й § 
Е 2

_ о г о. U  С  и U С с Чис
ло 

на
бл
юд
ен
ий
 

44 
86 

88 
66 

53 
337
 

44 
31 

34 
30 

25 
16
4



IAEA-CN-42/352 561

16 20 25 30 35

Содержание ’ “ S r , Б к /м э

Puc.,1. Оценка параметров распределения всех результатов наблюдений за содержанием 50Sr 
в поверхностных водах Балтийского моря в 1974 г.

жании на разных глубинах не приняты во внимание. Получены оценки запаса, ука
занные в табл. II и III.

Баланс 90 Sr и I37Cs в Балтийском море за 1971 -1980 гг. оценивался по схе
ме А. Войпио и Аннели Сало [8], см. табл. III. Для оценки выпадения на аквато
рию Балтийского моря использованы средние значения из [9,10]. С 1974 г. по 
1980 г. нами были проведены 6 раз обследования 10 наиболее крупных рек, впа
дающих в Балтийское море с территории Советского Союза. Усредненные вели
чины содержания 90 S r и 137 Cs в водах этой группы рек использованы для расче
та стока. Данные за 1977 и 1978 гг. получены путем интерполяции. Для 1972 и 
1973 гг. значения концентрации исследуемых радионуклидов взяты из работы [11]. 
Сток всех рек принят равным 430 к м 3. В соответствии с оценками И.М. Соскина
[12] приток воды из Северного моря принят равным 1190 к м 3/год, сток в Север
ное море — 1660 к м 3/год. Содержание 90 Sr и 137 Cs в водах Северного моря в
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ТАБЛИЦА II. СРЕДНЕЕ СОДЕРЖАНИЕ 90 Sr, 137 Cs, ТРИТИЯ В ПОВЕРХНОСТНЫХ 
ВОДАХ БАЛТИЙСКОГО МОРЯ В 1974-1981 гг.

Содержание в поверхностной воде

Район наблюдения Период 90 Sr 137 Cs
Отношение 
137 Cs

пробоот-
бора Число

Бк/м3 наблю
дений

Число
Бк/м наблю

дений

50 Sr

1 2 3 4 5 6 7

1974, май 27 ±4 7 5 ±2 6 0,21975, июнь 35 ±3 12 4±1 12 0,11976, июнь 38±3 6 5±1 6 од
Невская губа 1977, июнь 37 ±3 4 3±1 4 од1978, июнь 29+1 5 8±1 4 0,3

1979, май 30±1 5 2+1 5 0,11980, май 22±1 5 2±1 5 0,1

1974,май 23±9 3 12+5 3 0,4
1975, июнь 32±2 4 13 4 0,4
1976, май, 39 ±2 13 11±3 13 0,3

Копорская губа июль
1978, июль 23±3 6 10±3 6
1979, июнь 23±5 5 5±2 5
1980, июнь 23+5 5 8±3 5

Лужская губа 1974, май 30±7 3 13 3 0,4

Нарвский залив 1974, май 27 ±5 3 13 3 0,4

1974, июнь 28±3 9 9±2 9 0,3
1975, август 25±3 1 8±2 1 0,3

Выборгский 1977, август 33±7 1 12+3 1 0,4
залив 1978, август 26±6 1 8±4 1 0,3

1979, август 24 ±5 1 6+2 1 0,2
1980, июль 21±4 1 7+2 1 0,3
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ТАБЛИЦА II. (Продолжение)

1 2 3 4 5 6 7

Финский залив 
(восточная

1976, май, 
июнь

1977, июнь, 
август

1978, июнь

39±2

38 ±2 
26±2

6

10
10

5+1

5+1
7+2

6

9
10

0,1

0,1
0,3

часть) 1979, май, 
июнь

1980, май
28±2
20±1

8
5

6+2
8±1

8
5

0,2
0,4

1974, май 25 ±1 15 13±1 15 0,5
1975, июнь, 29±1 11 13±1 11 0,4август 
1976, май, 

июль, 31±3 10 12+2 10 0,4

Финский залив 
(центральная

август 
1977, июнь, 

июль, 31+2 9 14±1 9 0,5
часть) август 

1978, июнь, 
июль, 24+3 9 11 ±2 9 0,5
август 

1979, июль 22±1 5 11±1 5 0,5
1980, май 21 ± 1 5 9±1 5 0,4

Финский залив 1977, июль 30±5 1 22+5 1 0,7
(западная 1979, июль 19±4 1 13±2 1 0,7
часть) 1980, июнь 22 ±4 1 14±2 1 0,6

Рижский залив 1979,август 22±4 1 10±2 1 0,5
1980, июль 17±3 1 11 ±2 1 0,6 ___

Куршский залив 1979, июль 21±4 1 3+1 1 0,1
1980, июль 15 ±2 1 3±1 1 0,2

1974, октябрь 28±2 10 24 9 0,9
1975, май, 28 5 20 ' 5 0,7

Восточная часть
август 

1976, июль, 30 7 16 5 0,5Балтийского моря август 
1977, июль 29 6 21 6 0,7
1978, июль 21 7 13 7 0,6
1979, июль 20 4 12 4 0,6
1980, июнь, 21 4 14 4 0,7июль
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1 2 3 4 5 6 7

1974, октябрь 24+4 6 20 6 0,8
Западная часть 1975, май, 23 3 20 з 0 9Балтийского моря сентябрь

1974, октябрь 28 2 26 2 0,9
1975, май

август, 24 7 18 7 0,8
Южная часть сентябрь
Балтийского моря 1976, июль 23 2 22 2 1,0

1977, июль 30 2 20 2 0,7
1978, июль 21 2 13 2 0,6
1979, апрель, 20 4 16 4 0,8июль
1980, июль 22 2 16 2

1974, октябрь 26+2 6 22+2 6 0,8ноябрь
Юго-западная 1975, май 25 5 18 5 0,7часть Балтийского сентябрь
моря 1979,апрель 18+4 1 16+3 1 0,8

Зона близ про 1974, октябрь 27+2 1 22+3 1 0,7
ливов 1975,сентябрь 23+4 1 18+3 1 0,8

1974 26 25 23 24 0,9
1975 25 21 19 21 0,7
1976 28 9 18 7 0,5Собственно Бал Весь1977 29 8 21 8 0,6тийское море 1978 год 21 9 13 9 0,5

В Ц6Л0М 1979 20 9 14 8 0,6
1980 21 6 15 6 0,7

Содержание трития
Запас во всем море

1972 7,0 1,5
Балтийское море 1975 Весь 6,8 1,45
в целом 1976 год 6,4 1,4

1977 7,2 1,5
1978 7,7 1,5
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Концентрация w Sr и 137Cs, относительные единицы 

Puc.2. Изменение содержания 50Sr и 137Cs в водах Балтийского моря в зависимости от глубины.

1975 г., 1976 г.и 1979 г. приведено в работе [3], а данные за другие годы взяты 
из работ Аркруга и сотрудников [9]. Для оценки стока в Северное море принята 
та же объемная концентрация 90 S r и 137 Cs, что и для оценки запаса. Из расчета 
следует, что в 1971 -1980 гг. обмен водами все время приводил к  превышению 
выноса 90 S r из Балтийского моря над притоком его из Северного. Приток 137Cs, 
начиная с 1973 г., значительно превосходит вынос его из Балтийского моря, и 
эта разница была особенно велика в 1978 г. Оценка на основе справочных изданий 
и доклада НКДАР ООН [13] показала, что АЭС на берегах Балтийского моря все 
вместе сбрасывают 90 S r и 137 Cs пренебрежимо мало по сравнению с другими стать
ями баланса. Убыль вследствие радиоактивного распада вычислялась для каждо
го последующего года по запасу, имевшемуся в предыдущем году.

В колонках 10 и 11 табл. 111 показано расхождение между наблюдаемым и 
ожидаемым изменением запаса. Это расхождение получено без учета геохимичес
кой статьи баланса. По имеющимся данным, по - видимому, можно пренебречь
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этой статьей для 90 Sr, и все расхождение следует считать суммарной погрешностью 
оценок запаса и всех статей баланса. Среднее квадратическое относительное зна
чение ее составляет 11 %, а для доверительной вероятности 0,95 погрешность бу

дет равна 25 %.
В оценке запаса и баланса 137 Cs погрешность должна быть та же самая, что 

для 90 Sr. Расхождение наблюдаемого и ожидаемого изменения запаса 137Cs ока
залось в ряде случаев гораздо большим.

В этих случаях можно считать, что до 25 % от величины запаса обусловлено пог
решностью оценок, а остальной 137 Cs, по-видимом у, ушел в донные отложения и, 
возможно, в состав биомассы гидробионтов моря (см. графы 12 и 13 табл. III).

Таким образом в балансе 90 S r только дальнейшее уточнение всех статей может 
раскрыть роль геохимического и биологического факторов. В балансе 137Cs уже 
сейчас в некоторые годы имеется дефицит, для объяснения которого надо допустить 
осаждение на дно или другие биогеохимические причины.

Исследования степени радиоактивного загрязнения Балтийского моря помимо 
стремления к  пониманию поведения радионуклидов в этом море имеют еще и пря
мое практическое значение: оценку радиоактивности гидробионтов и поступления
радионуклидов к  населению. Радиоактивность фауны и флоры Балтийского моря 
специалистами СССР систематически изучается с 1970 г. [14].

В наших исследованиях изучалась радиоактивность зоо - и фитопланктона, бу
рых и зеленых водорослей, морских и пресноводных рыб девяти видов, моллюс
ков и ракообразных. Периодически на анализы отбирались пробы песка пляжей 
и донных осадков у уреза воды в местах купания. Основная направленность этих 
исследований носила гигиенический характер. Ставилась цель получить информа
цию о величинах возможного поступления радионуклидов к  населению по рыбной 
пищевой цепочке и получить данные о дозах возможного облучения человека при 
купании и пользовании пляжами.

Анализ этих материалов показал, что в тканях балтийских гидробионтов в 
последние годы из числа искусственных радионуклидов обнаруживали только 90 S г 
и 137 Cs. Концентрация их в тканях рыб были обычно в несколько раз меньше, 
чем в планктоне, водорослях и моллюсках. За рассматриваемый период наиболее 
высокие уровни радиоактивности рыб обнаружены в 1971 -1975 гг., затем наблю
далось заметное их снижение. В последние два года концентрации 137Cs и 90 S r в 
рыбе Балтики стабилизировались на уровнях, близких для видовых показателей 
1978 г.

В связи с заселением Балтики морскими видами рыб (треска, сельдь, кам 
бала, салака) и многими пресноводными рыбами, а также в связи с наличием зна
чительных различий в концентрациях радионуклидов в воде и ее солености в раз
ных зонах водоема, уровни искусственной радиоактивности промысловых рыб 
в Балтийском море, даже в один и тот же период их вылова, различались между 
собой в несколько раз. Так, в 1971 -1975 гг. концентрации 137Cs в мышцах раз
ных видов рыб из промысловых уловов в различных районах моря находились в
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пределах 3,7 -74,0 Б к /к г . В последние два года этот показатель составлял 
0,3-11,1 Б к /к г . Концентрации 90 S r в мышцах рыб в те же периоды составляли 
0,22 -19,0 Б к /к г  и 0,1 - 3,8 Б к /к г , соответственно, а в костях рыб — 1,58-74,0 Б к /к г  
и 0 ,2-29 ,6  Б к / кг, соответственно. На основании полученных данных рассчитано, 
что максимальное поступление 137 Cs к  населению с балтийской рыбой в разные го
ды могло составить от 100 до 500 Бк/год, а 90 S r — от 20 до 60 Б к /год  с учетом 
перехода части его из костей в съедобную часть рыбных блюд при кулинарной об
работке рыбы. Установленный в СССР предел годового поступления ограниченной 
части населения через органы пищеварения 137Cs составляет 4 ,44-105 Б к  , а 90 S r -  
1,184-104 Б к . Следовательно, верхнее значение поступления 137 Cs с балтийской рыбой 
равнялось только около 0,1% от предела годового его поступления, а 90 S r — около 0,5%. 
Дозы облучения человека за счет поступления этих радионуклидов с рыбой не превы
шали 0,5 мбэр/год (0,005 мЗв/год) на все тело и 15 мбэр/год (0,15 Зв/год) на кости. 
За счет загрязнения пляжей 137 Cs в результате выпадения его из атмосферы и попа
дания из морской воды при штормах облучение населения могло составить не бо
лее 0,5 мбэр/год (0,005 м Зв/год  ) .

Указанные выше дозы облучения населения за счет загрязнения Балтийского 
моря опасности для населения в настоящее время не представляют.

ДУНАЙ

Другим примером водной системы международного значения является Дунай, 
его бассейн и прилегающая к  его устью акватория Черного моря. Изучение радио- 
экологии этой системы координируется в рамках СЭВ и МАГАТЭ. Объем накоп
ленной информации возрастает и возникает возможность статистического подхода 
к  ее интерпретации [1,5,15].

На основе данных работ [16,17] составлена сводная табл. IV, характеризую
щая содержание 90 Sr, 137 Cs и трития в водах Дуная в 1978 г. на разных расстоя
ниях от устья. Статистический анализ показал, что для 90 Sr наблюдавшиеся раз
личия не всегда чисто случайны, а вполне закономерны. Возможно они вызваны 
вариациями водного режима и поступления 90 Sr в воду речной системы, особен
ностями методик пробоотбора, применяемых в разных странах, и различиями ме
тодик анализа. По верхнему течению Дуная данных за 1978 г. в нашем распоря
жении не было, для сопоставления были привлечены результаты за 1977 г. Уди
вительно, что в ЧССР на протяжении 1977 г. наблюдались значения в 6 - 7 раз 
более высокие, чем повсеместно, а по измерениям специалистов ВНР в тех же 
водах не отмечено серьезных отклонений от средней величины 8 м Б к/л . За 
исключением указанного отклонения в 1977 г. за весь 1977 г. и за 1978 г. не 
отмечалось какого  - либо воздействия радиоактивных сбросов АЭС на содержание 
90 S r в Дунае.
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ТАБЛИЦА IV. РЕЗУЛЬТАТЫ ОПРЕДЕЛЕНИЯ СОДЕРЖАНИЯ В ВОДАХ ДУНАЯ 
В 1978 г. 90Sr, 137CsHTPMTHH [15,16].

90 S r 137 Cs Тритий
Место наблюдения км от Дата ------------------------------

(Ссылка) устья 1978 г. мБк/л мБк/л Бк/л
(Число наблюдений)

Вена [16] 1934 янв. 2,2(1) 1,0(1)
Вена [16] 1934 февр. 7,4(1) 1,0(1)
Вена [16] 1934 март 7,4(1) 0,40(1)
Вена [16] 1934 апр. 6,3(1) 0,85(1)
Вена [16] 1934 май 4,8(1) 1,3(1)
Вена [16] 1934 июнь 5,2(1) 1,9(1)
Вена [16] 1934 июль 5,6(1) 7,4(1)
Вена [16] 1934 авг. 1,9(1) 0,0(1)
Вена [16] 1934 сент. 2,2(1) 0,0(1)
Вена [16] 1934 окт. 1,1(1) 0,0(1)
Вена [16] 1934 нояб. 1,1(1) 0,0(1)
Вена [16] 1934 дек. 1,9(1) 0,37(1)
Геныо [16] 1791 год 11(12) 1,9(12) 14(12)
Будапешт, Север [16] 1659 год 19(12) 1,9(12) 23(12)
Будапешт, Юг [16] 1636 год 11(12) 1,1(12) 18(12)
Пакш [16] 1531 год 7,4(12) 0,74(12) 16(12)
Мохач [16] 1446 год 11(12) 1,1(12) 18(12)
Калафат [16] 795 год 2,6(12) 4,4(12) 24(12)
Бекет [16] 679 год 3,3(12) 4,8(12) 23(12)
Олтеница [16] 430 год 4,1(12) 4,1(12) 20(12)
Весь участок СРР [16] 0-1072 год 5,6(12) 2,6(12) 13(12)
Рени [15] 166 15.02 6,7(1)
Рени [15] 166 2.06 8,1(1)
Измаил [15] 98 2.06 7,0(1)
Килия [15] 46 16.02 6,7(1)
Вилково [15] 19 15.02 6,7(1)
Вилково [15] 19 2.06 8,1(1)
Сулина [15] 0 29.08 11(5) 1,1(4) 12(2)
Вилково [15] 19 28.08 9,3(5) 1,3(4) 12(4)
Измаил [15] 98 28.08 8,9 (5) 1,1(4) 15(2)
Рени [15] 166 30.08 10(5) 1,1(4) 13(3)

30.08 11(3) 0,93 (2) 12(1)

1977 г.

Файминген [16] 2545 год 11(12) 1,1(12) 16(12)
Гундремминген [16] 2549 год 59(12) 20 (12) 19(12)
Г ундельфинген [16] 2552 год 6,7(12) 4,8(12) 16(12)
Весь участок ЧССР [16] 1718-

1869 год 59(12)
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Рис.З. Распределение 90 Sr (--- ) и 137 Cs (---•) в водах Дуная и Черного моря в зависимости от
расстояния от устья Дуная.

Содержание 137 Cs в водах Дуная в 1978 г. было крайне низким. Отсюда боль
шая неопределенность полученных данных и сугубо приблизительный характер оце
нок наблюдаемых явлений. И все же очень характерно, что в ФРГ на протяжении 
всего 4 к м  от места выброса, у Гундреммингена, концентрация 137 Cs снижается в 
20 раз. Это означает, что далеко от места сброса значительные количества 137 Cs 
по рекам уходить не могут. Весенне - летние максимумы, наблюдаемые в Вене, 
связаны скорее с паводками Дуная, чем с сезонностью радиоактивного выпадения 
из стратосферы. Проверка имеющейся выборки данных показала нормальность 
их распределения после исключения нескольких наиболее высоких цифр, приве
денных в работе [16]. Из этого следует, что все данные совпадают в пределах 
наблюдаемой дисперсии, и толковать о физических причинах не имеет смысла.

Содержание трития в водах Дуная на протяжении многих лет остается до
вольно значительным: (12 -36 ) Б к /л  или (100-300) тритиевых единиц (Т .Е .). 
Представляют интерес данные работы [16], согласно которым в 1976 г. в воде Ду
ная наблюдалось колоссальное содержание трития у берега СРР, достигавшее во II 
квартале 1090 Б к /л  или 9200 Т.Е. В 1978 г. таких аномалий не наблюдалось, и 
содержание трития довольно устойчиво держалось около среднего значения 17 Б к /л  
или 140 Т.Е.

Имея данные о содержании радионуклидов в воде и зная расход и сток воды, 
можно вычислить расход и сток радионуклидов. При малой разнице в концентра-
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ции радионуклида в различных частях водной системы расход и сток его оказались 
примерно пропорциональными расходу и стоку воды. При оценке стока с едини
цы площади водосбора выяснилось, что в верховьях Дуная (Вена) этот сток в 2 ра
за выше, чем в среднем во всем бассейне (Сулина, Вилково). Сток с одного квад
ратного километра по всему бассейну составил для 90 Sr — 2,4 МБк/год, 137 Cs —
0,4 МБк/год, трития — 4,6 ГБк/год.

По мере убывания запаса радионуклидов в почве убывает и их поступление с 
поверхностными водами. Содержание ’‘’Sr и особенно ,37Cs в речной воде продол
жает снижаться. Черное море удерживает в своих водах довольно значительный 
запас радионуклидов. В результате ореол вышедших из Дуная вод в Черном море 
отличается от черноморской воды пониженным содержанием 90 Sr и 137 Cs (см. рис. 3).

В 1979 г. и 1980 г. исследования в нижнем течении Дуная показали дальнейшее 
очищение его вод от ’"Sr и 137Cs.

Наряду с этим не замечается освобождения вод Дуная от трития. Его содержание 
в воде Дуная приблизительно вдвое выше, чем в воде Балтийского моря. По-види- 
мому в отношении трития зона Балтийского моря и бассейн Дуная представляют со
бою различные регионы с неодинаковыми источниками поступления и системами 
самоочищения.

ЗАКЛЮЧЕНИЕ

Рассмотренный материал показал, что в Балтийском море роль глобального 
источника поступления радионуклидов становится незначительной по сравнению с 
поступлением из Северного моря. В Балтийском море идет интенсивное отложе
ние137 Cs на дно. Ежегодный баланс в большинстве случаев отрицателен за счет этой 
статьи.

В ближайшем будущем необходимо более детально изучить содержание радио
нуклидов в придонных слоях воды и в донных отложениях вблизи проливов. Это 
позволит построить более точную модель седиментации различных нуклидов.

Водная система Дуная очищается от осколочных радионуклидов быстрее, чем 
Балтийское море. Для наблюдений за содержанием 137Cs потребуется развивать 
еще более чувствительные методики, хотя и сейчас возможно определять содержание 
порядка 1 Бк/м3.

Сожержание трития в водах Балтийского моря и Дуная на протяжении ряда 
лет остается на одном и том же уровне, причем в водах Балтийского моря оно в 
2-3 раза ниже, чем в водах Дуная. Это обстоятельство делает необходимым про
должить изучение формирования этих регионов в условиях неослабевающего поступ
ления в биосферу антропогенного трития.

В целом в исследованных водных системах процессы, снижающие концентрацию 
искусственных радионуклидов, доминируют над поступлением. Наблюдаемые кон
центрации и возможные дозовые нагрузки намного ниже допустимых. Складывает
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ся убеждение, что в ближайшем предвидимом будущем радиоактивные загрязнения 
не будут ограничивать развитие ядерной энергетики на побережье Балтийского моря 
и в бассейне Дуная, если будут выполняться современные требования и рекомендации 
по ограничению выбросов и сбросов.

ЛИТЕРАТУРА

[1] ГЕДЕОНОВ, Л .И . и д р ., ” 0  необходим ости оценки  пределов сброса радиоакти вн ы х отхо

дов  в водны е систем ы  меж дународного значения” , Nuclear Power and its  F ue l C ycle1 

(Proc. C onf. Salzburg, 1977), V ol.4 , IAEA, V ienna (1977) 267.
[2] ТРУСОВ, А .Г ., и д р ., ” 0  поведении 90 S г и 137 Cs в вод ах  Б алти й ского  м о р я ” , Im pacts o f Nuc

lear Releases in to  the  A quatic Environm ent (Proc. Symp. O taniem i, 1975), IAEA, Vienna (1975) 133.
[3] ГЕДЕОНОВ, Л .И . и д р ., "П роявлени е вли ян и я  сбросов и скусственны х долгож ивущ их 

радион укли дов на ф он е глобального радиоактивного загрязнени я А тлантического о к е
ана и его м орей ” , Im pacts o f Radionuclide Release in to  the Marine E nvironm ent (Proc. Sym p. 

V ienna, 1980), IAEA, V ienna (1980) 223.

[4] TEM PLETON, W.L., “ Dumping o f Low-level Radioactive Waste in th e  Deep Ocean” , Im pacts o f 
R adionuclide Release in to  the Marine Environm ent (Proc. Sym p., V ienna 1980), IA EA , V ienna,

(1980).
[5] GEDEONOV, L.I., e t al., “ S tudy o f  the  Radioactive C ontam ination  o f  th e  Soviet Section o f  the 

D anube in 1976” , In ternational Studies on the Radioecology o f  the  D anube River, IAEA, 

TECDOC-219, V ienna (1979) 155.

[6] ИВАНОВА, Л .М ., и д р ., Содержание 9°S r и 137Cs в  вод ах  Б алти й ского  м о р я  в  1 9 7 0 г .,

Ат. Энерг. 33 4 (1972) 835.

[7] ГЕДЕОНОВ, Л .И ., КУЗНЕЦОВ, Ю .В., ЛАЗАРЕВ, Л .Н ., ’’И скусственны е радион укли ды  -  

новы й  антропогенны й ф акто р  в  б и о сф ер е”, Д о к л ад  на 1 2 -м  М енделеевском  Съезде, Б а 
к у  (1 9 8 2 ).

[8 ] VOIPIO, A., SALO ANNELI, On the Balances o f  ,0Sr and ,,7Cs in the Baltic Sea, N ord. H ydrol. U  
(1971) 57.

[9] AARKROG, A., e t al., E nvironm ental Radioactivity  in D enm ark in 1 9 7 4 -1 9 7 8 , Risÿ R eport No.323 

(1975); 345 (1976); 361 (1977); 386 (1978); 403 (1979).

[10] KOIVULEHTO M ARKETTA, e t al., “ D eposited Radionuclides” , S tudies on  Environm ental Radio

activity in Finland, R eports: STL-A26 (1979), STL-A32 (1980), STL-A38 (1981), Helsinki.

[11] SALO ANNELI, KOIVULEHTO M ARKETTA, “Strontium -90, Caesium-137 and Tritium  in W ater” , 

Studies on  Environm ental R adioactivity  in Finland 1 9 7 1 -1 9 7 5 , R eport STL-A21, Helsinki (1977).
[12] СОСКИН, И .М ., М ноголетние И зм енения Гидрологических Х арактери сти к Б ал ти й ско го  М оря, 

Л ., Г идром етеоиздат (1 9 6 3 ).

[13] Sources and Effects o f Ionizing R adiation, U nited N ations Scientific C om m ittee o n  the  Effects o f 

A tom ic R adiation  1977, R eport to  the General Assembly, UN, New Y ork (1977).
[ l4 j  ПЕРЦЕВ, Л .Н ., Б иологические А спекты  Радиоактивного Загрязн ени я М оря, М., А томиздат, 

(1978)
[15] GUSEV, D .I., e t al., “ R adioactive C ontam ination o f  the  Soviet Part o f  th e  M outh o f the  D anube and the 

A djacent A rea o f the  Black Sea in 1 9 7 6 -1 9 7 8 ” , In ternational Studies on  th e  Radioecology o f  the 
D anube River 1 9 7 6 -1 9 7 9 , IAEA-TECDOC-229, V ienna (1980) 153.

[16] In ternational Studies on the  Radioecology o f the  D anube River 1 9 7 6 -1 9 7 9 , IAEA-TECDOC-229, 

V ienna (1980).

[17] IAEA’s Advisory G roup to  S tudy Questions o f  M utual C o-operation betw een C ountries in the  

D anube C atchm ent Area, Belgrade, Jugoslavia (1975).



IAEA -CN -42/351

СРАВНИТЕЛЬНАЯ О Ц Е Н КА  УЩЕРБА  

Д Л Я  ЗДОРОВЬЯ ПЕРСОНАЛА И Н АСЕЛЕНИЯ  

ПРИ ПРОИЗВОДСТВЕ ЭЛЕКТРО ЭНЕРГИИ Н А  АЭС И ТЭС

В. А. КНИЖНИКОВ, О. А. ПАВЛОВСКИЙ
Институт биофизики Министерства здравоохранения СССР,
Москва,
Союз Советских Социалистических Республик

Abstract- Аннотация

COMPARATIVE EVALUATION OF THE HEALTH DETRIMENT TO STAFF AND THE 
PUBLIC FROM THE GENERATION OF ELECTRIC POWER AT NUCLEAR AND THERMAL 
POWER STATIONS.

The evaluations to be found in the literature of the health detriment to staff and the 
public associated with nuclear power and the production of power by other means are widely 
different and contradictory. The discrepancies are due to inadequate primary information as 
well as the different degrees of thoroughness with which various factors are taken into account. 
This paper provides new and more precise data on the risks of premature death and loss of 
ability to work from the main radiation and non-radiation effects at all stages of the nuclear 
and coal fuel cycles. Using information reflecting conditions typical of the USSR and also 
certain world-average data, the authors show that the production of 1000 MW(e) in the nuclear 
fuel cycle brings with it a risk of approximately one fatality, of which about 0.25 relates to 
the public. The main detriment from the coal fuel cycle is associated with the effect on the 
public of releases from thermal power stations containing carcinogenic substances. The detriment 
to staff in the nuclear fuel cycle is approximately ten times lower than that in the coal fuel cycle. 
Moreover, the overall health detriment per unit of energy produced in the nuclear fuel cycle is 
roughly 370 (20—600) times lower than in the coal fuel cycle.

СРАВНИТЕЛЬНАЯ ОЦЕНКА УЩЕРБА ДЛЯ ЗДОРОВЬЯ ПЕРСОНАЛА И НАСЕЛЕНИЯ ПРИ 
ПРОИЗВОДСТВЕ ЭЛЕКТРОЭНЕРГИИ НА АЭС И ТЭС.

Существующие в литературе оценки ущерба для здоровья персонала и населения, которым 
сопровождается получение энергии в ядерном и альтернативных типах энергетики, весьма неод
нозначны и противоречивы. Расхождения в оценках обусловлены недостатком первичной ин
формации и различной полнотой охвата явлений. В докладе приведены новые и уточненные 
данные, характеризующие риск преждевременной смерти и потери трудоспособности от основ
ных радиационных и нерадиационных воздействий на всех этапах ядерного и угольного топлив
ных циклов. На основании материалов, отражающих типичные для СССР условия, а также не
которых среднемировых показателей, показано, что выработка в ядерном цикле 1000 МВт (эл.) 
сопряжено с риском около одного смертельного случая, из которых около 0,25 приходится 
на население. Основной ущерб в угольном цикле сопряжен с воздействием на население выб
росов ТЭС, содержащих канцерогенные вещества. Ущерб для персонала в ядерном цикле ниже, 
чем в угольном цикле; почти в 10 раз. При этом общий ущерб здоровью на единицу получен
ной энергии в ядерном цикле меньше, чем в угольном, примерно в 370 (20-600) раз.
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Оценка ущерба для окружающей среды и здоровья людей в результате полу
чения электроэнергии в ядерном и альтернативных видах энергетики сопряжена 
со значительными трудностями и, очевидно, потребует еще много усилий и време
ни для проработки хотя бы основных деталей. Одна из главных трудностей зак
лючается в том, что эффекты, вызываемые в организме человека за счет воздей
ствия выбросов разных видов энергетики, зачастую не однозначны по своей при
роде и потому трудно сопоставимы, как например, лейкемия и бронхит. Многие 
виды воздействия от ряда факторов вообще количественно не изучены (эффек
ты сернистого ангидрида, окислов азота, пыли; связь между многими токсичны
ми химическими, в частности, канцерогенными, веществами и заболеваемостью 
населения).

По указанной проблеме в последние несколько лет появился целый ряд ра
бот [1 -6]. К сожалению, оценки, содержащиеся в этих работах, не полны из-за 
учета только части компонентов вредных воздействий, а в ряде важных моментов 
не убедительны. В частности, они не содержат количественных характеристик вреда от 
наиболее токсичных химических компонентов выбросов, обладающих канцероген
ной активностью.

Оценка основных видов возможного ущерба для здоровья проводилась нами 
по четырем показателям, с учетом данных Публикации МКРЗ №  27 [10], и собст
венных расчетов. При этом использовались следующие данные для оценки сокра
щения продолжительности жизни человека за счет разных факторов: а) у персона
ла за счет смерти от рака — 10 лет; за счет вылеченного рака — 5 лет; за счет 
профзаболеваний (пневмокониозы, пылевой бронхит) с учетом относительно ко
роткого срока развития и медленно прогрессирующего течения — 5 лет; за счет 
несчастных случаев — 30 лет; за счет травм и инвалидности при несчастных слу
чаях — 3 года; б) у населения — на случай смерти от рака, вызванного облучени
ем или химическими канцерогенами — 30 лет; за счет вылеченного рака — 10 лет. 
Потери трудоспособности принимались:

— у персонала — за счет рака — 5 лет; за счет несчастных случаев со смертель
ным исходом — 20 лет; из-за профзаболевания — 5 лет;

— у населения — за счет смерти от рака — 20 лет; за счет вылеченного рака —
5 лет.

Принято, что число заболевших раком вследствие облучения вдвое превы
шает число умерших (т.е. 50% вылечивается). Методы оценки ущерба от пылевых 
и химических факторов, дозовые нагрузки от различных этапов ядерного топлив
ного цикла (ЯТЦ) и угольного топливного цикла (УТЦ) на персонал и население, 
степень риска от несчастных случаев использованы в соответствии с опубликован
ными нами ранее результатами экспериментальных работ и расчетов. [9, 11].

В табл. I приведены основные данные по ущербу для населения и персонала 
от ЯТЦ в целом, в частности, с учетом ожидаемых (неполных) доз (за 500 лет) на 
стадии регенерации топлива [9 ].
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Данные табл. I свидетельствуют о том, что выработка 1000 МВт (эл.) сопря
жена с риском одного дополнительного случая смерти, причем лишь около 0,25 
случая приходится на население ( за счет облучения радиоактивными отходами — 
преимущественно выбросами АЭС — 0,01 случая и заводов по регенерации толива —
0,2 случая), а 0,75 — на персонал (0,4 случая - за счет облучения, 0,25 и 0,15 слу
чаев — несчастные случаи и профессиональные заболевания — пневмокониозы).

При получении энергии в угольном топливном цикле спектр воздействующих 
на персонал и население факторов, а также масштабы воздействия, значительно ши
ре и многообразнее.

К наиболее важным этапам УТЦ относится добыча угля, его переработка и 
транспортировка — для учета влияния на здоровье персонала, сжигание угля на 
ТЭС —  для учета влияния на здоровье населения.

Одним из относительно малозначащих факторов воздействия УТЦ на персо
нал и население является радиационный. Воздействие облучения на персонал про
исходит главным образом при добыче угля в шахтах, а на население вокруг ТЭС — 
за счет выбросов продуктов сгорания, содержащих естественные радионуклиды.
Ряд этапов угольного топливного цикла по частоте несчастных случаев не выде
ляется среди других видов промышленной деятельности — например, этапы пере
работки угля, сжигания его на ТЭС. Два этапа — добыча и транспортировка — да
ют основной вклад в ущерб данного вида. Основной вредный фактор при под
земной и, в меньшей мере, при поверхностной добыче угля — пыль.

Оценка ущерба на разных этапах УТЦ могут существенно колебаться в зави
симости от принятых исходных данных, отражающих местные особенности — состав 
(зольность) угля, технология его переработки, эффективность золоулавливания 
и т. п. Ниже принималось для расчета, что зольность угля составляет 25%, пере
работке он не подвергается, потребность в угле для получения 1000 МВт (эл.) —
5 млн. т, эффективность золоулавливания на ТЭС — 98,5%, содержание радиоак
тивных веществ в угле — как сообщалось ранее в работах [7,8].

Оценивая ущерб здоровью населения от выбросов угольных электростанций, 
напомним, что номинальная ТЭС мощностью 1000 МВт (эл.) в случае потребления 
4 млн. т угля (при зольности угля — 25 %, проценте задержке золы на давно пост
роенных станциях — 90%) выбрасывает в атмосферу около 75 000 т золы,
100 000-150 000 т двуокиси серы, десятки тысяч тонн окислов азота, сотни тонн 
углеводородов, около ста тонн фторидов, 10-20 т токсичных металлов. Главное 
внимание специалистов до сих пор привлекал наиболее ’’весомый” компонент выб
росов — двуокись серы. Однако наряду с ней на людей вблизи ТЭС неизбежно 
действует сложный комплекс факторов — пылевых частиц золы, металлов, органи
ческие соединения и т.д.

Остается неясной канцерогенная роль микрокомпонентов атмосферных загряз
нений — органических канцерогенов, в особенности 3,4 - бензпирена, ряда метал
лов; не выяснена роль в возникновении рака пылевых частиц летящей угольной 
золы. Тем не менее, учитывая, что выбросы угольной энергетики весьма богаты
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ТАБЛИЦА III. СРАВНИТЕЛЬНАЯ ОЦЕНКА ОБЩЕГО УЩЕРБА ЗДОРОВЬЮ ОТ 
ЯДЕРНОГО И УГОЛЬНОГО ТОПЛИВНЫХ ЦИКЛОВ ПРИ ПОЛУЧЕНИИ 1000 МВт (эл.)

Вид ущерба
Общий ущерб от всех причин

в ЯТЦ в УТЦ*

Число случаев преждевременной смерти 1,0 370 (20-600)
Число случаев, приведших к инвалидности 7,0 500 (200-800)
Общее сокращение продолжительности
жизни, чел. - лет 30 2- 10е
Общие потери трудоспособности, чел. - лет 20 М О 4

* Без учета возможного ущерба здоровью or нераковых заболеваний, вызываемых неканцероген
ными компонентами выбросов ТЭС (SO,, NOx , ртуть, свинец и др.). '

всеми этими канцерогенно - опасными компонентами, а сама угольная энергетика 
ответственна примерно за 30% всех атмосферных загрязнений, представляется обо
снованным отнести около 20 % спонтанной смертности от рака легких за счет выб
росов угольной энергетики [2,9]. При указанном подходе работа номинальной 
ТЭС мощностью 1000 МВт (эл.) в течение года вызывает риск дополнительной 
смертности около 370 случаев [9]. Имеющиеся экспериментальные данные дают 
прямое указание на способность таких компонентов выбросов ТЭС, как зола и 
3,4- бензопирен, вызывать учащение раковой заболеваемости [11].

Обобщенные данные, характеризующие основной ущерб на всех учитывае
мых этапах УТЦ, представлены в табл. II.

Материалы табл. II указывают на то, что в УТЦ основной ущерб здоровью 
персонала (по показателю дополнительных смертей) приносят профзаболевания 
(пневмокониозы), а также несчастные случаи (в шахтах). Обращает на себя вни
мание, что при всей значительности ущерба здоровью персонала на этапе добычи 
угля, ущерб для населения в результате выброса угольными ТЭС огромных коли
честв токсических веществ во много раз выше. В этом важное отличие УТЦ от 
ЯТЦ — в последнем основной ущерб приходится на персонал, а не на население.

В табл. III обобщены оценки общего ущерба здоровью человека от ЯТЦ и 
УТЦ, приведенные выше.

Материалы табл. III являются ярким свидетельством существенных отличий 
в ’’цене”, которую общество своим здоровьем платит ныне за получение энергии 
в ядерном и угольном топливных циклах.

Непосредственно на стадии получения энергии опасность от дополнительного 
облучения для населения, проживающего в радиусе 18 км от угольной ТЭС, улав
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ливающей 98,5 % золы, за счет естественных радионуклидов выше в 5 (для реак
торов РБМК-1000) - 40 (для реакторов ВВЭР-440) раз. С учетом химических 
компонентов выбросов угольной ТЭС, проживание вблизи АЭС менее опасно, чем 
вблизи ТЭС аналогичной мощности, в 36 ООО (1000-60 000) раз.

С удовлетворением констатируя сравнительно низкий ущерб для здоровья 
от ядерной энергетики, а также возможность сохранения жизней и здоровья людей 
при ее развитии, вместе с тем следует отметить, что и ядерная энергия имеет свою 
’’цену”. Поскольку эта ’’цена” выражается в ущербе здоровью, а также окружа
ющей среде, следует стремиться и далее снижать ’’себестоимость” ядерной энерге
тики. Особое внимание заслуживают те вопросы и проблемы, которые могут по
вести к возрастанию ’’цены ” ядерной энергии в будущем.
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DISCUSSION

(Summary of discussion held on the papers in Technical Session 4.3)

A question was raised as to whether it would not be preferable to use the 
system of reducing the risk to the ‘minimum’ rather than that of ‘optimization’, 
keeping in view the uncertainties in the effects of low-level radiation and in the 
extrapolation of radiation effects in animal cells to human cells (papers 
IAEA-CN-42/87 and 438). The answer was that in spite of all biological uncertain
ties, the use of optimization has the advantage of resulting in a consisten t level 
of ambition for protection within an installation and between different practices 
originating from radiation exposures. Furthermore, if optimization is not used 
until the uncertainties are resolved, and only the limits are used, the net result 
would be less protection. The use of the system of minimization has the conceptual 
drawback of possible excess expenditure (within the corresponding social cost) 
in cases where little is achieved as a reduction of detriment. It also does not 
result in a consistent approach.

Regarding the cost of unit collective dose, i.e. a  per man-rem, there are 
differences in the value used by different countries; for example Argentina uses 
US $100 and USNRC uses US $1000 per man-rem (papers IAEA-CN-42/87 and 
438). A question arose as to whether there was any international attempt to 
provide guidance to individual countries on the choice of a value appropriate 
to their circumstances. In response it was said that the cost assigned to the man- 
rem is indeed a fundamental parameter in optimization procedures. Different 
values have been used, most of them in the range of US $ 100—200/man-rem.
The value of US $ 1000/man-rem of the USNRC has a somewhat different 
conceptual basis than the values used in implementing the optimization require
ment recommended by the ICRP. Each national authority can select a value 
of a  based on its social conditions, but it should be pointed out that a substantial 
part of the collective dose commitments are delivered in other countries. It 
seems therefore advisable to reach some agreement on a minimum value of a  
for the ‘international component’ of the collective dose. The IAEA is embarking 
on an attempt to obtain such agreement.

USNRC inspectors use the value of US $ 1000/man-rem to judge the need 
for improvements, but the origin of the value takes account of other factors in 
addition to either the cost assigned to a ‘statistical life’ or the attitude of society 
regarding the cost of reducing a detriment. The value of US $ 1000/man-rem 
was developed on the basis of cost-effectiveness approach combined with the 
objective of limiting individual doses ‘at the fence’. The procedure has some 
conceptual differences with the optimization as recommended by the ICRP.

One may derive the implicit costs of reducing the collective dose from the 
funds used for safety or radiation protection. Such implicit costs range over
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several orders of magnitude, which means that the justification of a decision is 
not guided by economic factors alone, but rather by social and political factors 
as well. As such, a single value of a  is unrealistic. A value judgement has to be 
made by weighing all the factors involved, sometimes even irrespective of economic 
costs (paper IAEA-CN-42/438).

As regards radiation exposure to workers, it was pointed out that most 
radiation exposures occur during equipment maintenance and repair. It is 
therefore very important to reduce the amount of time spent on these activities. 
Equipment reliability and maintainability to reduce the frequency of repair 
work, ease of maintenance and repair work and proper training of personnel 
are other important factors in reducing radiation exposures to workers (paper 
IAEA-CN-42/147). Policy as well as regulatory requirements implemented by 
determined programmes to reduce individual and critical groups’ exposure, 
improved plant design or refurbishing existing plant designs with new objectives in 
mind can result in the reduction of exposures to the workers (paper IAEA-CN-42/129). 
From practical experience in the USSR it is evident that, as new and better 
types of reactors have been put into operation, there has been a further reduction 
in the radiation dose to workers and populations. For this reason, even if there 
is a significant increase in the use of nuclear power plants, by almost a factor of 
20 between now and the year 2000, no increase in the radiation exposure to 
workers and populations in the USSR is anticipated (paper IAEA-CN-42/1).

In taking decisions on the design of uranium mill tailings disposal areas, one 
must take into consideration that the major contribution to the collective 
dose commitment from mill tailings would result from the aquatic rather than 
the atmospheric pathway. On the other hand, when assessing the optimum 
protection option, the time integration of collective dose rates has in practice 
to be performed over a relatively short period of time, since optimization of 
radiation protection can be carried out by considering only the modifiable 
components of the collective dose. The long-term components will be the same 
irrespective of the available radiation protection strategies and will not influence 
the decision. However, because of the various uncertainties, the results from these 
types of assessments should be used with extreme caution and only as one of 
the inputs in the decision making process (paper IAEA-CN-42/158).
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Abstract

PROPOSED SAFETY GOALS FOR NUCLEAR POWER PLANTS.
This paper presents the substance of a proposed policy statement for nuclear power 

plants issued by the United States Nuclear Regulatory Commission for public comment. 
Proposed qualitative goals and associated numerical guidelines for nuclear power plant accident 
risks are presented. The significance of the goals and guidelines, their bases and rationale, and 
their proposed mode of implementation are indicated.

1. INTRODUCTION

In its response to the recommendations of the President's 

Commission on the Accident at Three Mile Island, the United 

States Nuclear Regulatory Commission (Commission or NRC) stated 
that it was "prepared to move forward with an explicit policy 

statement on safety philosophy and the role of safety-cost trade

offs in the NRC safety decisions." In February of this year the 

Commission issued for public comment a proposed safety-goal 

policy statement [1] as a step in that direction. Current 

regulatory practices are believed to ensure that the basic 
statutory requirement, adequate protection of the public, is met. 

Nevertheless, current practices could be improved to provide a 

better means for testing the adequacy of and need for current and 

proposed regulatory requirements. The Commission issued its 

proposed statement in the belief that such improvement could lead 

to more coherent and consistent regulation of nuclear power 

plants, a more predictable regulatory process, a public 

understanding of the regulatory criteria that the NRC applies, 

and public confidence in the safety of operating plants.

The subject of the statement is the Commission's views on the 

acceptable level of risks to public health and safety and on the 

safety-cost tradeoffs in regulatory decision making.
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The proposed policy statement focuses on nuclear power plant 

accidents which may release radioactive materials from the 
reactor to the environment. The statement expresses the intent 

that nuclear power plant accident risks from various initiating 

mechanisms be taken into account to the best of the capability of 

current evaluation techniques, even where uncertainties (as with 

earthquakes) may be substantial. The safety goal does not 

include risks from routine emissions, from the nuclear fuel 

cycle, from sabotage or from diversion of nuclear material.

Preparation of the policy statement was aided by a proposed 

approach to quantitative safety goals for nuclear power plants 

submitted for consideration by the Commission's Advisory Committee 
on Reactor Safeguards (A C R S ) .[2] In addition, the Commission 

has solicited and benefited from information and suggestions p r o 

vided by workshop discussions. Two NRC-sponsored workshops have 

been held, the first in Palo Alto, California, on April 1-3, 1981 

and the second in Harpers Ferry, West Virginia, on July 23-24 of 

that year. The first workshop addressed general issues involved 

in developing safety goals.[3] The second workshop focused on a 

discussion paper which presented proposed safety goals.[4] Both 

workshops featured discussion among knowledgeable persons drawn 

from industry, public interest groups, universities, and e l s e 

where, and representing a broad range of perspectives and d i s 

ciplines .

The Commission also held one-day public meetings in Atlanta, 

Boston, Los Angeles, and Chicago to receive comments on its 

proposed policy statement. The NRC contracted with the League 

of Women Voters to moderate the meetings in Boston, Los Angeles, 

and Chicago, and to serve as the local contacts. In Atlanta, 

the meeting was moderated by Dr. Aranson of Emory University 

Law and Economics Center and the NRC's Region II office performed 

as the local contact.

In arriving at a final decision on a policy statement for 

nuclear power plant safety goals, the Commission will take into 

consideration the comments and suggestions received from the 

public in response to its draft statement, as well as further 

ACRS advice. The NRC received 41 written comments by May 11,

1982 and more comments are expected.

2. QUALITATIVE SAFETY GOALS

Adoption of qualitative safety goals supported by provisional 

numercial guidelines is proposed. The proposed first qualitative 

safety goal provides that the risk of a nuclear power plant 

accident not be a significant contributor to a person's risk of
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accidental death or injury. The intent is to require a level 

of safety such that individuals living or working near nuclear 

power plants should be able to go about their daily lives without 

special concern by virtue of their proximity to such plants. Thus, 

the first proposed safety goal is:

. Individual members of the public should be provided a 

level of protection from the consequences of nuclear 

power plant accidents such that no individual bears a 

significant additional risk to life and health.

The Commission also proposed that a limit be placed on the 

societal risks posed by reactor accidents. This proposed goal 

has two elements. First, the risk of accidents should be such 

that, when added to the risk of normal operation, the total risk 
to the public from an operating nuclear power plant would be 

comparable to or less than the risk from other viable means of 

generating the same quantity of electrical energy. Second, the 

risks of accidents should be reduced to the extent that is 

reasonably achievable through the application of available 

technology. (This principle is already applied to the normal 
operation of nuclear power plants.) The use of a benefit-cost 

test on safety improvements to reduce societal risks is implicit 

in this goal. Thus, the Commission's second proposed safety goal

i s :

. Societal risks to life and health from nuclear power plant 

accidents should be as low as reasonably achievable and 

should be comparable to or less than the risks of 

generating electricity by viable competing technologies.

The comparative part of this goal is to be interpreted as 

requiring that the risks from accidents should be low enough that 
the total risks of nuclear power plants resulting from normal 

operation and accidents are comparable to or less than the total 
risks of the operation of competing electricity generating 

plants.

3. PROVISIONAL NUMERICAL GUIDELINES

3.1 General Considerations

A key element in formulating a safety policy which establishes 

numerical guidelines is to understand both the strengths and 
limitations of the techniques by which one judges whether these 

guidelines have been met.
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A major step forward in the development and refinement of 

accident risk quantification was taken in the Reactor Safety 

Study completed in 1974.[5] The objective of the Study was "to 

try to reach some meaningful conclusions about the risk of 

nuclear accidents." The Study did not directly address the 

question of what level of risk from nuclear accidents was 

acceptable.

Since the completion of the Reactor Safety Study, further 

progress in developing probabilistic risk assessment and in 
accumulating relevant data has led to recognition that it is 

feasible to begin to use quantitative reactor safety guidelines 

for limited purposes. However, because of the sizable uncertain

ties still present in the methods and the gaps in the data base-- 

essential elements needed to gauge whether the guidelines have 

been achieved--the quantitative guidelines should be viewed as 

provisional aiming points or numerical benchmarks, and are not 

substitutes for existing regulations.

It is important to make clear in connection with numerical 

risk guidelines that no death attributable to a nuclear power 

plant accident will ever be "acceptable" in the sense that the 
Commission would regard it as a routine or permissible event. We 

are discussing acceptable risks, not acceptable deaths. In any 
fatal accident, a course of conduct posing an acceptable risk at 

one moment results in an unacceptable death moments later. This 

is true whether one speaks of driving, swimming, flying or 

generating electricity from coal. Each of these activities poses 

a calculable risk to society and to individuals. Some of those 
who accept the risk (or are part of a society that accepts the 

risk) do not survive it. The Commission intends that no such 

accident(s) will occur, but the possibility cannot be entirely 

eliminated. Furthermore, this risk is less than the risk that 

society will accept from each of the other activities mentioned 

above during the same 30-year period, including generating the 

same amount of electricity from coal.

3.2 Individual and Societal Mortality Risks

Two provisional numerical guidelines are proposed:

. The risk to an individual or to the population in the 
vicinity of a nuclear power plant site of prompt f a tali

ties that might result from reactor accidents should not 

exceed one-tenth of one percent (0.1%) of the sum of prompt 

fatality risks resulting from other accidents to which 

members of the U.S. population are generally exposed.
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. The risk to an individual or to the population in the area 

near a nuclear power plant site of cancer fatalities that 

might result from reactor accidents should not exceed one- 

tenth of one percent (0.1%) of the sum of cancer fatality

risks resulting from all other causes.

The Commission proposed this 0.1% ratio of the risks of nuclee 

power-plant accidents to the risks of accidents of non-nuclear- 

plant origin to reflect the first qualitative goal, which would

provide that no individual bear a significant additional risk.

In addition, the 0.1% figure is consistent with the provision of 

the second qualitative safety goal which seeks to keep risks as 

low as reasonably achievable. It is also consistent with the 

comparative provision of the second qualitative safety goal, 

since calculations suggest that the risk of accidents at a 

nuclear power plant that is consistent with the proposed 

numerical guidelines would compare favorably with risks of viable 

competing technologies. The 0.1 percent ratio to other accident 

risks is low enough to support an expectation that people living 

or working near nuclear power plants would have no special 

concern due to the plant's proximity.

In the United States, on the average 5 persons out of 10 000 

die annually as a result of accidents. Therefore, the prompt 

fatality risk guideline would be set at 0.1% of this rate (1/1000

x 5 x 1/10 000 = 5 x lO- '7 prompt fatalities/ year). This would

limit the increase in an individual's annual risk of accidental

death by an increment of no more than 5 in 10 ООО 000 per year.

In 1981, approximately 19 persons out of 10 000 died in the 

United States as a result of cancer. Therefore, the delayed
fatality risk guideline would be set at 0.1% of this rate (1/1000
x 19 x 1/10 000 = 19 x 10-7 delayed fatalities/year). This would 

limit the increase in an individual's annual risk of a cancer
death by an increment of no more than 19 in 10 000 000 per year.

3.3 Benefit-Cost Guideline

The following benefit-cost guideline is proposed for use in 

decisions on safety improvements which would reduce individual 

and societal risks below the levels specified in the first and 

second numerical guidelines in accordance with the "as low as 

reasonably achievable" (ALARA) principle:

. The benefit of an incremental reduction of risk below the 

numerical guidelines for societal mortality risks should 

be compared with the associated costs on the basis of us 

$1 000 per man-rem averted*

1 1982 US dollars.
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This guideline is intended to encourage the efficient alloca
tion of resources in safety-related activities by providing that 

the expected reduction in public risk that would be achieved 

should be commensurate with the costs of the proposed safety im

provements. The benefit of an incremental reduction of risk 

below the numerical guidelines for societal mortality risks 
should be compared with the associated costs, including all 

reasonably quantifiable costs (e.g., design and construction of 

plant modifications, incremental cost of replacement power during 

mandated or extended outages, changes in operating procedures and 

manpower requirements).

Justification of proposed plant design changes or corrective 

actions would be related to the reduction in risk to society 

measured as a decrease in expected population exposure (expressed 

in man-rem) under accident conditions. To take into account the 

fact that a safety improvement would reduce the public risk 

during the entire remaining lifetime of a nuclear power plant, 

both the estimated cost of the improvement and the benefit (risk 

reduction) should be adjusted to reflect only the remaining years 

during which the plant is expected to operate (i.e., annualized).

The NRC staff has some experience in the use of benefit-cost 

analysis and criteria in evaluating improvements in the treatment 

of routine radioactive effluents from nuclear power plants. In 
1975 the Commission discussed a benefit-cost value of $1 000/man- 

rem reduction in the evaluation of improvements proposed to re 

duce routine radiation exposures. However, the use of a benefit- 

cost guideline in evaluating means for reducing population risks 

from power reactor accidents would be new.

3.4 Plant Performance Guideline

An important objective of efforts to reduce the public risk 

associated with nuclear power plant operation is to minimize the 

chance of serious reactor core damage since a major release of 
radioactivity may result from accidents involving core damage. 

Because of the substantial uncertainties inherent in probabilis

tic risk assessments of potential reactor accidents, especially 

in evaluation of accident consequences, the Commission proposes a 

limitation on the probability of a core melt as a provisional 
guideline for NRC staff use in the course of reviewing and 

evaluating probabilistic risk assessments of nuclear power plants. 
The proposed guideline is as follows:

. Large-Scale Core M e l t : The likelihood of a nuclear
reactor accident that results in a large-scale core melt 

should normally be less than one in 10 000 per year of 

reactor operation.
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The Commission also recognizes the importance of mitigating 

the consequences of a core-melt accident, and continues to 

emphasize containment, remote siting, and emergency planning as 

integral parts of the defense-in-depth concept.

4. IMPLEMENTATION

The application and prospective regulatory use of safety 

goals and associated numerical guidelines are important 

considerations in a Commission decision whether to adopt a 

particular proposed set of goals and guidelines. The Commission's 

intention is that the goals and guidelines would be used by the 

NRC staff in conjunction with probabilistic risk assessments and 

would not substitute for NRC's reactor regulations. Rather, 

individual licensing decisions would continue at present to be 

based principally on compliance with the Commission's regulations.

The proposed numerical benefit-cost guideline may be used 

during the trial period as one consideration in deciding whether 

corrective measures or safety improvements should be made in 
plants previously approved for construction or operation. Ben e 

fits should be measured in terms of estimated annual reduction in 

radiological risk due to reactor accidents. Costs of safety 

improvements should be annualized over the remaining plant life.

In all applications of the goals and guidelines, the 
probabilistic risk assessments, if performed, should be documented, 

along with the associated assumptions and uncertainties, and 
considered as one factor among others in the regulatory decisionmaki 

process. The nature and extent of the consideration given to the 

numerical guidelines in individual regulatory decisions would 

depend on the issue itself, the quality of the data base, and the 
reach and limits of analyses involved in the pertinent probabilistic 

calculations. The proposed numerical guidelines should aid 
professional judgment, not replace judgment with mathematical 

f o r m u l a s .

At the time of writing the NRC staff was developing for 

Commission consideration a specific action plan for implementa

tion of the proposed qualitative safety goals and numerical 
g u i d elines.
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Abstract

POSSIBILITIES AND LIMITATIONS OF THE DEVELOPMENT AND THE QUANTIFICATION 
OF SAFETY OBJECTIVES.

In a number of European Community (EC) countries quantified reliability analysis of 
structures and systems is increasingly being developed. In a limited and flexible way an attem pt 
is made to fix specific reliability values for certain types of equipment (e.g. reactor shutdown 
systems) which are im portant for safety. Likewise, an attem pt is made to  quantify risk and to 
introduce the risk concept into safety evaluation and the licensing process. Here, the overall risk 
of installations and even of complete fuel cycles is generally evaluated. A corollary of this 
development is the comparison of risks of different energy sources and putting these risks into 
the perspective of other individual and societal risks. Quantification of reliability and risk led 
from the beginning to more transparency of safety and has given on overall view of the relative 
importance of different systems in complex installations. More and more frequently attention 
is now being paid to  the development of specific and overall safety objectives. For a compre
hensive comparison such safety objectives have to be quantified. The main difficulty here is 
that establishing reasonable quantitative safety objectives may not be easy; it may be even more 
difficult to verify whether complex installations or fuel cycles will fulfil such objectives. The 
lack of sufficiently precise reliability data and the influence of human factors will be the main 
problems and efforts are underway to solve them. A harmonized approach in the establishment 
of safety objectives is an im portant problem, in particular for the EC in view of its geographic 
configuration where accidents can have consequences for the population across national frontiers. 
The development of divergent safety objectives between countries may also result in levels of 
protection which are too unbalanced to be considered acceptable.

1. INTRODUCTION

Within the framework of CEC activities in nuclear safety, national European 
experts discussed in 1977/1978 the use of reliability analysis and of the risk 
concept in nuclear safety analysis. The discussions resulted in a synthesis report, 
a survey of which has been presented elsewhere [1]. A short updated review is 
given below. As a logical follow-up to this risk concept study, taking account of 
developments in the USA, it was decided in 1980 to start a study on the use and 
future need for specific and overall safety objectives for nuclear power plants. 
This action is underway and a survey of preliminary results can now be presented.
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This paper expresses the personal views and opinions of the authors which 
do not necessarily correspond with those of the national delegates to some of the 
EC standing working groups and those of the CEC.

2. THE USE OF RISK CONCEPT IN NUCLEAR SAFETY ANALYSIS

2.1. The notion of ‘risk concept’

The risk concept is commonly understood as the combination of the 
negative consequences of possible events and the likelihood of their occurrence.

Although the expression ‘negative consequences’ could mean any kind of 
negative effect, in the specific case of risk analysis referred to nuclear power plants 
the consequences taken into account in practice are frequently limited to doses 
to people from radioactive releases. This is usually justified by the difficulty of 
evaluating other types of consequences in a coherent way, and also by the 
consideration that such other consequences could be of secondary importance. 
There is not always complete agreement on this latter point: some argue that 
the social and economic damage in some cases could be no less serious than the 
damage to people.

How to put the risk concept into suitable operative terms as a partial contri
bution to a decision-making process where the risk factor must be considered is 
still a complex subject.

The criticism normally raised against the adoption of the product conse
quences X probability as measures of the risk is that the product does not 
distinguish between events with low consequences and high probability and those 
with high consequences and low probability. This leads in some instances to the 
use of the product in the area of the most serious accidents, it being considered 
that the risk parameters in that area are homogeneous enough.

The possibility of assigning a suitable weighting factor to any consequence 
is also pointed out. Although this possibility is generally considered formally 
correct, there is some doubt about its practical implementation, first of all because 
of the technical difficulties and, in addition, because it is not easy to limit the 
problem to a merely technical sphere, since such an attribution of weighting 
factors also has a political character: in point of fact, no weighting factor has 
been used in the licensing process so far.

Risk can most properly be represented by a graph or equivalent (e.g. 
histogram or table) where the consequences of varying magnitude and their 
respective integral probabilities appear (e.g. cumulative frequency curves). From 
this point of view risk analysis consists in determining such a set of coupled 
values. Alternatively, it can be represented by risk-contour plots (i.e. variation of
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risk with geographical location): these are useful for land-use planning including 
site selection and buffer-zone (e.g. exclusion-zone) determination.

This does not necessarily imply the existence of a criterion for acceptance.

2.2. The present state of probabilistic risk analysis (PRA)

Risk studies have been performed for nuclear power plants on a general level 
(e.g. integrated multi-plant, multi-site), WASH-1400 type, in some European 
countries [2 — 4]. The most important of these studies, the German Risk Study, 
Phase A [4], has now a follow-up in its Phase B, which will be finalized next year. 
As mentioned during the CEC Working Group meeting in June 1981 [5], this 
Phase В will include more detailed investigations on problems recognized as being 
relevant to the risk in the light of the results obtained so far but not dealt with 
in Phase A. Particular attention will be given to the following key areas:

— Expansion of the transient analyses to include the detailed event sequence 
analyses for a number of further initiating events;

— The range of problems associated with ‘operating error’, and listing and 
evaluation of unplanned measures;

— Estimation of the possible contribution of in-plant fires to the risk;

— The listing and evaluation of common mode influences.

In addition, and this is the second point, it is intended to apply further 
developments in methodology and to make use of the most recent results of 
reactor safety research in determining the risk. Generally more realistic, i.e. less 
conservative, results with narrower ranges of error should thus be obtained. In 
Phase В an attempt will therefore be made to replace the conservative simplifying 
assumptions used hitherto with improved model developments and, as far as 
possible, to base the analyses to a greater extent on ‘best estimate’ calculations.

As regards studies on the in term ediate level (i.e. plant specific, multi-systems), 
which have been carried on intensively in the USA for about two years within the 
IREP, NREP programmes, it seems that there are so far (with the exception of 
Sweden) no European equivalents with the same extent. However, the outcome 
of a risk analysis of the Kalkar fast breeder (Federal Republic of Germany) has 
been announced, France seems likely to proceed with a risk analysis of a typical 
900 MW(e) PWR, and a similar analysis has been performed for the Sizewell PWR 
(UK) in connection with the public enquiry on this nuclear power plant (NPP).

Risk studies on a specific level (i.e. systems), e.g. reliability analysis of vital 
or safety systems at the design phase and in support of submissions in the licensing 
procedures, are being developed now on an increasing scale in European countries.
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2.3. Status of the use of probabilistic approach in safety analysis

The approach applied in the design phase and in the licensing process for 
nuclear power plants is generally the deterministic one, often derived from USNRC 
rules. Such an approach is, nevertheless, very often integrated into, or at least 
supported, by probabilistic analyses.

The purpose of these analyses is:

— Optimization among different alternative solutions;

— Assessment of the reliability of particular systems (e.g. emergency core 
cooling system, instrumentation system, protective system, emergency 
generators);

— Classification of accident situations into categories;

— Maintenance and test planning;

— Selection of the initiating events and their combinations to be taken into 
account; the protection required to withstand them is normally designed 
with deterministic criteria.

The probabilistic approach has had till now only a limited impact on the 
development of regulatory requirements, even in those areas where this approach 
is used. In fact, even in those few cases in which principles have expressly been 
established in probabilistic terms, they do not always represent actual regulatory 
requirements but are mostly a guide for independent reviews carried out by the 
licensing authority staff.

There are several reasons for the hesitant introduction of PRA in licensing 
and regulatory requirements, namely:

(1) The m ethodological lim itations of risk analysis such as:

— Inaccuracy of the mathematical models;

— Incompleteness of the analysis;
— Inadequacy of the criteria of acceptability, i.e. the lack of sufficiently 

agreed reference points (values) of acceptability;
— Difficulty of checking the final results;

— Complexity and laboriousness of the techniques employed;

— Data gathering and the representativeness of such data.

Improvements are being made and can further be made for each of these 
items; however, the effort and expense of data gathering cannot be reduced.

(2) The practical reason that risk analysis techniques require considerable 
outlay in manpower and costs. It is also common practice that the regulator
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does not simply believe what the applicant is offering but has a means of 
independent verification. This is relatively easy (not necessarily ideal) with 
deterministically set criteria, standards, codes, etc., but is complicated with 
quantified risk approaches.
On the other hand, considerations of probability have had a significant 

impact on establishing operational practices, particularly those relating to 
maintenance and repair.

Furthermore, the results of probabilistic analyses can be used also to require 
changes in the deterministic criteria, to test their conservatism or to verify the 
consistency of different deterministic criteria.

3. SAFETY OBJECTIVES FOR NUCLEAR POWER PLANTS

3.1. General observations

A corollary to the discussion in the preceding section where the possibilities 
for an introduction of the probabilistic approach into the essentially deterministic 
licensing and regulatory requirements have been explained is the question of 
whether it is possible and opportune to set quantified safety objectives. To put 
this question in perspective it is useful to mention two apparently opposing but 
in practice complementary approaches in this regard:

(1) Applying fully the principle of saying no risk, however small, is acceptable 
if it can be reasonably reduced (cf. the ALARA concept in radiation 
protection). A basic question is whether potential accidents having a 
frequency (probability of occurrence) of between 10"5 to 1 O'7 per 
installation-year (i.e. conditions before external release) but with severe 
consequences (corresponding nevertheless to a very small individual risk of 
the order of 10“9 per installation-year) can be reasonably reduced on the 
basis of a cost-benefit (risk reduction) analysis. Another unsolved question 
is to what extent supplementary engineered safety features to cope with 
such situations render the installations increasingly complex and perhaps in 
the end less safe.

(2) Saying that it is necessary to develop quantitative safety goals (how safe is 
safe enough? ) in which the nuclear activities are put into perspective
with other public risks (e.g. other energy sources and major hazards industries) 
and in which the cost-benefit (risk reduction) aspects of supplementary 
protection and accident consequence mitigating devices are considered.
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For this second approach the following two considerations apply:

— A factor that distinguishes NPP safety from that of conventional activities 
also considered hazardous (e.g. chemical and petrochemical industries, 
handling of explosives, toxic gases) is that for the latter the defence-in-depth 
does not generally go further than the 1st level or sometimes the 2nd level 
(3 levels in NPPs); however, in some countries this is changing, partly 
inspired by techniques employed in the nuclear area.

— In non-nuclear major hazards activities accidents with severe consequence 
are in fact “foreseen” on the basis of actual statistical data of occurrence 
and have a frequency (probability of occurrence) of the order of 10"4 — 1 O'2 
per installation-year or even more, i.e. several orders of magnitude more 
probable than the pred ictive  occurrence of the unforeseen (beyond DBAs)1 
accident conditions in NPPs.

This second approach would logically de-emphasize the importance given nowadays 
to the perhaps foreseeable  but u nexpected  accident conditions in NPPs.

It is likely that in conjunction with the setting of a reasonable safety goal 
with regard to the nuclear potential hazard (2nd approach) one will receive 
guidance on the answer to the basic question of tendency (1): down to what 
point is it still reasonable to reduce the (residual) risk.

Important developments in the second approach are now underway 
in the USA. It should be mentioned that the USNRC discussion paper (see 
Annex 1) on the subject [6] distinguishes between ‘qualitative safety goals’ and 
‘numeric guidelines’. This distinction is, however, artificial: a thorough analysis 
of the two qualitative safety goals given in Ref.[6] reveals that in reality they are 
quantitative.

It may be observed that there is a tendency in the USA, but also in 
European countries, to introduce aspects of the ‘safety goals’ approach in the 
ALARA approach. A summary of the indications of this development in 
European countries is given below.

3.2. CEC Task Force on Safety Goals/Objectives

To study and, if possible, to give some guidance on the subject, closely 
connected with one of the CEC standing working groups on nuclear safety, 
a Task Force on Safety Goals/Objectives has been set up.

It is in the mandate of this Task Force:

— To consider on a technical basis the need and possibilities for and the 
limitations of overall safety objectives for nuclear power plants, taking stock

1 Design basis accident.
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of various trial approaches (such as for instance those using risk comparisons 
with other power sources and with major hazards industries, risk-cost 
benefit balancing, cost effectiveness of risk reduction or those using 
extrapolation of acceptability of radiation limits to technological/engineering 
aspects or possibly other approaches) being discussed in EC Member States 
and abroad.

-  To examine the merits and implications of the various (or selected) approaches 
and to determine the degree of coherence and the divergencies in their 
possible applications.

-  To summarize this by establishing status reports comprising an outline of 
the degree of coherence and of the divergences in the experts’ opinions, 
including the appropriate comments and minority views.

— To advise -  depending on the outcome of the actions mentioned above -  
the Commission of the European Communities on how and to what extent 
feedback into US efforts currently underway is opportune and feasible.

It is clear that these activities are closely connected with the CEC efforts to 
harmonize methodologies, criteria, standards and codes for light-water reactor 
safety in the different EC countries, and here the equivalence of safety objectives 
play an essential role.

3.3. Survey of approaches regarding the use of safety objectives

As a starting point for further discussion a brief survey is given of the 
approaches in use or in development in some European countries:

— The current U nited K ingdom  methodology embodies an evolution from the 
earlier “credible/incredible” approach to one combined with a compre
hensive probabilistic risk assessment (PRA). For the former, certain events 
may be accepted as being so low in risk of occurrence that general further 
provisions or particular dispositions in the design to deal with them are not 
justified. For the latter, numerical targets are set and reliability values are 
specified which relate to the performance of the kinds and numbers of 
components in the systems used in safety functions.
While PRA is not to be employed as the sole basis for safety assessment, it 
is seen to have particular value in ensuring that a systematic approach is 
followed and that a balanced design is achieved in terms of the safety 
performance of the plant.
Particular guidance in this m atter is given in the N11 “Safety Assessment 
Principles” [7]. In that document emergency reference levels (ERLs) are 
defined and frequency levels for ERLs are indicated.
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— In Ita ly  generally the codes and standards of the country of origin of the 
plants (USA) are used. In the course of licensing CAORSO in certain 
limited areas PRAs were used in order to compare different design solutions. 
For the licensing of the two new PWR plants ENEA requires a more 
complete PRA. Quantitative safety objectives for the maximum equivalent 
individual dose to the public have now been formulated. However, a standard 
method for the implementation of these objectives has not yet been defined.

— In France the use of probabilistic methods is only at the first of three stages 
mentioned in a paper [8] presented at the IAEA Stockholm Conference:
“use as an aid to safety evaluations” ; the 2nd stage, “introduction of 
probabilistic criteria in safety rules” , and the 3rd stage, “realization of a 
coherent system of risk acceptance criteria” , have yet to follow.
In France, however, two examples of very global safety objectives can be 
mentioned: the first is that the overall probability of inadmissible 
consequences should not exceed 10"6 per year. This figure is an order of 
magnitude. The second example is that three categories of releases are 
defined, two of them for ‘conceivable’ accidents, and one for accidents at 
the limit of what is conceivable.
Generally speaking, the approach chosen here is towards the systematic 
definition of plant performance goals in order to cope with accident 
conditions classified according to degrees of severity.

— In the Federal Republic o f  Germany the deterministic approach has been 
used for licensing up to now. Reliability studies are used for the evaluation 
of the improved redundancy of certain systems.
The German Risk Study led to a certain amelioration of systems and 
procedures and to some backfitting requirements for existing plants 
(Biblis В and plants of comparable design). Nevertheless, a tendency seems 
to exist to a careful, flexible use of target figures and safety goals; a 
systematic examination on this seems to be underway in the Federal Republic 
of Germany.

— In Belgium  PRAs are not required, but nevertheless some accident proba
bility calculations are included in safety reports, in particular for certain 
external impacts like aircraft crashes. Actual discussions mention both the 
advantages of relatively precise risk figures and the disadvantage of their 
possible misuse by anti-nuclear people. The developments in the USA are 
followed with interest.

— In Denm ark  the deterministic approach is used, but comparative studies 
between nuclear and non-nuclear risk have been performed.

— In the N etherlands a safety objective has been developed for the choice of 
sites. PRA is now used in a number of nuclear and non-nuclear applications.
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This approach could have repercussions on the development of safety 
objectives in the nuclear field.

-  In Sweden  no legal dispositions on safety objectives exist. Many PRAs have 
been undertaken or are underway. They are used as an aid to diagnosis of 
design, construction and operation. A safety objective of 10"6 — 10"7 per 
year as a limit value for the probability of severe accidents is used as an 
a priori value for the construction of installations, but this figure is not 
used for licensing.

A practice which has become widely applied in most countries is the position 
taken that the probability of an accident with serious consequences caused by an 
external influence (e.g. aircraft crash) must be small compared with the probability 
of serious accidents from internal causes.

The frequency for such external events is usually chosen to be smaller than 
10*7 — 10‘6 per reactor year. This can be regarded implicitly as a safety goal value, 
since exceeding this limit has protective design implications.

It is clear from this survey that safety objectives and their use are in an early 
stage of development. There is a tendency in EC countries towards a certain 
similarity in approach: most of these countries have developed tables presenting 
frequency figures and corresponding dose values of limits for members of the 
public for various categories of levels of incident severity. Examples of such tables 
developed by Nil, CEGB and ENEA, corresponding to the information given in 
Refs [7, 9] are given in Annex 2.

It can be concluded:

(1) That so far the type of targets or safety goals used in European countries are 
‘release limits in connection with frequency values for accident conditions’ 
and ‘reliability figures for safety systems’.

(2) That the figures given in such tables for different countries are similar, but 
it should be pointed out that the status of the application of these tables 
differs from country to country and there may be differences in classifying 
events in various categories and in calculating the radiation doses.

4. PERSONAL OBSERVATIONS

4.1. Types of target values and safety objectives

Numerous approaches to the use and further development of target values 
and safety objectives exist [10]. One way of categorizing them is as follows:

(1) Reliability figures for safety systems in connection with frequency values 
of specific accident conditions (e.g. core melt);
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(2) Release (or dose) limits in connection with probabilistic frequency values of 
overall accident conditions;

(3) Individual risk values;
(4) Societal risk values;
(5) Comparative risk values.

Combinations of these types can be applied. While the proposed USNRC 
safety goals apply a combination of categories (3), (4) and (5) (in conjunction 
with the application of ALARA), the European approaches so far generally apply 
categories (1), (2) and (3).

4.2. Difficulties and limitations

4.2.1. Verification problem

In principle, it is possible to develop, establish and prescribe safety goals; 
however, verification is subject to considerable uncertainty. For instance, 
verification of an accident frequency goal of 10'4/a becomes almost meaningless 
if you can calculate that frequency only with an uncertainty factor of 10 in both 
directions, resulting in a range between 10"3— 10's . Moreover, the consequences 
of the incident can be evaluated only with an uncertainty of a factor of 10 in 
both directions. The same difficulty arises with a cost-benefit guideline for risk 
reduction.

NUREG 0880 mentions a basis of US $ 1000 per man-rem, but it is hardly 
possible to verify such a value. The main problems of verification find their origin 
in the difficulty of quantifying human behaviour and identifying common mode 
failures.

4.2.2. Human perform ance data in nuclear p o w er p lan t operation, test, 
maintenance and calibration tasks

Generally there is a strong imbalance between the recognized importance of 
human failure and of human behaviour and the success of the efforts to take these 
into consideration. The main reason seems to be that such efforts are not likely 
to be successful in a reasonably short time since the quantitative evaluation of 
human failure probability is difficult. It is just the unique capabilities contributed 
by human operators, such as a wide adaptation of actions to plant dynamics, 
disturbance characteristics, system failures, etc. that are the cause of this difficulty. 
On the other hand, in test, maintenance and calibration routines human flexibility 
is important, but equally leads to inaccuracy in error estimates.

While hardware components generally have a limited set of states, human 
behaviour is complex and in particular the interaction between consequent tasks
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performed or not performed by one or more operators make it difficult to 
elaborate a reliable model.

Nevertheless, together with methods for improving human performance, 
quantitative assessment in this field must continue.

4.2.3. Com m on m ode failure

As stated in the Reactor Safety Study WASH-1400, the heart of successful 
risk assessment and a principal factor in the adequacy of the event tree/fault tree 
methodology is the proper identification o f potential common mode failures. 
Nevertheless, there is no totally acceptable method for dealing with common 
mode failures caused, for example, by cascading effects, by outside influences or 
by component weaknesses.

The problem is that these failures arise because some possible events or 
combinations o f circumstances have been overlooked in design, operation, 
inspection, etc. If they are overlooked there, the chance that they will all be 
detected by reliability experts, less informed on the particular situation of a plant, 
is not large. The activity of tracing common mode failures is very useful for 
industrial safety. The resulting figures should be treated with scepsis.

Some attention has to be paid in this connection to fire probability, for fire 
can be the cause o f common mode failure. Some days before the well-known 
Browns Ferry fire (22 March 1975) small fires happened at the same plant, but 
were considered as no reason to change the procedure o f leak detection by means 
of candles. The conclusion might be that in that case a large fire was not a low 
probability occurrence but a certain event.

4.2.4. Im plem entation  o f  sa fety  goals

It is certainly too early to consider the introduction of such safety goals 
into legislation. Apart from the difficulty of verification (see section 4.2.1), 
in a number of countries such an introduction cannot be seriously considered for 
this would also require detailed establishment o f calculation methods within a 
legally framed network and it is feared that legally established safety goals could 
be detrimental to attempts at further improvements. Furthermore, a more 
widespread introduction of quantitative safety goals is difficult. The problem 
arising when fixing such goals is that it is difficult to agree on a basis for such 
goals, e.g. should they be based on:

— Comparison with other risks (traffic, other industries);
— Cost versus effectiveness o f risk reduction;
— Cost-benefit considerations;
— Safety as a fundamental right for all citizens?
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In the meantime there is certainly merit — if not a need — in looking at them 
as a basis for coherent guidelines in safety assessment.

4.3. The use and need o f coherent safety goals

Despite the above-mentioned pitfalls, the gradual introduction of quantitative 
safety goals in the nuclear (and non-nuclear) field would provide a systematic — 
rather than an intuitive — approach, better transparency and coherence in policy 
and practical decisions.

With regard to the normal operation o f nuclear installations, the upper 
radiological limits (e.g. ICRP or EURATOM basic norms) provide assurance that 
protection of the public is approximately equivalent in various (e.g. neighbour
ing) countries, although application of the ALARA principle shows divergences.

However, with regard to the prevention of accidents, and the analysis o f  
their consequences and taking account o f the site-installation interaction, the 
differences in licensing procedures and regulatory requirements lead in each 
country to a level of protection which is practically impossible to measure and 
thus to compare objectively, or at least systematically. One fundamental reason 
is the absence o f com m on  quantified safety objectives combined with the absence 
of a proven  methodology (i.e. PRA) capable of demonstrating the objectives, thus 
playing — in the accident area — a role analogous to the equivalence of radiation 
protection limits.

The difficulty is evident since we have to assess very complex technological 
(hardware) systems including numerous software impacts. Even within 
standardized-concept plants, conformity in design is unattainable and the quality 
of construction and especially of the operation is variable. In this latter respect 
the (un)reliability o f plant management and operation (human factors and 
man/machine interaction) is still a ‘grey’ area that may be determining and, 
therefore, merits increased attention in the systematics of safety goals and PRA.

Despite the complexity of the problem and the error bands with which one 
would have to work, the following systematic approach is submitted for 
consideration:

(1) Agree  on common safety objectives (i.e. a combination o f the types spelled 
out under section 4.1 above), which — at least for industrially developed 
countries — should be basically the same (or else subject to a ranking system).

Or at least agree on a coherent set of release (or dose) limits in connection 
with frequency values for overall accident conditions o f increasing/decreasing 
severity; this also implies agreement on the emergency reference levels (ERLs) 
which initiate distinct actions (e.g. warning, shelter, evacuation) in emergency 
planning.
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(2) Agree on a ranking (or rating) o f site conditions (demographic, seismic, 
aircraft hazard, etc.; i.e. site categories), e.g. o f the type currently applied in 
the Federal Republic of Germany.

(3) Agree on a ranking o f the site-related (protective) design bases and as far as 
possible o f the operational measures intended to cope with the various 
categories o f releases ((1) above).

It seems that such an approach — correlating in a formal manner site 
conditions from the health and safety standpoint and plant response and per
formance in accident conditions o f varying degrees — could enhance the global 
demonstration of equivalence in technological safety measures for NPPs — 
especially in transborder situations — and hence facilitate negotiations and 
technical discussions on these matters (i.e. site survey and selection, safety design, 
emergency planning provisions) and the acceptance by the decision makers and 
the public.

It could also facilitate exports/imports o f NPPs on a world-wide basis.

5. CONCLUSIONS

Considerable efforts are underway to determine valid quantified safety 
objectives and to implement them.

This task is very difficult for various reasons, amongst which the ‘measuring 
stick’, i.e. quantified risk analysis (PRA), is still subject to large uncertainties.

Furthermore, and here lies its importance and at the same time its main 
difficulty, this approach opens an innovative way in relationships in a 
technologically developing society and the risks which can be considered 
acceptable for the individuals composing this society.

It would be unreasonable for an activity of this nature to develop in the 
various nations incoherently, although — because o f the inherent difficulties of 
this task — it is not expected that on a short-term basis regulatory requirements 
will be significantly influenced by a concerted approach in this matter.

A global common approach towards health and safety problems, by correlat
ing in a systematic and formal way safety objectives, site conditions and safety 
design (and operational) bases, would serve the purpose o f furthering the general 
acceptance o f  nuclear power.

A difficult variable remains the influence o f  the human factor in plant 
management and operation and this subject therefore merits much care and 
attention in systematic approaches o f  this kind.
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Annex 1

THE SIX FUNDAMENTAL ELEMENTS OF 
THE USNRC PROPOSED SAFETY GOALS

(1) Individual members o f the public should be provided with a level o f protec
tion from the consequences of nuclear power plant accidents such that no 
individual bears a significant additional risk to life and health.

(2) Societal risks to life and health from nuclear power plant accidents should 
be as low as reasonably achievable and should be comparable with societal 
risks less than the risks of generating electricity by viable competing 
technologies.

(3) The risk to an individual or to the population in the vicinity of a nuclear 
power plant site o f prompt fatalities that might result from reactor accidents 
should not exceed one-tenth o f one per cent (0.1%) o f the sum o f prompt 
fatality risks resulting from other accidents to which members o f the
US population are generally exposed.

(4) The risk to an individual or the population ... o f cancer fatalities that might 
result from reactor accidents should not exceed ... (0.1%) o f the sum of 
cancer fatality risks resulting from other causes.

(5) The benefit o f an incremental reduction of risk below the numerical guide
lines for societal mortality risks should be compared with the associated 
costs on the basis of US $ 1000 per man-rem averted.

(6) The likelihood of a nuclear reactor accident that results in a large-scale core 
melt should normally be less than 1 :10000 per year of reactor operation.

Annex 2

EXAMPLES OF TABLES PRESENTING FREQUENCY VALUES AND 
CORRESPONDING DOSE VALUES

1. N11 Safety Assessment Principles

For discrete fault sequences, 
Frequency per year

Assessment reference levels 
(to member of public)

< 3 .3  X 1СГ2 16.6 mrem

3.3 X 10"2 -  3.3 X 1041 500 mrem

< 3 .3  X КГ4 10 rem

‘remote’ >  10 rem
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2. CEGB Design Safety Criteria
Permissible Frequency of Accident Releases

Total/permissible frequency Accidental release
per reactor year Whole-body dose equivalent

10'2 0.01 — 0.1 rem

10"3 0.1 — 1 rem

lO"4 1 — 10 rem

Concurrently:

— Each fault sequence leading to  a large uncontrolled release ( > 1 0  rem) should be smaller 
than 1 O'7 per reactor-year.

— A cumulative frequency of such fault sequences should be smaller than 10"6 per reactor-
year.

3. ENEA, Italy
Technical requirements attached to the construction permit for “ Alto Lazio” BWR nuclear 
power plant

Frequency per year Equivalent whole-body 
dose limit

10'1
(normal operation)

<  5 mrem/a

1 -  5 X lO^2 <  5 mrem/event

5 X 10'2 -  10'3 <  500 mrem/event

<  10'3 <  10 rem/event
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Abstract

CURRENT CEGB SAFETY POLICY AND CRITERIA.
The Calder Hall reactors commenced operation in 1956 followed by the first CEGB 

stations in 1962, and the first AGR was commissioned six years ago. There was a 12-year 
gap between placing the order for Heysham 1, the last of the initial series of AGR stations, 
and the order for Heysham 2 which was placed in 1980. During 1980 the CEGB also placed 
design contracts for a PWR which it intends to build at Sizewell subject to obtaining the 
necessary consent and safety clearances. During this interim period of 12 years there were 
various developments in safety requirements and the use of quantitative analysis was introduced. 
To consolidate agreement between the CEGB, its design contractors and the licensing 
authority, the CEGB has prepared Design Safety Criteria and Guidelines which include 
numerical targets, or safety goals, for use with the probabilistic risk assessment methodology.
The various responsibilities for safety during the design phase are described, including the 
role of the CEGB’s independent Health and Safety Department. The latter developed the 
important fundamental safety criteria which deal with the reliability of the safety protective 
systems, the acceptability of accidental releases of radioactivity, and radiation exposures for 
operators. These criteria are not, however, mandatory and a flexible approach is maintained, 
but it is recognized that satisfactory application of them should lead to a plant design which 
will be acceptable to the CEGB and the N11. Other criteria and guidelines provide information 
on the treatm ent of external and internal hazards, and the engineering factors to be taken into 
account for safety-related equipment, such as quality assurance, plant specifications and general 
layout including diversity, redundancy and segregation. The criteria and guidelines have been 
developed from practical experience, and have been successfully used for the cancelled SGHWR 
project started in 1974, the current Heysham 2 ARG project and the Sizewell В PWR design.

!.. INTRODUCTION
1.1 Under the Nuclear Installations Acts of 1965
and 1969 the Central Electricity Generating Board 
(CEGB) has full responsibility for the safe operation 
of its nuclear stations, with the requirement that no 
harm should arise either to operating staff or to any 
member of the public. Commercial nuclear stations 
commenced power operation in 1962 at Berkeley and 
Bradwell, and the safety standards for these plants 
were developed using the experience of the United 
Kingdom Atomic Energy Authority in designing and
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building the Calder Hall reactors. The latter 
commenced operation in 1956 and today continue in 
full commission with an excellent safety record to 
their credit.
1.2 The policy adopted by the CEGB to achieve
nuclear safety has always embodied certain 
fundamental principles, the main features of which 
are :

The radiation doses received by operators or 
members of the public shall be kept below the 
limits recommended by the International Commission 
on Radiological Protection (ICRP), and furthermore 
shall be kept as low as reasonably practicable 
(ALARP).

All reasonably practicable steps shall be taken to 
prevent accidents, and to minimise the 
radiological consequences of any accident.

1.3 The achievement of safety of nuclear plant 
is a continuous process throughout the life of the 
plant. It commences when design starts, continues 
through construction and during operation for a 
service life which could be up to 40 years, and does 
not end until the plant is decommissioned and 
dismantled. The CEGB's organisational structure 
reflects this safety policy. Initially the CEGB's 
engineering organisation, the Generation Development 
and Construction Division (GDCD), is responsible for 
specifying new plant requirements to the design and 
construction company, the National Nuclear 
Corporation (NNC). GDCD is responsible for the 
procurement of a new station, and for ensuring that 
the plant is designed and built to specification, and 
in accordance with agreed costs and programmes.
After completion of construction the safe operation 
of the plant is the responsibility of the Station 
Manager who is accountable to the CEGB's senior 
management.
1.4 At the commencement of the nuclear programme 
the CEGB established in 1958 a Health and Safety 
Department (HSD) which is independent of all other 
parts of the organisation, and is headed by a 
Director who reports directly to the Chairman and
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Executive of the CEGB. The function of this 
Department is to formulate and provide advice on 
safety policy, to provide independent assessments of 
the safety of nuclear plant from initial design 
through to decommissioning, and to act as the formal 
channel of communication with the licensing 
authority, the Nuclear Installations Inspectorate 
(Nil). Once a plant becomes operational there is a 
comprehensive procedural system for ensuring that 
plant is operated within safe limits requiring the 
use of operating rules and instructions, compliance 
with site licence conditions, and surveillance by HSD 
and N11 inspectors. Each station has a Safety 
Committee which has to approve any changes to 
operating rules or significant modifications to plant 
before they can be implemented, or any other relevant 
safety matter. This paper however will not consider 
the procedures for achieving operational safety, but 
will concentrate on the design aspects.
1.5 Before construction of a new station can 
commence, a site licence has to be obtained from the 
N11; the application by the CEGB for this is based on 
a Reference Design Report and a Pre-Construction 
Safety Report, both of which are comprehensive 
documents. The N11 does not issue detailed 
regulations, standards and criteria which have to be 
met before a site licence for construction is issued. 
Instead the responsibility is firmly placed on the 
CEGB and its design contractors to use independent 
judgement to ensure that the plant is acceptably 
safe. The emphasis therefore is not just on 
compliance with regulations but, for each project, on 
the development of a safety case from basic 
principles to ensure that levels of safety are kept 
as high as reasonably practicable. The designs, 
proposals and agreements are then subject to a 
rigorous examination by the N11. This policy leads 
to a process of discussion and iteration between the 
CEGB, NNC and the N11 in which further data may be 
required or additional information supplied, and 
which may result in some modifications to the design 
before agreement is reached.
1.6 There was a long period between the ordering 
of Heysham 1 in 1968, the last of the initial series 
of the AGR stations, and the order for the Heysham 2 
AGR in 1980. During this period there was increasing 
emphasis and attention given to safety by the nuclear



61 2 MATTHEWS

industry and the public together with a worldwide 
trend for escalation of safety requirements.
Designers became uncertain of the extent to which the 
ALARP principle should be interpreted, so the Board's 
HSD prepared a set of Design Safety Criteria which 
consolidated its own experience and worldwide 
developments in the safety field. During the early 
1970s the CEGB and NNC gained some experience in the 
use of probabilistic risk assessment (PRA) for some 
aspects of the Hartlepool/Heysham 1 AGR designs, and 
then subsequently for the SGHWR project which was 
later cancelled. The results were satisfactory and 
the Board now encourages the use of PRA as a 
supporting tool in safety assessments for new 
stations. The Design Safety Criteria have been 
modified from time to time with experience, and the 
latest issue has been published with the Sizewell В 
PWR Public Inquiry documents [1]* A more detailed 
guide to designers on the implementation of the 
criteria has been prepared by GDCD, and for the PWR 
it is the document "PWR Design Safety Guidelines"
[2]. Both these documents provide guidance and advice 
to designers and the criteria contain targets, which 
are not however regarded as mandatory. These 
documents are accepted by the N11 on the basis that 
their application should lead to a plant design which 
is likely to prove acceptable, and they are generally 
in accordance with the Nil's own Safety Assessment 
Principles document [ 3 ] • The latter document 
describes principles for the Nil's own safety 
assessment work, but also provides guidance to 
designers and operators.

2. DESIGN SAFETY CRITERIA
2.1 The Design Safety Criteria provide guidance
on the important safety related factors which need to 
be taken into account during design. Several of 
these are based on the concept of acceptable risk, 
and are expressed in numerical or probability terms 
as design targets for each reactor -on a site, while 
others describe targets in qualitative or engineering 
terms. The criteria, of both types, fall into three 
broad sections.
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2.2 The first of these, setting out the
fundamental or basic criteria, specifies the 
probability criteria for postulated accident 
conditions, and the targets and methods of assessment 
for radiation doses to operating staff and the public 
under normal operating conditions. The second 
section, dealing with the assessment of possible 
hazards, specifies the types of hazards which are 
required to be considered in the assessment of plant 
reliability a.nd safety. A full range of possible 
hazards originating from within the reactor systems, 
from within the site, and from outside the site is 
covered. The last category includes such occurrences 
as earthquakes, flooding, aircraft crash, sabotage, 
and extremes of wind and temperature. The third 
section, detailing the engineering criteria, 
specifies the system reliability requirements and the 
factors which need to be considered in their 
determination. It goes on to specify criteria for 
reactor protection systems, in terms of such aspects 
as segregation of plant, separation of functions, 
inspection, testing and monitoring, emergency control 
and requirements for operator actions. It further 
specifies requirements for areas of particular 
radiological significance, such as control of 
radioactive discharges, containment and 
meteorological measurements and also specifies a 
requirement for a comprehensive quality assurance 
programme with results fully documented and 
retained.

3. PROTECTION AGAINST ACCIDENTS
3.1 In making use of PRA it is necessary to give
guidance on the low level of probability of failure 
of the safety systems which could be considered 
acceptable. This implies a remote but acceptable 
risk to the public, both individually and 
collectively, yet there is no universally accepted 
numerical standard of risk which can be applied to 
industrial, transport or nuclear activities. The 
CEGB nevertheless selected targets as guidance to 
designers of nuclear plant, which are set with regard 
to the levels of risk perceived in other fields of 
life. They endeavour to ensure that the risks from 
nuclear plant are lower than the every day risks of 
life that currently exist, and can be compared
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favourably with other risks for similar types of 
activity. In making a choice the CEGB took into 
account as many authoritative opinions as possible 
including:
3.1.1 ICRP Publication 26 which indicates that the 

risk of death in the range of 10“° to 10-5 
per year would be likely to be acceptable to 
any individual member of the public [4].

3-1.2 Lord Ashby, who in his book "Reconciling Man 
with the Environment" states that as a very 
rough generalization it can be said that risks 
(of death per annum) of 1 in 1 million are of 
no concern to the average person [5].

3 .1 . 3 The Sixth Report of the Royal Commission on 
Environmental Pollution, which also states 
that risks of death for an individual below 1 
in 1 million per year are generally accepted 
without concern [6].

3.1.4 The First Report of the Health and Safety 
Commission’s Advisory Committee on Major 
Hazards, which expressed the view that a
1 risk per year of a serious accident in 
a non-nuclear process plant causing death or 
injury might perhaps be regarded as just on 
the borderline of acceptability [7].

3 . 2  Taking into account such opinions and after
surveys of international nuclear practice and 
hazardous non-nuclear industries there appeared to be
a general consensus that a risk of death of one in a
million is likely to be regarded as being of little 
concern. The CEGB therefore prepared and issued the 
following reliability guidelines:

3 . 2 . 1  The  t o t a l  f r e q u e n c y  o f  a l l  a c c i d e n t s  l e a d i n g
t o  a l a r g e  u n c o n t r o l l e d  r e l e a s e  o f  r a d i o 
a c t i v i t y  t o  t h e  e n v i r o n m e n t  r e s u l t i n g  f r o m  
s o me  o r  a l l  o f  t h e  p  r o t e c t i v e  s y s t e m s  a n d  
b a r r i e r s  b e i n g  b r e a c h e d  o r  f a i l e d  s h o u l d  he
l e s s  t h a n  10~ p e r  r e a c t o r  y e a r .

3 . 2 . 2  The  f r e q u e n c y  o f  a n y  s u c h  s i n g l e  a c c i d e n t  
l e a d i n g  t o  an u n c o n t r o l l e d  r e l e a s e  s h o u l d  b e

_  7
l e s s  t h a n  10 p e r  r e a c t o r  y e a r .
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3 . 2 . 3  The  p r e d i c t e d  f r e q u e n c y  o f  a c c i d e n t s  f r o m
w h i c h  r a d i a t i o n  d o s e s  e q u i v a l e n t  t o  1 ERL 
( e . g .  10 rem w h o l e  b o d y  d o s e ,  t h e  l e v e l  a t
w h i c h  e v a c u a t i o n  o f  m e m b e r s  o f  t h e  p u b l i c  
s h o u l d  b e  c o n s i d e r e d )  c o u l d  b e  e x p e c t e d , 
s h o u l d  n o t  e x c e e d  1 0 ~ * p e r  r e a c t o r  y e a r .

3 . 2 . 4  I n  s o me  c i r c u m s t a n c e s  r e l a t i n g  t o  c o n s e q u e n c e s  
o f  l e s s  s e v e r e  a c c i d e n t s  t h a n  an u n c o n t  r o l l e d  
r e l e a s e  i t  i s  a c c e p t e d  t h a t  r e l e a s e s  g i v i n g  
d o s e s  up t o  s e v e r a l  ERLs  c o u l d  b e  c o n s i d e r e d— f)a t  f r e q u e n c i e s  s o m e w h a t  h i g h e r  t h a n  t h e  10  
p e r  r e a c t o r  y e a r  l e v e l .

3*3 It should be noted that the accident
frequencies in the above targets are defined as being 
the product of the initiating fault frequency and the 
probability of failure of the safety systems to 
control the accident. Any reference to the 
quantities of radionuclides that might be emitted 
during an uncontrolled release and their consequences 
is deliberately avoided, as once the safety systems 
and barriers have failed then for design purposes no 
further control can be exercised by the design 
provisions. The guidelines are essentially 
reliability targets and they deliberately avoid using 
expressions which state or infer that certain numbers 
of fatalities are acceptable at certain levels of 
probability. The latter is considered an unfortunate 
method of specifying the safety requirements for a 
civil power producing plant.

3 . 4 Nevertheless, as stated earlier, these 
targets imply a remote risk to the public. Target
3 .2 . 1  refers to a large uncontrolled release which 
could cause early as well as long-term fatalities.
The overall risk to the public cannot be immediately 
determined from these targets but is derived from a 
more comprehensive risk assessment which takes into 
account the physical processes that the fuel and 
fission products undergo in the course of a severe 
accident, together with the site location and 
conditions, the population density, the emergency 
plan and evacuation arrangements, and weather 
conditions. When the design has been sufficiently 
finalised a risk assessment of this kind should be 
carried out to show that no 'threshold' effect exists 
with large releases postulated to occur at
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frequencies just below the target. If this is not 
the case then some further consideration to the 
design and safety provisions may need to be given.
3-5 Experience shows that target 3*2.1, taking
the above factors into account, in particular the 
wind direction probability and allowing for an 
increasing number of reactors on a site, leads to a 
risk of death to an individual member of the public 
close to the site of around 10“ ' per year or less. 
Target 3 .2 . 3  is derived from the ICRP risk factors 
which estimate that a dose of 10 rems gives a risk of 
death of 1 x 10“* [8]. When multiplied bv a 
probability of the event occurring of 10“^ per 
reactor year, this gives a risk of death to 
individuals in future years of 10“ ' per reactor 
year. Both these targets provide a good margin over 
the generally conceived acceptable risk of death of 
10“° per year. Target 3-2.2 constitutes advice to 
the designers that the risk of accidents should so 
far as possible be evenly distributed over the 8 to 
10 categories of accident sequences that can usually 
be identified, so that one category does not dominate 
the accident scenario.
3 . 6 Although this paper so far has concentrated
on the use of the numerical methodology and targets 
it must be emphasised that safety assessment by the 
CEGB's HSD continues to be based on the deterministic 
approach using judgement and experience, and an 
appreciation of all the engineering factors designed 
into a plant. The numerical methodology is still at 
an early stage of development and in some areas there 
is insufficient numerical data, notably in the 
reliability for some structural items of plant. To 
simplify the work, assumptions are at times made or 
conservative ground rules adopted e.g. failure of a 
system is assumed when the relevant design or test 
parameter of the fuel or plant is exceeded. This 
assumption does not allow credit for the margins 
which exist in engineering components. Experience 
has shown that two independent teams performing PRA 
on the Sizewell В PWR plant design can obtain 
somewhat different results, but which can be 
explained by identification of the different detailed 
techniques used, different reliability data and 
varying assumptions. Nevertheless PRA is proving a 
useful ancillary tool to supplement the qualitative 
approach. With the preparation of fault and event
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trees it helps to provide more accurate and 
systematic analyses of the safety features of reactor 
plant, and is particularly useful in identifying weak 
links in a system where the overall reliability 
depends on the performance of a large number of 
components.
3-7 The CEGB considers the targets for the
reliability of systems to be very stringent but its 
policy is to aim for such stringent targets which may 
in the event not be fully met, in order to ensure 
that the ALARP approach is fully implemented. 
Currently results in the range 10“  ̂ to 10 per 
reactor year are candidates for acceptance with 
respect to target 3-2.1, but it will be evident that 
the closer the result to the target the less need 
there will be for detailed examination of possible 
weaknesses in the protective systems or pessimisms in 
the analysis. Again it must be stated that overall 
acceptance of a design is not based on the 
achievement of a particular numerical standard, but 
consideration of all aspects of the engineered 
safeguards, the fault and transient analyses, and 
various factors not readily amenable to numerical 
safety analysis such as safety administrative 
procedures, operator recovery and damage control 
arrangements.
3 . 8 At the present time there is increasing
worldwide interest in PRA, and the USNRC has recently 
issued a consultative document proposing safety goals 
for use with the methodology. Other organisations in 
various countries may be carrying out similar 
activités. Inevitably there will be comparisons, but 
when making them great care will be needed to 
understand the purpose and underlying policy for such 
targets. For example, the CEGB criteria and 
guidelines providing advice to designers at the 
commencement of a project serve a different purpose 
to safety goals for a fully designed plant issued by 
a licensing authority, which may in due course become 
mandatory.

4- CONTROL OF RADIATION EXPOSURES
4-1 For the Magnox reactors and early AGRs the
CEGB adopted a design maximum dose target of 2.5 rem 
per year for occupationally exposed staff, leaving a
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good margin below the ICRP recommended limit of 5 rem 
per year to allow for unplanned operational 
requirements. In practice, doses recorded for 
classified workers have been considerably less than 
these figures. For example, in each of the years 
1975-1981» less than 1 % of the CEGB's classified 
workers exceeded doses of 1.5 rem, and the average 
dose varied from 0.24 rem to 0.18 rem.
4*2 In 1973, "the CEGB's HSD, in accordance with
a world trend towards a reduction in dose levels 
generally, believed that a lower design target should 
be set for future nuclear power stations. In 
anticipation of recommendations expected from the 
ICRP, HSD proposed that the following design dose 
target should be adopted:

An a n n u a l  t a r g e t  f o r  t h e  e f f e c t i v e  d o s e  
e q u i v a l e n t  f o r  i n d i v i d u a l  m e m b e r s  o f  t h e  p o w e r  
s t a t i o n  s t a f f  r e s u l t i n g  f r o m  n o r m a l  o p e  r a t i o n  
o f  t h e  p o w e r  s t a t i o n  o f  1 . 0  r e m.

The target figure of 1 rem was chosen in the belief 
that it represented the lower limit of what was 
reasonably practicable. The reason for the adoption 
of such a stringent target was to emphasise to the 
designer the importance of this aspect of safety, and 
to cause him to examine with particular care those 
operational and maintenance activities giving rise to 
dose burdens well above the average.
4.3 In addition to the individual dose criterion
described above, the CEGB also specified a target 
relating to the collective dose for a new nuclear 
power station. A collective dose criterion in terms 
of man-rem per MW(e) per year provides a yardstick 
for judging the effective management of radiation 
exposures within the station, either by comparison 
with other stations or by comparison on a year by 
year basis for the same station. It is secondary in 
importance to the control of individual radiation 
exposures, but a realistic target for design purposes 
again ensures that designers will endeavour to meet 
ICRP recommendations and the ALARP principle. It is 
particularly valuable because it is the policy of the 
CEGB to avoid artificial dose sharing, and as far as 
possible for plants to be operated and maintained by
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the station staff carrying out their normal 
functional duties.
4*4 There is no statutory or any other formal
requirement to limit station collective dose. 
Therefore the CEGB selected the following target:

A n  a n n u a l  t a r g e t  f o r  t h e  s t a t i o n  c o l l e c t i v e  
e f f e c t i v e  d o s e  e q u i v a l e n t  o f  0 . 2  man- r en t  p e r  
MW(e)  i n s t a l l e d  c a p a c i t y .

The target is intended as an average annual figure. 
Sizewell В is proposed to have a gross electrical 
output of 1200 MW, and so application of this target 
gives a collective dose to classified workers of 240 
man-rems per year. Like that for individual doses 
this target was intended to Ъе a stringent one. By 
comparison, the average levels for existing CEGE 
nuclear stations have been about 0.3 man-rems per 
MW(e) per year for several years, and hence new 
stations must aim to be comparable with the better 
existing ones. In making provision for improvement, 
additional facilities and access to reduce radiation 
doses cost is an important consideration. Decisions 
are currently made by exercising judgement rather 
than the formal application of cost benefit 
analyses.
4-5 The combined effect of these two targets is
that the designer must ensure that the activities of 
operators throughout the life of the station are 
assessed at the design stage and radiation dose 
commitments carefully budgeted. The targets have no 
formal application once a station becomes 
operational, and individual doses of 1.5 rem or more 
may occur. But it will be the responsibility of the 
station management to keep doses at new stations at 
levels similar to those for existing stations, 
irrespective of the type of reactor provided.
4 . 6 Radiation dose to the public resulting from
the operation of nuclear stations can arise from 
three sources:
4-6.1 Liquid effluent discharges.
4.6.2 Gaseous effluent discharges.



6 2 0 MATTHEWS

Authorisations for 4-6.1 and 4-6.2 are granted in 
England by the Department of the Environment and the 
Ministry of Agriculture, Fisheries and Food. No 
particular difficulty has been found with existing 
stations in meeting the authorisations, and no 
significant problems are foreseen for the future.
The dose from 4.6.3 is arbitrarily required by the 
CEGB to be limited to 5 mrem per year at the site 
fence, taking into account local occupancy factors.
At Sizewell it is estimated that the A and В stations 
together will not give individual public doses 
greater than about one-thirtieth of the ICRP dose 
limit, i.e. 17 mrem/year.

4.6.3 Direct radiation from plant and buildings.

5- OTHER MAIN DESIGN SAFETY CRITERIA AND GUIDELINES
It is not practicable in this paper to 

review all the items which are included in the 
Criteria and Guidelines, but a selection of the most 
important items is given.

5•1 Engineered Safeguards Performance
In addition to the reliability requirements 

which are inherent in the fundamental criteria 
defined in para. 3-2, more detailed guidelines set 
down requirements for diversity, redundancy, 
segregation and the functional requirements of 
safety-related plant. In addition, the functional 
requirements must be met when allowance is made for 
any single credible failure in the safety-related 
equipment. Appropriate allowance is made for 
maintenance affecting the availability of equipment.

5•2 Common Mode Failure
The guidelines limit the reliability which 

can be claimed for a non-diverse system to no better 
than 10“5 failures per demand, and require 
justification for whatever value is claimed. The 
latter is dependent on appropriate design proposals 
and leads to many of the detailed requirements 
including segregation and equipment qualification.
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The guidelines state that no operator 
intervention should he essential for 30 minutes after 
the occurrence of a fault, and then only limited 
intervention of a relatively simple nature for the 
subsequent 30 minutes. Design of the control and 
information display system should allow timely and 
considered operator intervention if appropriate to 
reinforce the automatic actions. Requirements are 
given for the provision of an emergency control room 
in the event that the main control room is either 
destroyed or made uninhabitable. This centre would 
allow the reactor to be safely shut-down, the post 
trip heat to be removed, and would provide adequate 
indications to monitor the state of the reactor.
5-4 Reactor Safety Shut-down System Actuation

In addition to the requirements arising from 
the fundamental guidelines, and where reasonably 
practicable, the following are applied:
5-4-1 Two independent concurrent faults should not 

prevent correct operation.
5.4.2 The system should be actuated by two different 

physical parameters via channels of different 
design.

5 .4 .3 Maintenance should be possible on every item 
with the system in operation.

5.4.4 All items should be of fail-safe design or 
alternatively contain appropriate self
checking facilities.

5.5 Containment
Where a containment building is provided, 

e.g. for a PWR, the guidelines cover the functional 
requirements of the containment in general terms, and 
specify a leak rate target of 0.1$ of containment 
volume per 24 hours at design pressure. The total 
containment system including the safety systems 
directly relevant to the containment function, e.g. 
the spray and cooling systems, should be capable of 
meeting the release criteria under LOCA or other 
accident conditions, assuming that a significant

5.3 Operator Involvement
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proportion of the fission products contained within 
the gap between the fuel and cladding escape from the 
fuel elements. Access arrangements to the 
containment should include three airlocks for 
personnel entry and exit. Access would however be 
limited at all times, particularly when the reactor 
is on load.
5.6 External Hazards

There is a general requirement to consider 
the possibility of both naturally occurring and man- 
made hazards arising external to the site. Included 
in the former category are seismic events, high winds 
and site flooding. Whilst the degree of protection 
provided is based on a judgement of the magnitude of 
the hazard to be accommodated, this is related to a 
return frequency for the event of about 10“^ per 
year, coupled with a target unreliability for the 
relevant plant and systems of 10“^ failures per 
demand under the postulated conditions.
5•7 Internal Hazards

Detailed requirements are given for the 
protection of the plant against all potential hazards 
originating from within the station boundary. These 
hazards include fires, explosions, disruptive failure 
of pressure parts or rotating machinery, flooding, 
dropped loads and the failure of static structures.
6. CONCLUSIONS

This paper can only give a brief survey of 
the development and application of the Design Safety 
Criteria and Guidelines. They have been applied to 
the cancelled SGHWR project, the current Heysham 2 
AGR project and the Sizewell В PWR design, and in all 
cases the practical experience has shown that they 
make an important and useful contribution to the 
design and safety requirements. They have provided 
firm guidance to designers on the high standards of 
safety required, while also ensuring that unnecessary 
escalation in safety equipment and cost is avoided. 
The Criteria ensure that all types of reactors are 
designed and built to similar safety standards, and 
they have been instrumental in determining the 
additional safety features provided for the 
Sizewell В PWR.
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Abstract-Аннотация

STANDARDIZATION OF NUCLEAR POWER STATION SAFETY IN THE USSR.
The paper describes aspects o f S tate regulation of nuclear power station  safety m atters 

on the  basis of an approved organizational structure  and a system  of standards. The content 
o f the main legal instrum ents governing the  safety of nuclear power stations is discussed.

НОРМИРОВАНИЕ БЕЗОПАСНОСТИ АТО М Н Ы Х  СТАНЦИЙ В СССР.
В докладе освещаются вопросы государственного регулирования проблемы обеспечения 

безопасности атомных станций, основанные на принятой организационной структуре и системе 
нормирующих документов. Излагается содержание основных документов по безопасности 
атомных станций.

1. СИСТЕМА НОРМАТИВНО-ТЕХНИЧЕСКИХ ДОКУМЕНТОВ ПО ОБЕСПЕЧЕНИЮ 
БЕЗОПАСНОСТИ АТОМНЫХ СТАНЦИЙ

Нормирование вопросов безопасности в официальных документах является 
одним из основных направлений обеспечения безопасности атомных станций (АС) 
в СССР [1, 2]. Система нормативно-технических документов (НТД) по своей орга
низационной структуре и по способам внедрения в различные стадии сооружения и 
эксплуатации атомных станций соответствует национальным условиям организации 
народного хозяйства и сложившемуся разделению функций между органами госу
дарственного надзора, контролирующими развитие атомной энергетики. Естествен
но, что данная система НТД не является окончательно сформировавшимся и застыв
шим образованием, а находится в постоянном развитии в соответствии с увеличени
ем масштабов развития атомной энергетики и с расширением области ее применения.

Государственный надзор за безопасностью АС осуществляют:
— Государственный комитет по надзору за безопасным ведением работ в про

мышленности и горному надзору при Совете Министров СССР (Госгортехнадзор 
СССР) : за соответствием конструкции АС и ее оборудования при проектировании, 
сооружении и эксплуатации правилам и нормам технической безопасности;

— Государственная инспекция по ядерной безопасности СССР (Госатомнадзор
СССР) : за выполнением при проектировании, сооружении и эксплуатации АС 
правил и норм ядерной безопасности;

625
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Рис. 1. Приблизительная структура НТД по безопасности АС в СССР.

— Государственный санитарный надзор СССР в составе Министерства здраво
охранения СССР: за соблюдением санитарных правил и норм радиационной безопас
ности при проектировании, строительстве и эксплуатации АС, устанавливающих до
пустимые нормы облучения персонала станции и окружающего населения, а также 
загрязнения окружающей среды радиоактивными продуктами и требующих выпол
нения определенного рода мероприятий, гарантирующих выполнение этих норм.

Сложившаяся система трех органов надзора в значительной мере определила 
структуру комплекса нормативно-технических документов по безопасности АС, 
когда из основного общего документа по трем направлениям расходятся докумен
ты, тяготеющие по кругу затрагиваемых вопросов к указанным органам надзора. 
Это не исключает в отдельных случаях горизонтальных связей, т.е. включения в не
которые документы нижних этажей вопросов, касающихся разных органов надзора 
(см. рис. 1).

Основным нормативным документом по безопасности АЭС в СССР являются 
"Общие положения обеспечения безопасности атомных электростанций при проекти
ровании, сооружении и эксплуатации" [3], введенные в 1973 г. Этот документ 
сформулировал основные принципы сооружения АС и заложил основы взаимосогла
сованного осуществления технических и организационных мер по обеспечению без
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опасности AC на всех этапах ее создания и эксплуатации. Действие этого документа 
распространяется на атомные станции со всеми типами реакторов, предназначенных 
для промышленного использования в атомной энергетике СССР в ближайшем буду
щем (ВВЭР, РБМК, БН, ACT). Такой подход в значительной степени определил ха
рактер изложения требований в общем виде без достаточной конкретизации. В боль
шинстве случаев "Общие положения" лишь ставят задачи, которые необходимо раз
решить для обеспечения безопасности (что должно быть сделано), не диктуя опре
деленных решений (как должно быть сделано).

Другие нормативные документы (правила, нормы, методики) развивают и кон
кретизируют "Общие положения” в определенном направлении, являясь основой для 
деятельности проектировщиков и соответствующих органов надзора.

Одним из основных документов по линии "Госгортехнадзора СССР" в области 
технической безопасности являются "Правила устройства и безопасной эксплуатации 
оборудования атомных электростанций, опытных и исследовательских ядерных реак
торов и установок" [4].

Эти правила распространяются на реакторы, парогенераторы, сосуды, корпуса 
насосов, арматуры и на трубопроводы, работающие под давлением в составе I и II 
контуров атомных электростанций с водо-водяными и уран-графитовыми реактора
ми. В документе содержатся основные требования к конструкции корпусов, трубо
проводов, сварных соединений, оговорены требования к материалам, применяемым 
для изготовления, монтажа и ремонта оборудования и трубопроводов, указаны ха
рактеристики механических свойств, которые необходимо определять при внедрении 
в производство новых материалов. Кроме того, правила устанавливают требования 
к изготовлению и монтажу оборудования и трубопроводов, к методам и объему 
контроля сварных соединений, к характеристикам арматуры, контрольно-измеритель- 
ных приборов и предохранительных устройств, определяют порядок регистрации, 
технического освидетельствования и эксплуатации оборудования, а также порядок 
допуска персонала к обслуживанию оборудования. Эти правила являются одним из 
основных документов, на которые опирается в своей деятельности Госгортехнадзор.

Документом, являющимся основой деятельности Госатомнадзора, являются 
"Правила ядерной безопасности атомных электростанций (ПБЯ-04-74)" [5], введен
ные с 1975 г., которые регламентируют вопросы безопасности АЭС, связанные 
с предотвращением потери контроля цепной реакции деления в активной 
зоне реактора и исключением возможности образования критической массы при пе
регрузках, транспортировке, хранении тепловыделяющих сборок и проведении мон
тажных и ремонтных работ. В нем содержатся основные технические и организаци
онные требования обеспечения ядерной безопасности при проектировании, строитель
стве и эксплуатации атомных электростанций и требования к подготовке и квалифи
кации персонала станции, связанного с эксплуатацией реакторной установки. "Пра
вила" устанавливают основные технические требования к конструкции реакторной 
установки и системам, обеспечивающим ядерную безопасность, в том числе опреде
ляют минимальный состав и количество каналов контроля мощности и аварийной 
защиты реактора, минимальный перечень сигналов срабатывания аварийной защиты.
В этом документе оговорен (с точки зрения ядерной безопасности) порядок ввода 
АЭС в эксплуатацию, а также приведен перечень документации, необходимой для 
проведения пуска станции и ее эксплуатации.
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В области радиационной безопасности основополагающим документом, на кото
рый опираются органы санитарного надзора, можно считать "Нормы радиационной 
безопасности (НРБ-76)" [6]. Эти нормы разработаны на основе рекомендаций Между
народной комиссии по радиационной защите и устанавливают систему дозовых пре
делов и принципы их применения и являются основным документом, регламенти
рующим уровни воздействия ионизирующих излучений.

В "Нормах", исходя из возможных последствий влияния ионизирующих излу
чений на организм, устанавливаются следующие категории облучаемых лиц: персо
нал, отдельные лица из населения и население в целом при оценке генетически зна
чимой дозы облучения. В них определены предельно допустимые дозы облучения 
персонала как в нормальных, так и в аварийных условиях, а также установлены 
пределы дозы облучения отдельных лиц из населения и облучения всего населения. 
Развитием норм радиационной безопасности и дополнением к ним служат изданные 
в 1978 г. "Санитарные правила проектирования и эксплуатации атомных электро
станций (СП-АЭС-78)" [7], отражающие специфические особенности АС. В этом доку
менте приведены требования к размещению станций на местности, планировке и от
делке производственных помещений, организации технологического процесса, требо
вания к биологической защите и организации санитарного и дозиметрического конт
роля.

Указанная система нормативно-технических документов по безопасности АС 
функционирует совместно с системой документов Государственного комитета СССР 
по стандартам (Госстандарт СССР), ответственного в общегосударственном масшта
бе за создание, внедрение и выполнение стандартов в различных областях науки и 
техники. Система стандартов (государственные и отраслевые стандарты, технические 
условия, стандарты предприятий) дополняет систему нормативно-технических доку
ментов в деле обеспечения безопасности АС путем гарантирования качества многочис
ленных элементов, материалов, процессов и т.п., опробированных в различных отрас
лях промышленности и используемых в атомной энергетике. Данные документы иг
рают существенную роль в решении проблемы "обеспечения качества АС", как это 
понимается во многих зарубежных странах [8] и что достаточно подробно обсуж
далось в докладе [2].

2. НЕКОТОРЫЕ ХАРАКТЕРНЫЕ МОМЕНТЫ В ПРАКТИКЕ НОРМИРОВАНИЯ 
БЕЗОПАСНОСТИ АС

Остановимся подробнее на подходах к решению отдельных характерных для 
сегодняшнего дня вопросов, связанных с безопасностью АС, в национальных норма
тивных документах.

2.1. Дифференциация требований к безопасности и к размещению для АС 
различного назначения

Безопасность АС наряду с качеством ее выполнения и оснащения техничес
кими средствами определяется выбором места размещения АС, где основ
ное влияние оказывает удаленность ее от крупных населенных пунктов. Размещение
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AC регламентируется "Санитарными правилами проектирования и эксплуатации атом
ных электростанций" [7], "Требованиями к размещению атомных станций теплоснаб
жения и атомных теплоэлектроцентралей по условиям радиационной безопасности" [9]. 
В этих документах фигурируют три типа атомных станций в зависимости от их 
назначения: атомные электростанции (АЭС) — предназначенные для производства 
электроэнергии; атомные теплоэлектроцентрали (АТЭЦ) — предназначенные для 
производства тепловой и электрической энергии; атомные станции теплоснабжения 
(ACT) — предназначенные для выработки горячей воды для бытовых целей.

В "Санитарных правилах" указано, что АЭС мощностью 440 МВт(эл.) и выше 
должны располагаться не ближе 25 км от городов с населением свыше 3 X 105 чел. 
и не ближе 40 км от городов с населением более 106чел. Анализ реальных площа
док действующих АЭС показывает, что при этом число жителей в радиусе 30 км 
от АЭС с учетом сельского населения и небольших населенных пунктов обычно не 
превышает (1-2) X 105 чел. [2].

Использование атомных станций для целей теплоснабжения требует для полу
чения приемлемых экономических показателей их приближения к потребителям, т.е. 
размещения их на существенно меньшем расстоянии от крупных населенных пунк
тов. Возрастание риска для населения города от приближения атомных станций к 
городам компенсируется выдвижением дополнительных требований по безопасности, 
обеспечивающих защиту ACT от более широкого класса внутренних повреждений и 
внешних воздействий. С учетом выполнения этих требований величина риска для 
жителей города, обусловленного наличием ACT, по крайней мере, не больше, чем нали
чием АЭС на удаленном расстоянии от города [2]. Документ [9] разрешает размещать 
ACT на расстоянии 2 км от перспективной границы жилой застройки города. Дальней
шее развитие города должно происходить с учетом наличия ACT,

При использовании в качестве источника теплоснабжения АТЭЦ допускается раз
мещение их на несколько меньшем по сравнению с размещением АЭС расстоянии 
от крупных городов без предъявления требований, состоящих в дополнительной 
защищенности от внутренних повреждений и внешних воздействий, но с дополнитель
ным требованием, выдвигаемым для ACT, по пределам облучения больших популя
ций населения в нормальных условиях и при авариях.

К любому атомному источнику теплоснабжения (ACT или АТЭЦ) предъявля
ются требования, призванные предотвратить попадание радиоактивных веществ с 
теплоносителем от станции к потребителю тепла.

На рис. 2 показаны имеющиеся области предъявления к АС определенных тре
бований по безопасности;

— область I, в которой при сооружении АЭС, АТЭЦ и ACT можно руководство
ваться требованиями "Общих положений обеспечения безопасности атомных станций";

— область II, в которой могут сооружаться АТЭЦ и ACT с предъявлением к ним 
дополнительных требований по пределам облучений]

— в области III допускается! сооружение только ACT при условии выполнения 
дополнительных требований конструкционного характера;

— в области IV не допускается размещение атомных станций ("запретная об
ласть") .
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Удаление АС от города, км

города 
10э чел.

Область 1 II III IV

Допустимый АЭС АТЭЦ
тип АС (АТЭЦ, ACT) (ACT) ACT —

Предъявляемые В рамках В рамках В рамках
требования ОПБ [3] и области 1 ОПБ 131,
по безопасности СП-АЭС [71 + НКД СП-АЭС [7] и _

требований [9)

Примечание: Граница, обозначенная = = = = , условна;
НКД — нормирование коллективной дозы облучения населения.

Рис. 2. Области предъявления к АС определенных требований по безопасности.

В рамках требований ОПБ [3] в качестве максимальной проектной аварии для 
АЭС принят мгновенный поперечный разрыв трубопровода максимального диаметра, 
при этом в проекте должны быть учтены воздействия всех природных явлений, при
сущих данной площадке. Учет же таких внешних явлений, связанных с деятельностью 
человека, как взрывы на соседних промышленных предприятиях и транспорте, воз
можность падения самолета, осуществляется соответствующим выбором площадки 
для размещения станции, позволяющим практически исключить вероятность таких 
воздействий на станцию.
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В рамках дополнительных требований документа [9] для ACT в качестве мак
симальной проектной аварии учитывают повреждение любого сосуда реактор
ной установки, приводящее к его разгерметизации, при этом должны предусмат
риваться меры, направленные на предотвращение расплавления твэлов активной 
зоны реактора. Необходимо также учитывать такие внешние воздействия, как па
дение на станцию самолета и ударную волну при взрывах в окрестности станции с 
регламентированными расчетными параметрами воздействия.

2.2. Пределы доз облучения населения

"Санитарные правила" [7] устанавливают определенную квоту облучения огра
ниченной части населения за счет газоаэрозольных выбросов при нормальной эксплуа
тации АЭС, устанавливают допустимые дозы индивидуального облучения при макси
мальной проектной аварии.

"Требования к размещению атомных станций теплоснабжения" [6] дополни
тельно накладывают ограничения на коллективную дозу облучения окружающего 
населения.

В табл. I приведены устанавливаемые этими документами пределы доз для 
ограниченной части населения.

2.3. Роль количественно - вероятностного подхода в нормировании безопасности

На прямой вопрос, какой подход, детерминистский или количественно-вероят
ностный, используется в стране при нормировании безопасности, однозначного отве
та быть не может, так как на разных стадиях используются и тот, и другой. Степень 
использования того или иного подхода определяется тем, кто, когда и какие задачи 
решает в обеспечение безопасности атомных станций. В свете сформулированного 
выше вопроса целесообразно деятельность по обеспечению безопасности АС разделить 
на две стадии;

— (1) стадия разработки подходов и формулировки требований, направленных 
на обеспечение безопасности АС;

— (2) стадия разработки проекта, сооружения и эксплуатации АС.
Для каждой стадии характерна своя постановка задачи для определенного 

круга лиц или организаций, и решаются они независимо, хотя естественно не изоли
ровано друг от друга, поскольку между ними имеется сильная взаимосвязь.

На ранних этапах развития атомной энергетики для первой стадии были харак
терны чисто интуитивные и инженерные подходы. В настоящее время здесь основой 
все больше становится количественно-вероятностный подход. Проводимые и разво
рачиваемые в стране исследования по количественно-вероятностному анализу наце
лены в первую очередь на эти цели. Разработка дополнительных требований по без
опасности для атомных станций теплоснабжения во многом основывалась на коли
чественно-вероятностном подходе.
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Для достаточно уверенного применения количественно-вероятностного анализа 
безопасности на стадии проектирования АС необходимо наличие соответствующих 
статистических данных. Такие данные в достаточном количестве могут быть полу
чены для большинства природных явлений. Однако статистические данные по надеж
ности специфического оборудования, применяемого в атомной промышленности, в 
настоящее время ограничены. Это определяет в основном детерминистский подход 
на упомянутой второй стадии. Однако определенные элементы количественно-вероят
ностного подхода здесь имеются, и они зафиксированы в нормативно-технических 
документах. Отметим основные из них.

Как правило, выбор параметров учитываемых в проекте природных явлений 
осуществляется на основе количественно-вероятностного анализа. Например, в ка
честве проектного землетрясения при проектировании АЭС принимается землетрясе
ние со средней повторяемостью до 100 лет, а в качестве максимального расчетного 
землетрясения принимается землетрясение, параметры которого по расчетам имеют 
вероятность 10-4 год"1 [10].

Также основывается на статистических данных выбор проектных значений для 
ветровых, снеговых и других подобных нагрузок, при учете метеорологии.

В области создания оборудования и систем АС также имеются прямые указа
ния об использовании количественно-вероятностного подхода при проектировании.

Так, в "Общих положениях" [3] требуется проведение количественного анали
за надежности систем, что приводит к поиску наиболее надежных схем, количествен
ного анализа вероятности повреждения оборудования и реализации различных аварий
ных ситуаций, рассматриваемых в проекте станции. Для этих целей разработаны спе
циальные методики. Дополнительно к постулированным отказам допускается не учи
тывать в проекте АС отказы систем (элементов), надежность которых по оценкам 
достаточно высока.

По мере накопления статистических данных и апробации соответствующих 
методов область применения количественно-вероятностного подхода в процессе про
ектирования АС и контроля со стороны органов надзора будет возрастать.
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A bstract

NUCLEAR SAFETY STANDARDS (NUSS) PROGRAMME IMPLEMENTATION OF THE 
IAEA CODES OF PRACTICE AND SAFETY GUIDES.

In 1974 the IAEA undertook  the developm ent of a comprehensive set of standards in 
the form  of codes of practice and safety guides in five areas -  governm ental organization, 
siting, design, operation and quality  assurance for nuclear power plants. This is know n as the 
NUSS program m e. The programme has now reached an advanced stage, w ith tw o-thirds of 
the docum ents com pleted and available for M em ber S tates’ use. The IAEA now provides 
assistance to  Member States in the use o f the docum ents. The im plem entation programme 
includes seminars, training courses and safety missions. By 1985 the developm ent o f all 
the docum ents will be com pleted. It is hoped that they  will play an im portan t role in ensuring 
a high and uniform  level of nuclear pow er p lant safety in Member States. The paper describes 
IAEA efforts to  im plem ent the NUSS standards to achieve this goal.

1. INTRODUCTION

The IAEA initiated the Nuclear Safety Standards 
Programme (NUSS) in 1974. The purpose is to provide a 
comprehensive set of internationally accepted standards for 
safety of nuclear power plants to the international community.
In particular, the programme is designed to assist developing 
countries in establishing a basis for their national regulations 
and safety guides. The programme is limited to land based plants 
using thermal neutron reactors. It covers the following five 
areas :

. Governmental Organization 

. Siting 

. Design 

. Operation 

. Quality Assurance
In each area, a Code of Practice has been published 

and this is supplemented by a series of Safety Guides which 
provide more detailed guidance on various subjects covered in 
the Codes. The Codes and Guides cover all areas of importance to

635



63 6 FISCHER et al.

safety in siting, design, commissioning, operation and quality 
assurance of nuclear power plants including related regulatory 
activities and requirements. Some guidance on decommissioning 
is also provided. A total of 56 Safety Guides will be issued; 
as of August 1982, 34 of the guides have been published, and the 
whole programme will be completed in 1985. The documents are 
published in Safety Series No. 50 of the IAEA and appear in its 
four working languages : English, French, Russian and Spanish. 
Any of the published documents can be ordered from the Division 
of Publications of the IAEA. In addition, the documents are 
available from listed booksellers or sales agents in some 20 
Member States. A list of NUSS document titles is attached to 
this paper.

The Codes of Practice set out the objectives and 
minimum requirements which must be fulfilled to provide an 
adequate level of safety. The Safety Guides recommend procedures 
to be followed and present acceptable technical solutions to 
achieve the objectives and to implement the requirements of the 
Codes.

The NUSS documents are based on the experience of many 
countries in dealing with all major safety aspects of a nuclear 
power plant programme. The procedure adopted for the development 
of the documents includes the opportunity for all Member States 
of the IAEA to comment on the draft versions. As a result, the 
Codes and Guides reflect international consensus on safety 
principles for nuclear power plants and they constitute a 
self-consistent set of guidelines for implementing these 
principles. A common understanding of the principal procedural 
and technical requirements necessary for safety has been reached 
among the designers, operators and regulators of nuclear power 
plants.

The history of the NUSS programme and the procedures 
adopted for the development and publication of the documents 
have been described more extensively in previous reports [1, 2]. 
Various topics of the programme have also been dealt with at 
several international meetings [3-8] .

Since the production phase of the NUSS programme is 
now drawing to a close, it is time to consider the 
implementation of the documents in national licensing processes. 
The Codes and Guides are not in themselves sufficient. They must 
be used in the context of national practices and policies, and 
in recognition of the complex relationship between customer and 
supplier nations. The IAEA can play an important role in 
assisting Member States to handle these practical problems of 
implementation.
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LIST OF 

NUSS PROGRAMME TITLES

For the S afety Guides no plans exist to  fill 
the gaps in the sequence o f  numbers

Safety Series 
No.

Title Publication date 
o f English version

1. Governmental organization

Code o f  Practice 

50-C-G

S afety Guides 

50-SG-G1

Governmental organization for the Published 1978 
regulation o f nuclear power plants

Qualifications and training of staff Published 1979
of the regulatory body for nuclear 
power plants

50-SG-G2 Information to be submitted in Published 1979
support o f  licensing applications 
for nuclear power plants

50-SG-G3 Conduct o f  regulatory review and Published 1980
assessment during the licensing 
process for nuclear power plants

50-SG-G4 Inspection and enforcement by the Published 1980
regulatory body for nuclear power 
plants

50-SG-G6 Preparedness o f  public authorities for Published 1982
emergencies at nuclear power plants

50-SG-G8 Licences for nuclear power plants: Published 1982
content, format and legal 
considerations

50-SG -G 9 Regulations and guides for nuclear 
power plants
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Safety Series Title Publication date
No. of English version

2. Siting

Code o f  Practice

50-C-S Safety in nuclear power plant siting Published 1978

Safety Guides

50-SG-S1 Earthquakes and associated topics in Published 1979
relation to nuclear power plant siting

50-SG-S2 Seismic analysis and testing of Published 1979
nuclear power plants

50-SG-S3 Atmospheric dispersion in Published 1980
nuclear power plant siting

50-SG-S4 Site selection and evaluation for Published 1980
nuclear power plants with respect 
to population distribution

50-SG-S5 External man-induced events in Published 1981
relation to nuclear power plant siting

50-SG-S6 Hydrological dispersion o f radioactive
material in relation to nuclear power 
plant siting

50-SG-S7 Nuclear power plant siting:
hydrogeological aspects

50-SG-S8 Safety aspects of the foundations
of nuclear power plants

50-SG-S9 Site survey for nuclear power plants

50-SG-S10A Design basis flood for nuclear Published 1983
power plants on river sites

50-SG-S1 OB Design basis flood for nuclear 
power plants on coastal sites
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Safety  Series
N o.

T itle P ublication  date
o f  English version

50-SG-S11A Extreme meteorological events in
nuclear power plant siting, 
excluding tropical cyclones

50-SG-S1 IB Design basis tropical cyclone
for nuclear power plants

50-SG-S12 Radiation protection aspects of
nuclear power plant siting

Published 1981

3. Design

Code o f  Practice

50-C-D Design for safety o f  nuclear power
plants

Published 1978

Safety Guides 

50-SG-D1

50-SG-D2

50-SG-D3

50-SG-D4

50-SG-D5

Safety functions and component Published 1979
classification for BWR, PWR and PTR

Fire protection in nuclear power Published 1979
plants

Protection system and related Published 1980
features in nuclear power plants

Protection against internally Published 1980
generated missiles and their 
secondary effects in nuclear 
power plants

External man-induced events in Published 1982
relation to nuclear power plant design

50-SG -D 6 Ultimate heat sink and directly Published 1981
associated heat transport systems for 
nuclear power plants
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Safety  Series
N o.

T itle P ublication  date
o f  English version

50-SG-D7 Emergency power systems at Published 1982
nuclear power plants

50-SG-D8 ’ Safety-related instrumentation and
control systems for nuclear power plants

50-SG-D9 Design aspects o f radiation
protection for nuclear power plants

50-SG-D10 Fuel handling and storage systems
in nuclear power plants

50-SG-D11 General design safety principles
for nuclear power plants

50-SG-D12 Design o f the reactor containment
systems in nuclear power plants

50-SG-D13 Reactor cooling systems in
nuclear power plants

50-SG-D 14 Design for reactor core safety
in nuclear power plants

4. Operation

Code o f  Practice

50-C-0 Safety in nuclear power plant Published 1978
operation, including commissioning 
and decommissioning

S afety Guides

50-SG-01 Staffing o f  nuclear power plants Published 1979
and the recruitment, training and 
authorization o f operating personnel

50-SG-02 In-service inspection for nuclear Published 1980
power plants
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Safety  Series
N o.

T itle P ublication  date
o f  English version

50-SG-03 Operational limits and conditions Published 1979
for nuclear power plants

50-SG-04 Commissioning procedures for Published 1980
nuclear power plants

50-SG-05 Radiation protection during
operation o f nuclear power plants

50-SG-06 Preparedness o f the operating Published 1982
organization (licensee) for emergencies 
at nuclear power plants

50-SG-07 Maintenance o f nuclear power plants Published 1982

50-SG-08 Surveillance o f  items important to Published 1982
safety in nuclear power plants

50-SG-09 Management o f  nuclear power
plants for safe operation

50-SG-010 Core management and fuel handling
for nuclear power plants

50-SG -011 Operational management of
radioactive effluents and wastes 
arising in nuclear power plants

5. Quality assurance

Code o f  Practice

50-C-QA Quality assurance for safety Published 1978
in nuclear power plants

Safety Guides

50-SG-QA1 Establishing o f the quality assurance
programme for a nuclear power 
plant project
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Safety  Series
No.

T itle P ublication  date
o f  English version

50-SG-QA2 Quality assurance records system Published 1979
for nuclear power plants

50-SG-QA3 Quality assurance in the procurement Published 1979
of items and services for nuclear 
power plants

50-SG-QA4 Quality assurance during site Published 1981
construction o f nuclear power plants

50-SG-QA5 Quality assurance during operation Published 1981
of nuclear power plants

50-SG-QA6 Quality assurance in the design o f Published 1981
nuclear power plants

50-SG-QA7 Quality assurance organization for Published 1983
nuclear power plants

50-SG-QA8 Quality assurance in the manufacture Published 1981
of items for nuclear power plants

50-SG-QA10 Quality assurance auditing for Published 1980
nuclear power plants

50-SG-QA11 Quality assurance in the procurement, Published 1983 
design and manufacture o f nuclear 
fuel assemblies

Although there are no current plans for formalizing 
the acceptance of the NUSS documents by Member States, the IAEA 
has for some years made an active effort to encourage their use. 
Thus, the phase of implementation has already begun. Efforts are 
now under way to strengthen the implementation activities, 
including means to obtain feedback information from Member 
States on experience of use of the documents. This 
implementation programme is the subject of the present paper.
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SAFETY GUIDES

As indicated in the introduction, the NUSS Codes and 
Guides provide a basic and complete framework within which the 
essential safety concerns related to nuclear power plants can be 
addressed - but only a framework. Important and difficult 
problems of application and implementation of these standards 
remain and must be resolved if the potential of the NUSS 
programme is to be realized. The status of the NUSS documents as 
internationally recognized safety standards demands that the 
implementation effort is pursued effectively, so that the 
documents are eventually used worldwide as a basis for national 
regulations and guides.

A Member State embarking on a nuclear power programme 
should establish its basic safety regulations at an early stage 
of the programme. Regulations to be established can be based on 
the NUSS documents as well as documents available from other 
international organizations or other Member States. However, a 
considerable development effort will be needed in the 
establishment of national regulations to take into account the 
specific legal system, government organization and industry 
structure of the Member State. These factors must be carefully 
considered on a case-by-case basis when the NUSS documents are 
implemented in national regulations.

With regard to the establishment of national safety 
guides to be used in the licensing process the situation is 
different. Safety guides mainly deal with acceptable methods for 
meeting safety requirements, are predominantly technical in 
nature, and are therefore not specific to the conditions of 
individual Member States. For these reasons, it is believed that 
the NUSS documents can be adopted as national guides in the 
licensing process with little or no modification. However, 
before adoption of any document as a guide, a thorough 
familiarization with the document to be adopted is required in 
order to fully understand the rationale of the recommendations 
and thus to be able to implement them correctly.
Consequently, consideration should be given to which parts of 
the document are applicable and to what extent amendment may be 
necessary. In any case, caution should be exercised not to 
modify the substance of the original document without a thorough 
evaluation of the impact of the modification. These problems 
have to be taken into account in the application and adoption of 
the NUSS documents as guides in national licensing processes.
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In considering the means of implementing the NUSS 
documents the Senior Advisory Group (SAG) which supervises the 
NUSS programme has identified the following principal 
approaches:

- The NUSS documents should be given more extensive 
publicity.

- The IAEA should use the NUSS documents as a principal
basis of its own activities in nuclear safety

- IAEA assistance to Member States in safety matters 
should be given within the NUSS framework.

- NUSS documents should be integrated in national 
licensing processes. Manuals on organized approaches 
to achieve this goal and surveys based on 
questionnaires on how Member States have established 
their regulations could be useful tools in this 
effort.

- Feedback on experience of the Member States in using
the NUSS documents should be sought.

The following subsections describe IAEA activities and 
plans in some of the areas just mentioned.

3.1 PUBLICIZING THE NUSS DOCUMENTS

So far, the NUSS programme has been given publicity 
mainly by the publication of articles in the IAEA 
Bulletin [1, 2] and by the presentation of papers at 
international conferences, symposia and seminars [3-8]. In this 
context the 1980 Stockholm Conference on Current Nuclear Power 
Plant Safety Issues is particularly worth mentioning. During 
this conference the NUSS programme was given extensive coverage 
and received favourable reception and comment by many 
participants. The Codes and Guides were recognized as 
internationally accepted safety standards. It was pointed out 
that their establishment should also contribute towards 
increasing public confidence and acceptance of nuclear power.

In recent years the IAEA has also given information on 
NUSS in connection with training courses conducted in many 
countries. These activities as well as those relating to 
conferences and seminars will continue and are further described 
in Sub-section 3.2.
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In addition, brochures describing the NUSS programme 
will be published, including brief information about each of the 
documents, and a newsletter on NUSS is also being considered. In 
all of these efforts attention should be focused on reaching 
those organizations and persons who are in the best positions of 
making use of the NUSS documents.

3.2 ASSISTANCE TO MEMBER STATES WITHIN THE FRAMEWORK OF
NUSS

Assistance to Member States in the area of nuclear 
power plant safety has, over the years, included many different 
components. In the context of NUSS implementation the most 
important ones are:

- Symposia and seminars
- Training courses
- Safety missions.

In addition, experts assigned to serve on specific 
technical assistance projects in developing countries can give 
information about the NUSS documents and assist in the 
implementation of their recommendations. To achieve this 
objective, it would be necessary to give the experts adequate 
briefings on the NUSS programme and to establish close 
communication between the IAEA Secretariat and the experts 
during their assignments. This approach will be further 
considered within the IAEA Secretariat.

3.2.1 Symposia and Seminars

Symposia and seminars including the NUSS programme as 
a topic provide a direct and immediate flow of information on 
the applicability and implementation of NUSS documents.
Meetings which can be structured to address carefully defined 
and suitably limited areas of the programme should be 
particularly useful. For example, the inclusion of panel 
discussions and working groups in a seminar can provide for 
in-depth examinations of problems to be considered and 
difficulties encountered in the implementation process.

Some seminars and symposia dealing partly with the 
NUSS programme have been held recently, and others will follow 
(see Table 1). The experience from past meetings is encouraging 
in that they have attracted world-wide attention and have 
included participation from many developing countries.
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3.2.2 Training courses

The IAEA, through its Department of Technical 
Co-operation, sponsors many training courses on nuclear safety 
or including safety aspects. These have now been attended by 
about a thousand participants from over 50 countries. A sample 
of recent courses is shown in Table 2.

During the past couple of years, NUSS documents have 
increasingly served as the basis for lectures and working 
sessions in these courses. This practice will also be continued 
in the future. Lecturers will be asked to relate the content of 
their lectures to the NUSS documents and to discuss their 
national regulations and practices in relation to this 
framework. In this context they can provide examples of the 
implementation of the NUSS documents.

In order to make the information and experience 
obtained from training courses more widely known it has been 
proposed that greater efforts should be made to disseminate the 
lecture notes and other documents used during courses.

3.2.3 Safety Missions

In connection with safety missions, efforts to promote 
the application of the NUSS documents can be organized in 
various ways. A "mission" as discussed here is the visit of a 
small team of experts to a Member State for the purpose of 
advising on some problem related to safety. The team usually 
spends one or a few weeks in the country requesting the mission.

The task of a safety mission can vary widely. The
mission may provide broad advice on a regulatory system, 
evaluation of site surveys or site selection, or it may concern
the review of some more specific safety problem. It would appear
that, in many instances, the structuring of the mission's 
activities and the advice given can be based on the 
framework of the NUSS documents. To make this approach workable 
the mission has to be prepared thoroughly, including active 
participation by the receiving country as well as by the experts 
selected for the mission.

More recently missions specifically organized to 
explain a portion of the NUSS documents have been conducted in 
various countries. The NUSS programme is then conveniently 
described in lectures, and subsequent discussions provide 
opportunities for explanations and interpretations. Table 3 
lists missions of this type executed or planned as of August, 
1982. As can be seen from this table, current interests are 
mainly in the areas of Governmental Organization and Siting.
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TABLE 3. NUSS Safety Missions

Date Topic Receiving
Country

July 1980 General NUSS information Hungary
Sept. 1980 Governmental Organization and

Siting Syria
Feb. 1981 Siting Criteria Greece
March 1981 Governmental Organization Greece
Feb. 1981 Governmental Organization, Siting

and Quality Assurance Indonesia
Jan. 1982 Governmental Organization and

Radiological Protection Morocco
April 1982 Governmental Organization Ecuador
April 1982 Basic Legislation and

Governmental Organization Libya
1982 Safety Mexico
- Siting Egypt

These missions are partly of an educational character, whereas 
the missions described earlier have predominantly an advisory 
role.

3.3 FEEDBACK ON EXPERIENCE OF USING NUSS DOCUMENTS

Perhaps the most important aspect of NUSS 
implemêntation is the feedback on experience of use of the 
documents. The documents must be put to trial. All those 
involved in developing the documents and promoting their use 
will -fleed information on this experience in order to understand 
what to emphasize in their presentations, lectures or missions. 
They need to know where a NUSS document may be difficult to 
understand, where there have been misinterpretations, problems
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of application, lack of guidance, contradictions, etc. The 
feedback information must be distributed to all users and 
potential users of the NUSS documents. Finally, the experience 
of the use of the documents will be the main basis for future 
revisions.

The activities described in the preceding section 
will contain feedback as an important element. Questions 
concerning NUSS discussed at a seminar or at a training course 
and issues dealt with in a safety mission will provide 
information of the nature described. However, the importance of 
feedback justifies some specific measures to be taken in the 
future. This is a task that needs an active effort on the part 
of Member States as well as the IAEA secretariat and its experts.

Member States are encouraged to state their safety 
requirements in terms of the NUSS Codes of Practice and Safety 
Guides. They should then report back to the IAEA any problems 
encountered in meeting such requirements.

Member States are also encouraged to submit to the 
IAEA any problem of interpretation of a NUSS document, 
particularly when they feel a revision is needed. Procedures for 
dealing systematically with such comments will be established by 
the Secretariat in the form of issuing case interpretations and 
in the context of document revisions.

Safety missions should be particularly useful to 
provide feedback information. A mission may be requested by a 
Member State to provide a case interpretation of some 
requirement or recommendation in NUSS documents in connection 
with a current safety issue facing the regulatory body and 
licensee in the Member State. A mission requested to assess 
compliance of certain activities in a Member State with relevant 
NUSS documents could be even more effective. Member States are 
therefore encouraged to submit such requests to the IAEA.

The preceding suggestions for implementing the NUSS 
documents imply that initiatives should be taken by Member 
States. However, the IAEA will also seek information to identify 
cases in which assistance can be rendered to Member States 
within the framework of the NUSS programme.

A specific measure to be taken is the organization of 
"NUSS Users' Meetings”. The IAEA now plans to arrange such 
meetings regularly in the form of technical committees 
restricted to NUSS users for the purpose of analyzing and 
discussing experience in use of the documents in Member States 
and seeking advice on their revision.
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The preceding sections outline IAEA activities 
undertaken or in progress to establish the NUSS Codes of 
Practice and Safety Guides as a basis for nuclear safety 
standards in Member States. The countries will have to find 
their individual approaches in incorporating the NUSS programme 
into the regulatory process, whether by adopting the NUSS 
documents as national regulatory guides, by adaptation so as to 
fit them into their own regulations, or by other formal 
approaches. An intensive period of trial use of the NUSS 
documents is now called for; suitable methods of applying NUSS 
will then undoubtedly crystallize. To be successful in the task 
concerning NUSS assigned to the IAEA by the international 
community, the Agency needs the continued active support by all 
Member States pursuing nuclear power programmes.

4. CONCLUSION
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Abstract

THE USE OF OPERATING EXPERIENCE FOR IMPROVING NUCLEAR POWER PLANT 
SAFETY IN THE UNITED STATES OF AMERICA.

This paper presents an overview of the U nited States Nuclear Regulatory Com m ission’s 
recent experience w ith its program  for the collection, assessment, and dissem ination o f safety- 
related operating inform ation  from  comm ercial light-water reactor nuclear pow er p lant events. 
Primary a tten tion  is given to the various activities and m ethodologies of the Office for Analysis 
and Evaluation of O perational Data (AEOD) which was form ed w ithin the Commission in 
late 1979 as a m ajor segment o f the program . Included in the overview are status reports on
(1) current plans for updating and improving operational event reporting requirem ents, and
(2) the developm ent o f a com puter-based Sequence Coding and Search System (SCSS) for 
storing and retrieving Licensee Even R eport (LER ) inform ation. The philosophy and m ethods 
used by AEOD when screening and assessing significant operational trends and events, and
the use o f  lessons learned from  such inform ation in improving nuclear p lant safety are 
described. Particular emphasis is placed on the trends and patte rns of experience as an aid 
in identifying safety concerns and recom m ending corrective action. Also m entioned is the 
Power R eactor Watch List, which is under developm ent as a com puterized m ethod for 
m onitoring critical o r unusual safety-related situations. The m ethods for assessing im m ediately 
significant events, feeding back the lessons learned, and verifying the appropriateness of 
corrective actions are discussed or outlined. The utilization  of foreign operating experience 
obtained through international cooperative agreements is also explained. Samples o f recent 
program accom plishm ents and their im pact on p lant safety are included with a discussion of 
(1) possible problem s and lim itations, (2) the lessons o f experience to  date, and (3) future 
program plans and expectations.

1. INTRODUCTION

In the past, the value of operational experience in 
improving and assuring the safety, reliability, and economics 
of commercial nuclear power plants was often overlooked.
This is no longer true; it is now recognized that the 
consequences of not understanding and applying the lessons 
of experience are just too great. Accordingly, countries
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having nuclear power plants are increasing their efforts to 
obtain and feed back operational experience from their own 
plants and to learn from the experiences of others. This 
has led to a strong and growing commitment in the USA and 
elsewhere to international exchanges of operational 
information for the benefit of all countries.

In the USA , there has been an increasing emphasis on 
the importance of operational data. Within the last three 
years, two new industry organizations have formed to study, 
among other things, operational experience. These are the 
Institute of Nuclear Power Operations (INPO) in Atlanta, 
Georgia, and the Nuclear Safety Analysis Center (NSAC), a 
part of the Electric Power Research Institute in Palo Alto, 
California.

Within the U.S. Nuclear Regulatory Commission (NRC), 
aspects of potentially significant operating events are 
studied by a number of separate organizations, including 
the Office for Analysis and Evaluation of Operational Data 
(AEOD) and the Offices of Nuclear Reactor Regulation, 
Inspection and Enforcement, and Nuclear Regulatory Research. 
Further, many events are investigated by the appropriate 
NRC regional office and by the NRC resident inspector 
stationed at each plant.

The focal point within the NRC for the collection, 
assessment, and feedback of operational data is AEOD.
Our office was established several months after the 
accident at TMI-2 and is dedicated to a single mission -- 
to identify and feed back the safety-significant lessons 
of operational experience to other NRC activities, the 
plant licensees, the nuclear industry, and the public.
The formation and initial programs of AEOD were 
discussed in a previous IAEA conference paper [1].

2. COLLECTION, STORAGE, AND RETRIEVAL OF OPERATIONAL DATA

The effective use of operational experience to improve 
nuclear plant safety depends on the existence, completeness, 
and clarity of the information reported. Further, the use 
of past operational experience to identify emerging trends 
or patterns and to obtain a perspective on current events 
depends on an ability to recall specific segments of past 
experience with reasonable precision and completeness. In 
this regard, certain shortcomings have been experienced 
in the USA with both the reporting of operational data 
and its subsequent storage and retrieval.
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2.1 Reporting Requirements

Licensed U.S. nuclear plants must report operational 
events which match specified criteria. During 1981, 
approximately 4000 such reports, called Licensee Event 
Reports (LERs), were received by the NRC. About one 
report per reactor per week was a typical rate. Ongoing 
examinations of these reports continue to indicate a 
number of problems with reporting of operational events.
For example, many events must be reported which are of 
marginal safety importance such as random component 
failures, instrument set point drifts, and missed 
surveillance tests. On the other hand, a number of 
potentially important events are not required to be 
reported (e.g., actuations of the reactor protection 
system). In addition, many reports do not contain 
sufficient technical information to allow a proper 
understanding of the event, or to adequately evaluate 
its significance.

In order to overcome or minimize these problems, 
the NRC has developed a proposed rule [2] which, if 
adopted, will revise the scope, content, and method 
of reporting operational data. For example, the 
criteria for reporting will be extensively revised 
to focus on those events which are more likely to 
have potential safety significance. Additionally, 
a more detailed narrative report will be required 
for each such event.

By raising the threshold for LER reporting, the 
number of reports should markedly decrease, although 
the expanded nature of each report will require an 
increased effort. Overall, licensee resources 
required to submit LERs should remain about the 
same; yet, we believe the value of the reports will increase 
substantially. By eliminating marginally important reports, 
additional time and attention can be placed on those events 
having greater potential for safety significant lessons. 
Further, increasing the scope and technical detail of the 
report should assure a quick and effective determination 
of its safety significance and need for action.

2.2 Data Storage and Retrieval

The NRC has been using a computerized system to store 
operational data from LERs, and now has about 25 000 events 
on file. However, in attempting to recall past operating 
history from the file, we have experienced difficulties in
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locating desired information with precision. These 
difficulties can be attributed to three basic factors:
(1) only a portion of the information provided in the LER 
is routinely stored in the data system, (2) there is a lack 
of uniformity in terminology and nomenclature, and (3) the 
information is not encoded for storage with sufficiently 
precise descriptors (codes or keywords) to allow specific 
pieces and relationships to be readily retrieved.

As a result, we typically find that for a search based 
on the precise descriptors of direct interest, we get 
incomplete retrievals. On the other hand, if we broaden 
the search using more general descriptors, so many events 
are retrieved that we are easily overwhelmed sorting out 
the few pertinent events from the often-time thousands of 
non-pertinent events that are identified. Further, we 
find that because of this situation, statistical studies 
of the LER file are usually inappropriate and, in some 
cases, actually misleading.

It has been apparent that an improved data storage 
and retrieval system is needed to provide an efficient 
means to perform trends and patterns analyses, allow for 
statistical assessment of the data, and bring the full 
perspective of past experience to bear on current events.
We believe this will be accomplished with a new system, 
called the Sequence Coding and Search System (SCSS), 
which is nearing operation after almost two years of 
development by AEOD. Located at the Nuclear Safety 
Information Center at Oak Ridge, Tennessee, the SCSS 
records all information contained in the LER (including 
any supplemental information) in a coded format. This 
format uses precise descriptors based on uniform 
terminology and nomenclature, and is both computer- 
readable and searchable. Thus, the system is expected 
to overcome many difficulties experienced with the 
existing LER data storage and retrieval capabilities.

A number of different data retrieval options will be 
available with SCSS (or can be readily formulated) to recall 
situations or events with specific characteristics or 
relationships. Much more complex searches will be possible, 
including finding particular sequences of occurrences and 
special situations such as common cause failures or system 
interactions. Since the data will be consistently encoded, 
it will be possible to generate statistical information on 
failures of systems and components, including failure trends 
and a profile of failure causes and effects. Routine 
operation is expected in late 1982.
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The LER information stored in the SCSS will be 
complementary to information stored in the Nuclear Plant 
Reliability Data System (NPRDS) managed by INPO. The 
NPRDS will collect, store, and collate failure data on 
those components which have been characterized in an 
engineering data file. Many events which may no longer 
require LER reports (after the proposed LER rule is 
effective) will involve component failures which will 
continue to be reported to NPRDS.

2.3 Foreign Operating Data

Considerable information is received in the USA, 
concerning operational experience in other countries.
Efforts are being made to effectively use this information 
to further improve nuclear plant safety in the USA,, but 
there have been problems such as: (1) lack of readily 
available engineering and plant data on foreign facilities,
(2) receipt of incomplete or unclear information and 
limited success in obtaining additional details, (3) lack 
of uniformity in terminology and nomenclature, (4) cost 
of translations and difficulty in finding good technical 
translators, and (5) lack of an information storage system 
for precise retrieval. This last item is most important.
Just as with U.S. data, if we cannot recall specific 
segments of the foreign operational experience with a 
reasonable degree of precision and completeness, then 
it is of limited value.

Identifying the significance of reported events from 
other than U.S. reactors has also been a problem, notably 
in those cases where detailed information is not available 
on a particular plant configuration or component. In such 
cases, we must place a heavy dependence on receiving some 
form of event assessment or statement of significance from 
the country of origin; such as supplied in reports to the 
Incident Reporting System (1RS) of the Nuclear Energy 
Agency (NEA) in Paris. This information is being placed 
in our operational experience data base, thereby helping 
to incorporate some of the more significant foreign events 
into our analysis and evaluation work.

Foreign experience with generic implications also 
continues to make important contributions to U.S. activities. 
Reports obtained on foreign steam generator experience, 
calculations and tests of containment, and pressurized 
thermal shock incidents— to name a few— continue to be 
important to the NRC's safety analysis work. In turn,
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we are sending reports of our analyses to all who 
contribute their experiences to these efforts.

3. SCREENING, ASSESSMENT, AND FEEDBACK OF OPERATIONAL DATA

The heart of AEOD program activities is the analysis 
and evaluation of nuclear plant operational experience 
reported by LERs. This work is generally documented by 
either an engineering evaluation or case study, depending 
on the depth of investigation. Engineering evaluations 
are usually performed to fully assess the significance 
of an event or situation and to determine if an in-depth 
case study is needed. A few staffdays to a few staffweeks 
of total effort can be involved. Case studies, on the 
other hand, are in-depth investigations of significant 
events or situations. Generally, case studies involve 
the acquisition of considerable additional engineering 
data and information, as well as trips and interviews, 
to obtain a firsthand understanding of the event or 
situation. A typical case study requires from two 
to six staffmonths of total effort.

AEOD case study reports identify specific safety problems 
(actual or potential) and contain recommendations for action. 
These reports are forwarded to the responsible NRC office and 
are made available to licensees, industry organizations, and 
the public. Examples of a few typical AEOD case studies are 
discussed in Section 4.

3.1 Program Features

Various features of the AEOD analysis and evaluation 
program are illustrated in Figure 1. At the present time,
AEOD manually screens each new LER and makes a determination 
whether (1) an engineering evaluation is warranted, (2) the 
event meets the criteria for reporting to the U.S. Congress 
as an abnormal occurrence (AO), and (3) the event should be 
reported to the 1RS of NEA. During the screening process, 
particular attention is given to any event which may be a 
precursor (i.e., an event that in some way foretells of a 
potentially serious situation that could happen). During 
event screening, attention is also given to the identifica
tion of repetitive failures or situations where the frequency 
or combined significance may be cause for concern.

The present screening process attempts to examine and 
categorize each event as immediately significant, potentially 
significant, or not significant. The immediately significant 
events are candidates for immediate in-depth case study.
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Only a few events each year qualify for this category. The 
potentially significant events are candidates for an 
engineering evaluation to determine if a case study is 
warranted. This category may contain about one or two 
percent of all LERs (about one per reactor per year), 
including unusual events and precursors. The remaining 
events are not considered individually significant but 
may have generic or group significance as determined by 
trend or pattern analyses, statistical examinations, or 
other methods.

When the SCSS is fully operational, each new LER 
will be sequence coded with individually identifiable 
steps and precise descriptors for each system, component, 
cause and effect. The encoded LER will be entered in 
the data base where it can be compared with the historical 
record using various computer search and sorting features 
and statistical packages. In this way, AEOD will use the 
SCSS to (1) develop profiles of failures, personnel actions 
and cause/effect relationships to determine if there is an 
emerging trend or pattern which would suggest a previously 
unrecognized safety concern, (2) search the data using 
statistical techniques to identify meaningful deviations 
or unexpected correlations of failures, and (3) sort the 
data using pre-established search programs in order to 
compile situations of interest called “watch list" items 
such as multiple component or system failures, common 
cause failures, or system interactions.

The "watch list" also contains other critical or 
unusual situations which we believe may warrant close and 
continuous attention because of their potential safety 
significance. This computerized screening capability 
is expected to greatly increase the efficiency of 
performing trend or pattern analyses and should 
substantially augment the normal screening activity. 
Eventually, the identification of more subtle and 
unrecognized generic (i.e., repetitive) problems will 
receive increasing attention and resources as SCSS 
becomes available. The results of SCSS outputs will 
be used as inputs to the engineering evaluation and 
case study process.

3.2 Screening and Assessment Progress

In the nearly two and one-half years since AEOD 
became fully operational, the office has screened about 
ten thousand LERs, evaluated a number of these in-depth,
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and formulated numerous recommendations. In some 
respects, the task has proven to be more difficult, 
time consuming, and tedious than anticipated; but 
there have been rewarding accomplishments. The basic 
problem of dealing with the screening and assessment 
of U.S. operational experience has been that of 
magnitude (so many LERs to consider).

One measure of productivity of the screening process 
is its yield of newly identified events having potential 
significance (often previously unrecognized safety 
concerns). Since many events are easily identified as 
significant before the LER is screened, the yield has 
been low per staffhour of AEOD screening effort. This, 
in turn, has led to a search for less time consuming 
screening methods. The screening capabilities of 
SCSS, coupled with the "watch list," have particular 
promise in this regard.

Since the large number of LERs requires an extensive 
commitment of resources for screening, evaluation, and 
in-depth study, it is important that the entire nuclear 
community cooperate and participate actively in this 
endeavor. In the USA , AEOD and other NRC offices 
cannot identify all of the problems or prescribe all 
of the corrective actions associated with operational 
experience. No one organization is able to do the 
entire job itself.

In this regard, AEOD has been working closely with 
industry organizations such as INPO and NSAC to assure 
complementary efforts, where appropriate, and to minimize 
duplication. For example, arrangements have been completed 
recently to permit INPO to screen U.S. operational 
experience for its' member utilities; thereby allowing 
the utility to focus available resources on determining 
the significance and applicability (to its' own plants) 
of the concerns identified by the INPO screening activity. 
Arrangements have also been completed for the NRC and 
INPO to share the results of event assessments; and 
arrangements are being planned for sharing certain data 
accumulations, thereby further reducing duplication.

4. USE OF OPERATIONAL EXPERIENCE TO IMPROVE SAFETY

Operational experience, such as reported in the form 
of an LER, can be assessed in a number of ways to learn 
lessons which might improve nuclear plant safety. Careful 
assessment of such information is essential, and the
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assessment methods need to be tailored to the nature of 
the event(s).

As noted previously, immediately significant events 
may be effectively assessed by a detailed, in-depth study.
Lesser events which appear as a group to exhibit a prevailing 
tendency or suggest a model for behavior are usually 
assessed by trend or pattern techniques. Other lesser 
events may be of interest because of their unusual nature 
or safety implications (such as precursors) or their 
collective contribution to a generic concern. Such events 
are often studied using more qualitative or judgmental 
approaches. Finally, there may be a group of lesser 
events which do not appear to be significant from any 
established viewpoint, but when studied by statistical 
methods contain hidden lessons to be learned.

Immediately significant events (e.g., a partial failure 
to scram such as reported [3] at Browns Ferry Unit 3 in June 1980) 
receive extensive and prompt in-depth examination because of 
their obvious safety importance. Other events or situations 
of potential interest are of less apparent importance and require 
indirect assessment methods to judge their-significance. The 
following examples cover a variety of lesser operating situations 
that have resulted in significant safety disclosures as a result 
of indirect assessment methods.

4.1 Applying Lessons Learned from Unusual Events

In September 1980, the Arkansas Nuclear One Unit 2 reactor 
was shut down due to excessive plugging of the primary containment 
air coolers by Asiatic clams. Subsequent examination of the 
service water system revealed some plugging of seal water 
coolers for both containment spray pumps and one low pressure 
safety injection pump. Clams were also found to have grown in 
some auxiliary building room coolers, in the auxiliary cooling 
water system (serves nonsafety equipment in the turbine building), 
and in the emergency cooling pond.

In April 1981, Brunswick Unit 1 experienced a total loss of 
both trains of the residual heat removal system (while shut down) 
due to excessive buildup of shells and shell fragments from 
marine organisms (principally oysters) which blocked the heat 
exchanger tubes and caused significant mechanical damage. 
Subsequent examination of the Unit 2 RHR heat exchangers 
revealed similar conditions and damage, leading to shutdown 
of that reactor.
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Although the growth of aquatic organisms may not always 
be serious in actual consequence, there are noteworthy safety 
implications. The nature of fouling by aquatic organisms is 
such that it might go unnoticed, or not severely degrade 
performance during normal service; but may pose a serious 
problem under different conditions when the system is 
needed. Such conditions might include: increased flow rate 
(normal condition might be stagnant such as for fire 
protection), higher water temperature (cooling water from 
a pond might be heated), or increased vibratory motion 
(such as during a seismic event). These conditions might 
dislodge or kill the organisms and cause them or their 
shells to suddenly migrate and lodge in constricted areas 
(e.g., heat exchanger tubes or fire protection sprinker 
nozzles). Periodic tests may not duplicate such abnormal 
conditions. In addition, many components are not 
instrumented to easily detect flow degradation in normal 
service or under test conditions.

Since a cooling water flow blockage of this type may 
simultaneously affect redundant safety trains, AEOD gave 
considerable attention to this concern and reported [4] 
its findings and recommendations. The concerted attention 
and focus on the issues which resulted from this in-depth 
assessment are expected to be instrumental in assuring 
timely adoption of needed corrective actions.

4.2 Applying Lessons Learned from a Trend and Pattern Analysis

An ongoing AEOD study concerns valve assembly operability 
and reliability, particularly experience relating to valve 
operators. A primary objective has been to review operating 
experience related to valve operability under possible upset 
or accident conditions. The approach has been to identify 
possible trends or patterns in valve experience using LER 
data.

An initial survey of the LER files for 1978-80 identified 
events for all types of valve operators (motor, air, hydraulic, 
etc.). This information indicates that motor operators are 
the largest single category of valve operator-related events.
For motor operators, the events are grouped into three major 
problem categories: torque switches, limit switches, and motors.

The initial findings of the survey were recently reported [5] 
by AEOD. The report points out that torque switch corrective 
actions are involved in nearly 25 percent of all motor operator 
events. More importantly, it is noted that torque switch
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problems (which frequently involve adjustment as the corrective 
action) may actually indicate a symptomatic change over time 
in valve operability characteristics rather than a root cause 
of valve inoperability. Another problem identified was that of 
relatively frequent motor burnout in the high pressure coolant 
injection and reactor core isolation cooling systems for boiling 
water reactors. The burnout appears to be related to bypassing 
of motor thermal overload protective devices, bypassing of 
torque switches, or improper usage of the motor.

Further, the report indicates that repetitive problems 
are occurring with valve operators, either on the same valve 
or a valve in similar service. However, whether valve 
operator problems are singular or repetitive, the plant 
operating staff objective appears to be directed toward 
taking measures to return inoperable equipment to 
operational status rather than to determine and correct 
the root causes of inoperability.

Based on this assessment, the report recommends that 
improved methods and procedures be developed for the 
adjustment of torque switches and other protective devices 
to assure valve operability under upset and accident load 
conditions (e.g., valve closure during blowdown flow) which 
are more severe than normal test conditions. This should 
help to establish that the margin of performance is adequate 
to ensure operation under safety-related conditions that 
cannot be duplicated during testing. The report also 
recommends that the existing guidance to bypass thermal 
overload protective devices associated with safety-related 
valve motor operators be reconsidered.

In addition, the report encourages development of 
signature tracing techniques (such as measurement of 
electrical current and voltage applied to the motor or 
the measurement of actual valve stem torque or thrust 
during valve operation) as a means to indicate changes 
in operability characteristics (i.e., aging, inadequate 
adjustment or maintenance), and for predicting remaining 
margin to failure. The report suggests that it be tried 
on selected motor-operated valves as a part of the 
periodic inservice testing program.

4.3 Developing a Generic Concern

Another reactor safety concern was highlighted by an 
AEOD report [6] which assessed a number of lesser events 
relating to overfilling of steam generators, particularly
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for Babcock and Wilcox type pressurized water reactor 
plants. For these plants, the feedwater flow is controlled 
by the integrated control system (ICS) which is not 
designed as a safety system. The concern is overfilling 
of the steam generator to the point that water enters 
the main steamlines. There are no protective features 
to prevent overfilling and it can occur quickly (within 
a few minutes) unless stopped by operator action.

The probable effects of water entering the main 
steamlines are uncertain. A major concern is the possible 
rapid acceleration of accumulated water. The opening 
of an atmospheric dump valve, safety or relief valve, 
or turbine bypass valve downstream of a water accumulation 
could cause it to become accelerated as a slug and 
impact the piping and valves. This could break pipe 
supports or restraints, rupture a pipe, or prevent 
safety, relief, or isolation valve reclosure.

Starting an emergency feedwater turbine which is located 
below the main steamlines (a natural water trap) could cause 
acceleration of accumulated water into the turbine. This 
would be particularly troublesome since the water slug 
would likely damage the turbine and potentially jeopardize 
the pressure boundary. An additional concern would be that 
a rupture of the turbine or piping might produce a hostile 
environment for other safety-related components located in 
close proximity.

It is important to safety that plant operators be 
cautioned about the hazards of accumulated water including 
the consequences of water slug acceleration. There is a 
possibility that damage could be caused unknowingly by 
plant operators as a result of opening a valve or starting 
an emergency feedwater turbine. Both are anticipated 
operations during hot shutdown or cooldown. Of course, 
there is also the problem of steam generator repressurization 
which could open a safety or relief valve without operator 
action and accelerate accumulated water.

Steam generator overfill did occur as a consequence of 
the steam generator tube rupture event reported [7] at Ginna 
in January 1982. Operator action was not successful in 
preventing water from entering the main steamlines. In this 
event, water entry apparently caused the safety valve to 
leak severely with a resulting discharge of reactor coolant 
outside of primary containment.
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4.4 Identifying a Precursor from Preoperational Experience

Information about important precursors to significant 
operational events may be found in other sources. For 
example, deficiencies discovered in design, construction, 
or preoperational testing may lead to important safety- 
related implications for operation. This was the case of 
a preoperational test event that occurred at Three Mile 
Island Unit 2 in September 1977, some eighteen months 
before the March 1979 accident. The event occurred 
during hot functional testing prior to fuel loading.

An AEOD technical paper [8] was prepared concerning 
this event. The only known records were piecemeal 
descriptions which appeared in the plant startup logbook.
As a result, there is considerable uncertainty surrounding 
the actual plant conditions and configurations involved 
and the subsequent plant recovery. However, the event 
illustrates the importance of disseminating, analyzing, 
and evaluating operational data at all stages of plant 
1 i f e .

The event started as a seemingly insignificant 
transient which was initiated by the condensate polisher 
system. The unfueled reactor system was already heated 
to normal operating conditions using reactor coolant 
pump work and the pressurizer heaters. Following the 
condensate polisher malfunction, resins from the 
polisher were carried into the demineralized water 
system from which they were carried to other systems 
in the turbine and auxiliary buildings through 
demineralized water usage. The resins eventually 
entered the nuclear services closed cooling water 
(NSCCW) system and clogged the strainers to all of 
the NSCCW pumps, causing them to trip. This resulted 
in the loss of cooling water to a large number of 
other pumps and coolers.

As a consequence, the reactor coolant pumps were 
tripped due to a loss of bearing oil cooling, and the 
pressurizer heaters were shut off. This resulted in 
depressurization of the primary system during which 
steam bubbles formed in the hottest portion of the 
system and apparently coalesced in the hot leg 
"candy canes" (i.e., the highest elevation in the 
hot legs) thereby steam binding the hot leg piping.
The high pressure injection and makeup pumps were 
also unavailable due to the cooling water failure.
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The startup logbook indicated that for more 
than two days the plant operators unsuccessfully 
tried to remove the steam bubbles from the hot legs 
and fill the legs with water. Eventually, the 
operators pumped nitrogen into the pressurizer, 
thereby forcing cooler water from the pressurizer 
to the hot legs and steam bubble locations, 
condensing the steam.

The logbook also indicated that the operators had 
difficulty reading pressurizer level during the event.
Prior to the introduction of nitrogen, the operators 
noticed that the pressurizer level increased unexpectedly 
whenever they vented the pressurizer. They apparently 
failed to recognize that water somewhere in the system 
was flashing and a steam bubble was expanding, thereby 
forcing water into the pressurizer. Instead, a logbook 
entry indicates the operators thought the reference legs 
of the level instruments had flashed.

Similarities between the problems experienced during 
the 1979 accident and the problems that had been encountered 
during the 1977 event were discussed in telephone recordings 
during the accident. Conceivably, had the information 
concerning the event been appropriately assessed before the 
accident, mitigation of the accident might have taken a more 
effective course. The 1977 event could have provided the 
operators with an understanding of why the level increased 
during pressurizer venting and how natural circulation 
might be impaired by steam accumulation in the hot legs.

5. CONCLUDING REMARKS

It should be appreciated that operational experience 
can be collected and assessed in a number of ways to learn 
the lessons of experience, and that various effective 
mechanisms can be established to feed back significant 
safety recommendations. For this paper, the focus has 
been on the methodologies used by AEOD. In some areas, 
these methodologies do involve reasonably advanced and 
sophisticated techniques, but the basic intention has 
been to improve upon established and proven approaches 
rather than to introduce new and perhaps untried concepts.

It is apparent that the lessons of experience must 
be identified and understood if we are to avoid related 
and perhaps much more serious events in the future. The 
timely feedback of this understanding is a vital and
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integral prerequisite to safe operations; but there must 
also be a prompt and appropriate implementation of these 
lessons in terms of changes to plant hardware, procedures, 
and personnel training if public health and safety are 
to be protected, not to mention a multi-billion dollar 
economic investment^

The usefulness and effectiveness of any operational data 
program will ultimately be determined by the plant operating 
and management personnel. They control the extent to which 
operational events are fully and accurately reported, and it 
is they who implement any resulting recommendations. 
Unfortunately, the operations people are very busy and must 
focus their attention on such matters while trying to 
accomplish their main objective of producing electric 
power. These can be conflicting requirements.

We have said before [9] that, "The real value of 
establishing a dedicated office for the assessment of 
operational data may ultimately lie not in its identification 
and response capability for immediately significant events, 
but in its ability to see, in a timely fashion, the trends 
and patterns of experience as an evolving picture which can 
help identify the need for corrective action." We are still 
firm in this belief. Generally, the immediately significant 
events are relatively infrequent and easy to identify. It 
is the evolution of safety-significant trends and patterns, 
and occasional significant precursors, that are more frequent 
and which may escape all but the most diligent assessment 
people. Our principal concern is how to most effectively 
and efficiently find these subtle evolutions, such as by 
trend or pattern analyses. This is a continuing area of 
development for AEOD.

As a final point, it is important to note that IAEA 
is considering the need for providing guidance to Member 
States for the collection, assessment, and dissemination 
of information at the national level regarding safety- 
related unusual events. Additionally, it has under 
consideration an international system which will facilitate 
similar activities concerning the most important 
operational experience from the participating Member 
States. Advisory and working group meetings have 
already been’held to document ideas and to formulate 
guidance and recommendations in both areas.

 ̂ 1 US billion = a thousand millions.
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Concerning international cooperation, we have mentioned 
U.S. participation in the 1RS of NEA and its promise as an 
international system for sharing important operating 
information. There are other international incident 
information systems, each attempting to be useful and to 
gain additional participation and support. We all need 
a good international program, yet it is important that 
the potential duplication of these multiple international 
systems do not detract from resources needed to maintain 
strong national systems with effective international 
cooperation capabilities.

In summary, we believe that priority should be placed 
on assuring that each country with nuclear reactors has an 
effective operational data assessment program of its own, 
but with adequate international assistance. The existence 
of such programs is a key to continued safe operation of 
the reactors in each country; and the free and open sharing 
of knowledge from such programs is a key to continued 
improvement of reactor safety in all countries -- a goal 
worthy of our finest efforts.
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Abstract

IMPLICATIONS OF NEW SAFETY REQUIREMENTS FOR EXISTING PLANTS.
A brief history of Italian experience, with its three nuclear power plants (NPPs) in operation 

for almost two decades and-the newly licensed Caorso NPP, is outlined. The ENEA-DISP 
approach to backfitting on operating NPPs is described in some detail, including what is con
sidered the correct method of a ‘balanced’ fulfilment of the new safety requirements. The 
particular aspect of seismic problems, specific to a country like Italy, and the way in which it 
is considered to  be related to the old NPPs, is examined, in comparison with the general attitude 
taken for new plants on the entire national territory. The conclusions of such studies, where 
possible, are given, including the particular case of the Garigliano NPP. The periodic safety 
reassessment for the old NPPs is under way and its ‘status’ is briefly described. Finally, the limits 
and conditions for which risk analysis techniques may be used to further a balanced implementa
tion of new regulations, are discussed.

1. INTRODUCTION

Two decades is, generally speaking, a significant length of time as a measure 
of historic events, but it can certainly be considered an era when referred to the 
rate o f development of nuclear technology.

In the early sixties Italy was a world leader with its three NPPs in operation: 
Trino (PWR), Latina (GCR) and Garigliano (BWR). Unfortunately, for complex 
reasons that would be painful to recall here, the position has remained static almost 
until recently. In fact it needed ten years (1970) to start a new NPP project 
(Caorso, BWR), which went critical in 1978 and has been in operation since the 
beginning of 1982. The three NPPs o f the first generation could equally well be 
considered prototypes of the most important reactor ‘lines’. As matter of fact, 
after more than twenty years, despite tremendous improvements in nuclear reactor 
technology, those three ‘lines’ still represent the commercial reactor types that 
account for the most part o f the actual global world production of electricity from 
nuclear sources.

Table I shows the most significant information regarding the three old 
Italian NPPs. All three, of course, have experienced a number of interruptions 
and malfunctions during their operational life, but we feel they have performed

671



672 ELETTI

TABLE I. GARIGLIANO, LATINA AND TRINO VERCELLESE, NPPs

Garigliano Latina Trino

Reactor type BWR GCR PWR

Thermal power (MW) 506 620 870

Electric power (MW(e)) 160 160 270

First criticality June 1963 Dec. 1962 June 1964

Commençai operation June 1964 Jan. 1964 Jan. 1965

Load factor at 31/12/78 65.2% 72.4% 62.6%

well in terms of safety and reliability. The nature o f the principal troubles en
countered, mostly due to conventional problems such as corrosion and mechanical 
stresses, is absolutely comparable with that experienced by similar NPPs o f the 
same generation in the rest o f the world.

As far as the radiological impact is concerned, for the three NPPs the values 
of dose commitments to workers have been always well below the regulatory 
limits and surely not above the average occupational exposures monitored in other 
similar American or European NPPs.

This situation has been maintained throughout the operational life o f the 
plants, although during this time in-service inspections have been greatly incremented 
with a consequent increase in the occasions for personnel exposure.

Furthermore, the radiological impact on the environment and dose commit
ments to the local population have been contained well below regulatory limits 
and, most significantly, within a modest fraction of the local natural radiation 
background. This has been carefully monitored by ENEA-DISP by means of the 
environmental surveillance network, implemented and controlled as defined by the 
Operating Rules of each NPP.

These considerations allow an anticipation about the role o f ‘backfitting’, the 
process o f safety reassessment o f an existing NPP. In fact, the problems o f suitabi
lity that arose when such a process has been implemented mostly concerned the 
technological feasibility of actions to be taken on structures, the safety system and 
components o f a plant. There has been much less concern about operational issues 
and waste treatment improvements relevant to new regulatory requirements in the 
field o f  health protection from radiological hazards.

As a matter of fact, the immense effort o f innovation performed in recent years 
by the competent international boards (ICRP, 26 — EEC Directives, etc.), mostly 
based on the ALARA concept, has been constantly followed by the Italian Control 
Authority without encountering or creating any particular problem in its imple
mentation.
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Nevertheless it must be said that, as in other European countries, much ado 
has been raised by antinuclear groups, concerned scientists and ecologists about 
these matters.

It is clear then that, due to this early start, Italy has accumulated a worthwhile 
amount o f experience in the field of licensing and operating NPPs.

When the first three NPPs went into operation there was no national law to cover 
the complexity o f  designing and building nuclear power plants. Later, in February 
1964, an organic law. was passed (DPR 185/64) that took considerable account of 
the procedures and rules o f the licensing process.

Incidentally, we should like to recall here that the ‘sample problem’ o f the 
new regulatory discipline can be considered to be the ‘licensing’ of Caorso and this 
circumstance helps to explain the relatively long time needed and the difficulties 
encountered in putting the so far largest Italian NPP (860 MW(e)) into operation.

As matter o f clarification, it should be stated clearly that those difficulties 
and delays originated, mostly, in the contradictions between a philosophy o f  
licensing based on codes and standards o f the ‘country of origin’, implemented at 
that time1 by the Control Authority and the new regulatory process which failed 
often to match with the constraints o f  a turnkey contract, on the basis o f which 
Caorso had been purchased by the Italian national utility (ENEL).

The main, simplified steps of the licensing process included in the DPR 185/64 
Act are the following:

— Site authorization
— Construction permit
— Detailed design plans approval
— General nuclear test programme
— Commercial operation licence.

2. REVISION CRITERIA

As those manifold procedures did not exist at the time o f construction o f  
the three old Italian NPPs, they were licensed under a special transitory rule 
(art. 149 DPR 185/64) that simply requested compliance with safety and protection 
standards stated by the new regulatory act. This lack o f regulations greatly 
emphasized the implications of safety reassessment and compliance with new 
requirements for existing plants. In Italy the granting of the Operating Licence

1 This circumstance may be clarified remembering that our country was largely an 
importer of nuclear know-how and technology, while great improvements have been achieved 
since that time by the national industry.
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foresees a period o f time (ten years) after which the Control Authority (ENEA— 
DISP) is able to start an overall review of plant status and a comparison with the 
original safety conditions. This circumstance is most interesting as the power 
of the Control Authority to intervene during operation is a matter o f great discussion 
all over the world. In many countries the licence is considered valid through the 
entire operational life, unless important safety issues (or incidents) arise.

The approach followed by ENEA-DISP during this overall review cannot be 
considered simply as a backfitting process, but a more complicated general revision 
of the old NPPs’ status, with the objective o f verifying that the original safety 
margins will be maintained through the residual operational life, as the minimum 
level of requirements to comply in a ‘balanced’ way with updated regulations issued 
meanwhile. We will come back in a moment to clarify this point after showing the 
criteria used.

Six fundamental steps were set up:

— Revision o f plant response to original design basis accidents (DBAs) taking 
into account aging o f components, modifications and operational experience.

— Definition of safety-related systems and components derived from preceding 
issues.

— Minimum successful configuration of safeguards referred to DBAs to meet 
the original safety margins.

— Safety-related systems and components status revision [ 1 ].
— Site requalification of radiological impact for normal and accident conditions.
— Updating of technical specifications and emergency plans.

This provided a kind o f analogy with the procedures o f  DPR 185/64 and thus the 
entire process is seen in a formal manner like the normal licensing procedure for 
a new NPP. This includes the upgrading of documentation and PGQ.

In parallel with this analysis a list o f not previously considered events was 
studied in depth. The most important o f these were: earthquake, tornado, 
pipewhip, LOOSP (loss of site power), man-made events, fire etc.

It is easily understood that for a seismic country like Italy the most important 
of these events is the earthquake. We shall soon discuss this subject in some detail. 
First, we shall explain the general backfitting philosophy followed by the 
ENEA-DISP for the existing NPPs.

3. BACKFITTING PHILOSOPHY

There is general international agreement on the fact that backfitting actions 
must be determined by a deep risk analysis, which has to be split into the evaluation 
of both the severity o f consequences and the probability of the event considered.
At this point safety becomes an objective that has to be met with a correct use of 
the most invoked process of cost-benefit trade-off.
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Risk, on the other hand, is a very dull concept, especially when subjected to 
the psychological stress linked to the threshold of social acceptability, with a very 
low probability domain and very high negative consequences.

How far can we go in reassessing the safety o f an operating plant? How can 
a minimum level o f safety be defined? How far can the new regulations be 
respected without shutting the plant down? It is hard to answer these questions 
because, o f all technologies, nuclear technology is that most related to a rapid 
process o f obsolescence due to the self-penalizing, hopeless striving for absolute 
safety. Paradoxically, following the present attitude, the life span of an NPP could 
be unknown.

We used the principle that new and updated regulations should be considered 
as a reference and met as far as practically achievable. We recognize of course that 
this approach is not entirely scientific but mostly related to good engineering 
judgements, but in so doing we need to remember the Italian situation, which is 
facilitated by having a unique state utility (ENEL), and therefore we may rely with 
great confidence on its sense of responsibility.

In synthesis the milestones o f the entire philosophy are the following:

— Regulations should be followed not literally, but conceptually, taking into 
account more the objectives of the rules than the detailed criteria and speci
fications (whose achievements could be feasible only in a new plant and/or 
with new technology).

— Corrective actions should be equally distributed over different devices and 
apparatus including operational and human reliability, so that plant response 
to certain events could be evenly adequate along the entire sequence foreseen.

— Preference should be given to replace parts or devices instead o f improving or 
modifying old ones; this is particularly important for qualification and re
liability analysis.

— An effort should be made to reduce the man/machine interface in changing 
instrumentation and manipulators. The objective o f this approach has been 
to reduce changes in procedures and technical specifications for the plant.

— Referring to plant response in the event o f an earthquake, for a plant which 
originally was not built to withstand dynamic loads and horizontal accelera
tions, to avoid unreasonable penalties it is necessary to consider the inherent 
characteristics o f structures and materials under heavy stresses and make 
allowance for the grade o f  conservativism related to present evaluation methods. 
Because both these factors are largely not-quantifiable, an effort has to be made 
to reduce the consequent area o f uncertainty [2—4].

— Similar considerations have to be carefully carried out also for soil-structure 
interaction analysis, especially in the case o f liquefaction problems, which 
are quite severe in a country like Italy where most of the nuclear sites are of 
the alluvial type [5].
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Coming back to the seismic problem, we recall here that ENA-DISP has 
recently accomplished, with great technical effort, the important goal of analysing 
the entire national territory for seismic hazards.

This work was performed to determine potential areas for locating new NPPs, 
as a differential result o f exclusion zones defined on the basis o f different para
meters such as: water supply, demography, seismic hazard etc. [6,7]. Subsequently, 
detailed point studies will qualify the sites for definitive regulatory authorization.

As the approach to seismic input for designing a new NPP (SSE) is o f the 
deterministic type, the objective is to evaluate the maximum possible earthquake 
that could shake the site under examination. This objective, according to 10 CFR 
100, Appendix A, is achieved by performing extensive investigations into local and 
regional geology, seismotectonic structure and seismic history.

These criteria were developed for a region of the Northern American Continent 
and can hardly be extended to different geological regions, especially to this part 
of the Atlantic Ocean, where consistent characteristics of geological structures 
necessary for defining a particular seismotectonic province do not exist. As a con
sequence, ENEA-DISP policy is rather different from that stated by the current 
US Regulation [8].

It has to be recognized that there is little clear knowledge of the Italian seis
motectonic situation either which has so far scarcely been studied to solve the many 
questions raised by various scientists about investigations of seismotectonic 
provinces, structures thereof, capability o f faults to generate earthquakes, and 
correlations between these and on-site ground motion. Fortunately, this is com
pensated by a rather good seismic history that covers more than 2000 years of 
seismic data and associated isoseismic maps, in fairly good agreement with the 
general knowledge o f neotectonic structures [9].

For these reasons and for obtaining a national general perspective, the ENEA- 
DISP criterion used to derive potential nuclear sites has been to exclude those 
areas covered by the isoseismic map o f equal or more than X degrees MCS (Mercalli, 
Cancani, Sieberg) scale. Other exclusion criteria hâve been used, with reference to 
the possible presence on site o f surface faulting, near-field ground motion and 
volcanic areas. In addition, for new plants, a minimum value o f 0.18g peak 
acceleration has been required.

The minimum value o f 0.18g is not an actual value o f acceleration expected 
at a specific site but, more appropriately, it is aconservative figure, which takes 
care o f the uncertainty inherent in the methodology used over the entire territory 
and has the great advantage of potentially reducing the cost and time o f extensive 
detailed investigations.

It can be argued that in so doing we pay a heavy penalty in shrinking the 
actual potential space to allocate NPPs, since, through the geotechnical problems

4. SEISMIC H A Z A R D S
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(liquefaction) related to the extended alluvial deposits o f our territory, this 
minimum value of peak acceleration becomes an effective exclusion parameter.
The answer is that the actual dimensions o f the National Energy Plan (PEN) make 
allowance for such a choice. On the other hand, the 0 .18g design acceleration can 
be easily assumed from the economic point o f view because, for normal standard 
modern NPPs, it does not increase substantially the overall cost o f construction.

Obviously these arguments do not hold for an old NPP which was not designed 
to withstand such an acceleration. Therefore, if this value (0 .18g) should be taken 
for the SSE o f an old NPP and structural analysis would show failure under 
corresponding loadings and stresses, the plant should be shut down without any 
serious technical motivation, not even strictly connected to upgrading to the new 
safety requirements.

Consequently the ENEA-DISP, as a responsible Control Authority, started 
a programme of detailed studies and evaluations based on the best o f current 
knowledge, to determine the actual seismic potential o f the sites of the existing 
plants and to verify that the safety-related systems and components o f the plant 
will withstand the aforesaid actual site seismic hazard, provided that other exclusion 
criteria are satisfied..

5. RESULTS AND PRESENT SITUATION

For the three old NPPs the evaluation o f seismic history and/or (as required) 
seismotectonic studies have been accomplished.

Summarizing the current results o f the work in progress, we may say that for 
Trino (well known as a quiet geological area) the seismic history shows a maximum 
foreseeable earthquake on-site o f  not more than VIII degrees2 MCS or <  O.lg with 
a return time o f  more than 1000 years.

For Latina, early seismic historic studies showed not more than VIII MCS 
on-site2, but to provide the best knowledge of the site environment, a network of 
seismometers was installed about eight months ago to survey the microseismicity 
of the area. After six months no significant shocks have been recorded but work 
is still in progress.

The Garigliano case is rather different because, while the huge amount of 
ample studies and investigations requested were being carried out, in addition to 
those started for the safety reassessment of the plant (which in 1978 experienced 
an important failure in the secondary steam generator), the high cost o f the tech
nical solutions foreseen -  mostly due to soil-structure interaction -  induced the 
top management o f ENEL to put the plant under safety conditions in a shutdown 
configuration.

2 Intensity due to distant earthquakes.
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This is considered the first step of decommissioning and implies the beginning 
o f a series o f  studies, measurements and decontamination testing on the plant that 
will last for some years until a final decision on its future can be taken.

For Trino and Latina the revision o f the plant status has already been per
formed and among the long list o f issues that have been analysed and are in course 
of licensing, following the fundamental steps described above, it may be worth
while to recall here that the two plants have been equipped with seismic instru
mentation capable o f  anticipating the automatic scram signal of the reactor in the 
event o f an earthquake o f 3%g free-field ground acceleration on site.

The entire process o f licensing revision is planned to last until the end of 
1983. By that time Trino, which has been shut down since 1979, should be put 
back into operation.

The great number of backfitting actions requested by the Control Authority 
are carried out following priorities defined by the different safety levels involved 
and, therefore, the actual fulfilment o f all the measures approved will take longer 
than the aforesaid formally planned time span.

6. THE ROLE OF PRA

In concluding this short panorama o f the complexities and implications of 
implementing a rapidly evoluting regulation on the old NPPs, we must not forget 
the paramount role o f probabilistic risk assessment (PRA).

There is a world-wide general thrust to resort to PRA as a powerful tool for 
the regulatory process on licensing. After the Reactor Safety Study [10] and the 
TMI accident, most groups and commissions recommended implementing PRA 
in the decision-making process. Nevertheless, there is also general agreement on 
its adjunct rather than substitute function during the licensing process [11]. 
Because of its conspicuous margins of error and uncertainties in the results, it is 
not considered suited to determining an absolute value o f risk, but more an inte
gration technique o f  the mechanistic methodology.

Moreover, the definition o f safety goals as a ‘measure’ o f PRA’s results deeply 
implies socio-economic and political decisions that, at present, are far from being 
resolved.

As mentioned earlier, referring to Caorso, at that time in following the natural 
trend o f the ‘country o f origin’ methodology, based on the deterministic approach 
to safety analysis, the Italian Control Authority experienced a significant amount 
of ‘chest tightness’ in the accomplishment o f its control function which it is now 
trying to overcome.
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In so doing, starting with Montalto3 and following with the ‘standard design’, 
foreseen for the NPPs o f the National Energy Plan (PEN), licensing procedures 
have been evolved and an increasing use of PRA techniques developed. This is not 
the place to discuss this argument and it suffices to mention that, for this purpose, 
a huge effort has been recently made in designing the new DISP Organization, also 
in view of the great time-consuming involvement o f manpower.

As far as the existing NPPs are concerned (including Caorso), ample use of 
event/fault tree techniques, to evaluate the reliability o f safety-related systems and 
components, together with the identification o f most critical sequences in the DBA 
scenarios, will be added to that already performed.

Although the results are not expected to lead always to a particular regulatory 
position, they will certainly give a great impulse to the entire systematic review 
process and help to discover some hidden accident configurations, to identify weak 
points in the system reliability analysis and to balance the relative importance of 
the results, including human reliability considerations [12].

For old NPPs the limits and conditions inherent to these techniques should be 
mitigated by the advantages o f treating with really ‘as built’ systems and well-tried 
operative procedures.
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(Summary of discussion held on the papers in Technical Session 4.4)

Comparison of the ranking o f quantitative risk estimates in different countries 
should be possible; however, direct comparison cannot be made since the level 
of acceptable risk from conventional accidents varies considerably from one 
country to another (e.g. the level in the USA is almost twice that in the United 
Kingdom). It may be noted that comparison with other accident risks is not the 
only item to be considered in the process o f setting up safety goals, hence it is 
not the only determining factor in setting up common safety goals (paper 
IAEA-CN-42/203).

On the question o f co-operation between the USNRC-AEOD and INPO/NSAC 
when the source o f information goes beyond License Event Reports, including 
foreign utilities data, it was said that there is close co-operation between the two 
(paper IAEA-CN-42/271). AEOD works closely with INPO/NSAC and has a 
written agreement for such work with arrangements for protecting confidentiality 
of information from INPO/NSAC as required. AEOD has access to foreign 
information reserved by INPO/NSAC where such exchange o f information is 
covered by the agreement. For something not covered by the agreement, AEOD 
is informed o f the possibility o f a significant event by INPO/NSAC in order to 
obtain the desired information through formal channels. In addition, the USNRC 
has access to a large body o f foreign information through various formal agree
ments such as the NEA-IRS.

Since the risk of radiation exposure varies very rapidly with distance, a 
question was raised as to the implications o f the terms ‘in the vicinity o f’ and 
‘near sites’ referred to in paper IAEA-CN-42/272. The ‘vicinity’ o f a nuclear 
power plant is defined in USNRC Document 0880 as the area within 1 mile 
of the plant site boundary. The area ‘near’ a nuclear power plant is taken as 
that within 50 miles of the plant site.

In response to a question on the effect o f the US $1000 per man-rem used 
in the USA on the cost of kilowatt-hour produced, it was said that there was no 
specific indication from the utilities and the nuclear power industry as to what 
additional safety protective systems justified at US $1000 per man-rem might 
imply with regard to kilowatt-hour produced. However, they did favour the 
definition of a benefit level o f US $100 per man-rem (1982 US $). The ACRS docu
ment NUREG-G737 has some discussion on this topic. Using 10 000 man-rem per 
statistically estimated death, the proposed benefit o f US $1000 per man-rem 
corresponds to US $10 million per life saved. However, there was a proposal 
(paper IAEA-CN-42/272) that the calculation of man-rem potentially averted 
be limited to 50 miles from the site. Calculations show that roughly half o f the 
delayed fatalities would occur within 50 miles from the plant in the event of a
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major reactor accident. Thus, since approximately half the man-rem would 
occur outside the 50 mile area and would not be subject to the US $ 1000 man- 
rem, the proposed US $ 1000 man-rem benefit is roughly equivalent to 
US $5 million per life saved.

The 10 categories of faults referred to in paper IAEA-CN42/126 cover a large 
number of fault conditions which could be classified into about 10 specific 
categories, e.g. depressurization faults, reactivity faults, reduction in the coolant 
flow, electrical supply failures, external hazards, etc. The 1 rem/a per individual 
target dose for station staff is a design target to provide a good margin for 
unexpected circumstances when the plant becomes operational. During operation 
doses up to 1.5 rem/a or more may be acceptable. The collective station dose 
target of 0.2 man-rem per MW(e) is arbitrary and represents an objective to keep 
collective doses in line with the average of the Magnox stations in the United 
Kingdom.

Referring to the NUSS document, it was said that the experience of other 
international organizations involved in the development of international standards 
in the fields of nuclear technology and safety, radiation protection, the fuel 
cycle etc. indicates that substantial efforts are required for promoting the practical 
implementation of the resulting documents. The situation in the case of NUSS 
documents is more complex.
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The follow ing  papers are the basis fo r  the Panel Discussion

РОЛЬ ГОСУДАРСТВЕННОГО НАДЗОРА  

ЗА ЯДЕРНОЙ БЕЗОПАСНОСТЬЮ  

В ХО Д Е СТРОИТЕЛЬСТВА И Э КС П Л УА ТА Ц И И  

АТО М НЫ Х Э ЛЕКТРО С ТА Н Ц И Й  В ЧССР

Й. БЕРАНЕК
Чехословацкая комиссия по атомной энергии,
Прага,
Чехословацкая Социалистическая Республика 

Abstract-Аннотация

THE ROLE OF THE STATE NUCLEAR SAFETY AUTHORITY DURING NUCLEAR POWER 
STATION CONSTRUCTION AND OPERATION IN CZECHOSLOVAKIA.

The author describes the main elements of the State Nuclear Safety A uthority’s work and 
discusses its role in legislation as well as its working methods. Information is provided on the 
practical experience of the Authority with nuclear power station site selection in Czechoslovakia, 
and the quality control measures applied to the power-producing components of nuclear power 
stations are elucidated.

РОЛЬ ГОСУДАРСТВЕННОГО НАДЗОРА ЗА ЯДЕРНОЙ БЕЗОПАСНОСТЬЮ В ХОДЕ 
СТРОИТЕЛЬСТВА И ЭКСПЛУАТАЦИИ АТОМНЫХ ЭЛЕКТРОСТАНЦИЙ В ЧССР.

В докладе автор освещает основные направления деятельности государственного надзора 
за ядерной безопасностью, рассказывает о законодательном обеспечении и методах деятельности 
государственного надзора за ядерной безопасностью. Кроме того, в докладе приводятся методы 
и данные о практическом опыте деятельности госнадзора при выборе стройплощадки для АЭС 
в ЧССР, а также освещаются мероприятия, проводимые в целях обеспечения качества энергети
ческого оборудования для АЭС.

1. ВВЕДЕНИЕ

Чехословакия относится к  небольшим странам Европы, имеющим в настоящее 
время относительно большую долгосрочную программу по ядерной энергетике.
С 1970 г. эта программа базируется на советских проектах АЭС с водоводяными 
реакторами. Промышленная фаза этой программы была начата успешным пуском 
в эксплуатацию первых двух блоков атомной электростанции V-1 в г. Ясловске 
Богунице в 1978 г. и 1979 г. Чехословацкая ядерная программа основана на пос
тавках из СССР типовых атомных электростанций с реакторами ВВЭР-440, а позже — 
ВВЭР-1000. В реализации ядерной программы чехословацкая промышленность 
принимает весьма активное участие, освоив производство большей части основных 
компонентов оборудования для атомных электростанций. В настоящее время
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ядерная программа ЧССР носит промышленный и динамичный характер, что является 
определяющим фактором при организации взаимных отношений всех участников 
строительства, включая органы государственного надзора, которые как  обязательные 
участники этого процесса должны также приспосабливаться к  существующим усло
виям. Промышленный характер применения ядерной энергии для производства 
электроэнергии определяется следующими главными факторами:

— сооружение атомных электростанций основано на поставках из СССР типо
вого проектного оборудования, проверенного в промышленном масштабе, включая 
концепцию обеспечения ядерной безопасности;

— запланированное число установок ВВЭР-440 в рамках чехословацкой прог
раммы настолько велико (12 установок), что существует необходимость разработки 
и внедрения стандартизированного подхода как  в организационной деятельности, 
обеспечивающей строительство и эксплуатацию этих электростанций, так и в деятель
ности органов госнадзора.

2. ОСНОВНЫЕ НАПРАВЛЕНИЯ ДЕЯТЕЛЬНОСТИ ГОСУДАРСТВЕННОГО 
НАДЗОРА ЗА ЯДЕРНОЙ БЕЗОПАСНОСТЬЮ

Правительство ЧССР полностью осознает важность и необходимость обеспече
ния ядерной безопасности для дальнейшего успешного развития ядерной энергетики 
в ЧССР. Кроме укрепления и развития деятельности традиционных органов госу
дарственного надзора — надзор за радиационной защитой, надзор за техническим 
оборудованием, возник новый орган государственного надзора — государственный 
надзор за ядерной безопасностью при Чехословацкой комиссии по атомной 
энергии (ЧСКАЭ).

Существующая система органов государственного надзора вытекает из юриди
ческой системы страны с учетом традиционного разделения обязанностей. Выше
приведенные три органа государственного надзора осуществляют меры по комплекс
ному надзору и контролю за всеми аспектами безопасности ядерной энергетики в 
ЧССР.

Характер чехословацкой ядерной программы и организация государственного 
надзора привели к  определенному специфицескому развитию государственного 
надзора за ядерной безопасностью, а также обусловили направления его деятельности.

Информация и опыт страны-поставщика, СССР, являются исходными и обяза
тельными при проектировании атомных электростанций. Поэтому государственный 
надзор ориентирует свою деятельность по контролю так, чтобы предлагаемая 
документация по безопасности была комплектной и убедительной, а в случае необ
ходимости была дополнена. В этом направлении в процесс активно включились 
также и чехословацкие научно-исследовательские организации, имеющие в своем 
распоряжении целый ряд собственных и заимствованных расчетных программ оценки 
безопасности. Результатом оценки документации по безопасности является обеспе
чение ознакомления персонала эксплуатирующей организации со всем оборудованием
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атомной электростанции, а особенно — со всеми характеристиками, касающимися ее 
безопасности (в полном объем е).

Аналогичное положение существует также и в области эксплуатации атомных 
электростанций, что является следствием использования советских инструкций, 
применяемых с учетом местного опыта и конкретных чехословацких условий. 
Остальные три главные области обеспечения ядерной безопасности, т.е. выбор 
площадки, обеспечение качества производства и организация государственного над
зора за безопасностью АЭС являются специфическими для каждой отдельной страны; 
на них также было направлено внимание государственного надзора за ядерной безо
пасностью. Далее приводится их краткое описание.

3. З АК О Н О Д АТЕЛ Ь Н О Е ОБЕСПЕЧЕНИЕ И  МЕТОДЫ  ДЕЯТЕЛЬНО СТИ 

ГО СУДАРСТВЕННО ГО  НАД ЗО РА З А  ЯДЕРНОЙ БЕЗОПАСНОСТЬЮ

Законодательная база для деятельности государственного надзора за ядерной 
безопасностью развивалась постепенно в период с 1970 г. по 1982 г. с учетом 
потребностей чехословацкой ядерной программы и юрисдикции, существующей в 
ЧССР. До этого времени деятельность государственного надзора осуществлялась 
в тех случаях, когда она была необходима, используя авторитет органов надзора за 
радиационной защитой и их тесное взаимодействие. К изданию инструкций 
законодательного характера обычно прибегали при изменениях основных правовых 
норм или нововведениях в них.

Определение полномочий по изданию инструкций по ядерной безопасности 
содержится в законе о компетенции центральных ведомств 1970 г. Определение 
полномочий для согласования документации по безопасности на основании обсуждения 
содержится в строительном законе и его оперативных разъяснениях. Определение 
права проводить инспекционную деятельность является предметом правительствен
ного заявления от 1977 г. Право проводить некоторую дальнейшую деятельность, 
особенно в период пуска АЭС, определяется правительственным заявлением от 1979 г. 
На основании рекомендаций государственного надзора и решения правительства была 
начата подготовка закона о государственном надзоре за ядерной безопасностью 
ядерных установок. В этом законе будет подытожено и сосредоточено существующее 
правовое оформление деятельности в данной области и установлены дальнейшие 
требования по осуществлению надзора (права и обязанности инспекторов и контроль
ных организаций, требования к  подготовке рабочего персонала и контролю за его 
деятельностью, санкции и т .п .) . В 1982 г. правительство ЧССР утвердило проект 
принципов этого закона и можно ожидать, что после обсуждения в уставных органах 
он будет издан в следующем году. Его издание будет безусловно означать дальней
шее усиление позиции и авторитета государственного надзора за ядерной безопасностью.

На основании полномочий издавать общие обязательные инструкции к  насто
ящ ему времени издано пять инструкций, в которых сформулированы основные 
требования по ядерной безопасности к  деятельности в рамках ядерной программы:
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1. Постановление № 2 об обеспечении ядерной безопасности при проектировании 
и выдаче разрешения на строительство ядерных энергетических установок (1978).

2. Постановление № 4 об общих критериях обеспечения ядерной безопасности 
при выборе площадок для ядерных энергетических установок (1979) .

3. Постановление № 5 об обеспечении качества определенного оборудования 
для ядерной энергетики с точки зрения ядерной безопасности (1979).

4. Постановление № 6 об обеспечении ядерной безопасности при пуске и 
эксплуатации ядерных энергетических установок (1980).

5. Указания по подготовке внешних аварийных планов для атомных электро
станций (1980).

При подготовке этих документов в максимально возможной степени были 
использованы действующие инструкции страны-поставщика, СССР, рекомендации 
международных организаций (СЭВ, ПРНБ АЭС МАГАТЭ1) и собственный опыт, 
приобретенный в ходе осуществления чехословацкой ядерной программы.

На основании решений органов СЭВ в качестве обязательного документа приме
няются изданные МАГАТЭ ’’Правила безопасной перевозки радиоактивных веществ” .

В настоящее время, указанная система основных нормативных документов 
считается достаточной. В будущем предполагается издание некоторых других 
регламентирующих документов, например: по хранению радиоактивных отходов, 
по снятию АЭС с эксплуатации и т.п. Требования к  квалификации, подготовке и 
проверке уровня подготовленности обслуживающего персонала определенных профес
сии были детально разработаны и изданы ведомством, которое строит и эксплуатирует 
атомные электростанции в сотрудничестве с государственным надзором.

Накопленный к  настоящему времени опыт полностью подтвердил целесообраз
ность издания этих основных документов и их правильность. Кроме того, эти 
документы явились вкладом  в дело стандартизации требований ядерной безопасности 
в рамках чехословацкой ядерной программы. В настоящее время проходит проверка 
и уточнение их на практике. В этом процессе государственный надзор играет значи
тельную роль. Накопленный к  настоящему времени опыт показывает, что некоторые 
требования государственного надзора необходимо будет разработать более подробно 
в форме инструкций и руководств. Исходя из этого в настоящее время подготовлены 
или подготавливаются подробные руководства по составлению и содержанию отчета 
по безопасности, стандартным пределам и условиям безопасной эксплуатации АЭС, 
спецификации отдельных программ, обеспечению качества и т.п.

Процесс получения разрешения на создание атомных электростанций в ЧССР 
состоит из трех основных этапов:

— получение разрешения, утверждающего выбор площадки для АЭС, и опреде
ление защитной зоны ;

— получение разрешения на строительство АЭС;
— получение разрешения на постоянную эксплуатацию.

1 Программа разработки норм безопасности АЭС.
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Эти разрешения выдает государственный надзор на основании рассмотрения 
установленной документации о безопасности. Выдача их связана с исполнением 
условий определенных сроков. Кроме этого государственный надзор издает частные 
разрешения на выполнение отдельных этапов пуска, а именно: на загрузку топлива, 
на физический пуск, на энергетический пуск и пробную эксплуатацию. Эти разрешения 
выдаются на основании проверки готовности оборудования, подготовленности 
персонала и необходимой документации, а также оценки результатов предыдущего 
этапа.

Кроме регламентирующей деятельности, не менее важной является контрольная 
деятельность, посредством которой государственный надзор проверяет выполнение 
требований инструкций и условий, изданных разрешений. В случае необходимости 
государственный надзор может потребовать их выполнения.

К ак показал опыт, приобретенынй при вводе в эксплуатацию первых блоков 
АЭС, особенно строгие требования к  инспекционной деятельности необходимы в 
период заключительных фаз подготовки к  пуску, собственно пуска и в начале 
эксплуатации. В период строительства, когда заканчивается монтаж основного 
оборудования, проводятся испытания к ак  отдельных видов оборудования, так и 
всего оборудования в целом, инспекционную деятельность необходимо проводить 
практически непрерывно. По этой причине государственный надзор в 1979 г. ввел 
должность постоянного инспектора на АЭС в г. Ясловске Богунице. Этот подход 
полностью оправдал себя, так как  повысилась оперативность инспекционной деятель
ности и улучшился взаимный обмён информацией. Учитывая это, такая практика 
будет применяться при строительстве АЭС и в будущем.

Кроме этого государственный надзор проводит ряд специальных инспекций 
при участии сотрудников и экспертов государственного надзора или других орга
низаций.

В настоящее время государственный надзор осуществляет контроль за ядерной 
безопасностью при относительно ограниченном числе сотрудников. Все сотрудники 
государственного надзора принимают активное участие во всей его деятельности, а 
именно в оценке документации, в издании разрешений, в проведении инспекций, в 
подготовке инструкций. Подобная организация работы оправдала себя, так как  
дает сотрудникам возможность комплексного участия в деятельности надзора при 
соблюдении принципа специализации. Деятельность надзора требует наличия 
в своем распоряжении специалистов всех основных профессий для рассмотрения вопро
сов безопасности АЭС ( физика, теплотехника, специалистов по машинным компо
нентам и системам управления и регулирования, специалистов по оценке влияния 
радиоактивных отходов на окружающую среду, специалистов по транспортировке).
В чехословацких условиях нецелесообразно держать постоянных сотрудников, специа
лизирующихся в некоторых областях, а в случае необходимости можно использовать 
экспертов из специализорованных институтов, занимающихся исследованиями, на
пример в области метеорологии или сейсмологии.
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Опыт осуществления надзора показал, что авторитет надзора обусловлен не 
только законодательным его характером, но особенно его деятельностью, которая 
должна проводиться на высококвалифицированном уровне. Поэтому необходимо 
обеспечить постоянный рост квалификации его сотрудников в специальных областях, нап
ример, направляя их на курсы МАГАТЭ. Кроме того, для повышения своего авторитета 
государственный надзор должен быть квалифицированным партнером организаций, 
которые являются предметом надзора. Начиная с 1982 г. было решено создать огра

ниченную специальную исследовательскую базу, которая будет заниматься выполне
нием специализированной исследовательской программы в интересах надзора. В 
ее рамках, например, будет проводиться стандартизация методов и расчетных прог
рамм, а также разработка прогрессивных методов оценки безопасности.

4. МЕТОДЫ И ПРАКТИЧЕСКИЙ ОПЫТ ДЕЯТЕЛЬНОСТИ ГОСНАДЗОРА ПРИ 
ВЫБОРЕ СТРОЙПЛОЩАДКИ ДЛЯ АЭС В ЧССР

Решение о размещении ядерных энергетических установок является первым 
шагом в комплексе мероприятий по обеспечению ядерной безопасности и радиацион
ной защиты, которое предусматривает проектирование, производство оборудования, 
строительство, ввод в эксплуатацию, эксплуатацию и снятие с эксплуатации. Слож
ность размещения определяется необходимостью решить ряд весьма сложных проблем 
взаимодействия ядерной энергетической установки и окружающей среды с целью найти 
безопасное и оптимальное решение. Ответственность за решение этих проблем несут 
государственные органы страны, в которой создается АЭС, так как  у них имеются 
самая точная и полная информация о предлагаемых площадках для АЭС.

На первом плане при первональном подходе к  решению вопроса о размещении 
ядерных энергетических установок стоит задача защиты окружающей среды и населе
ния. Однако, это не решает проблемы защиты окружающей среды. В принципе такой 
подход можно применить лишь в некоторых странах. Например, в ЧССР, т.е. в стране 
с небольшой территорией, высокой плотностью населения, развитыми промышлен
ностью и сельским хозяйством, необходимо применять другой подход.

Проблемами размещения крупных сооружений в ЧССР занимаются уже более 
20 лет специализированные организации ’’Терплан” и ’’Урбион” . У этих централизо
ванных организаций имеется достаточный опыт и проверенная методика, а также 
данные по всей территории ЧССР. В сотрудничестве с этими организациями, генераль
ным проектировщ иком в ЧССР — Энергопроектом и другими специализированными 
организациями ЧСКАЭ разработала свод правил и руководств по размещению ядерных 
энергетических установок, целью которого является предоставить органам и орга
низациям, заказывающим, проводящим и оценивающим выбор площадок, единый 
и полный комплект требований и данных для того, чтобы стандартизировать и ускорить 
выбор площадок, а также предоставить возможность необходимого выбора площадок.
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В 1976 г. ЧСКАЭ были изданы официальные рекомендации, которые в 1979 г. при
обрели статус общеобязательного юридического документа (постановление № 4) .

Свод упомянутых правил и руководств по безопасности рассматривает пло
щадки для строительства АЭС, учитывая:

— технические возможности осуществления строительства и эксплуатации ядер
ной энергетической установки (например, с учетом сейсмичности) ;

— необходимость защиты окружающей среды (например, оценка индивидуаль
ных и коллективных доз для населения, проживающего в прилегающей местности, 
определение зон гигиенической защиты подземных и поверхностных источников 
питьевой воды и т .п .) ;

— возможности использования территорий в других интересах, имеющих общест
венное значение ( например, территории с залежами важного для народного хозяйства 
сырья, защитные зоны аэродромов и т .д . ) .

С точки зрения применения правила выбора и оценки площадок делятся на 
две следующие группы:

— исключающие правила 1-й степени, которые исключают территории для 
размещения ядерных энергетических установок ;

— исключающие правила 2-й степени, которые условно исключают территории 
для размещения ядерных энергетических установок.

В случае невыполнения некоторых из правил 2-й степени следует обеспечить как 
необходимые компенсирующие мероприятия в проекте, так и представление обосно
вания для исключения из действующих правил или для изменения приоритета инте
ресов. Для дальнейшего, более подробного сравнения площадок для строительства 
АЭС служит группа сравнительных правил.

В настоящее время в ЧССР имеются три площадки (Ясловске Богунице, 
Дукованы, М оховце), на которых строятся или эксплуатируются ядерные энергети
ческие установки, а строительство 4-й (Темелин) вскоре должно быть окончательно 
одобрено. Эти установки обеспечат прирост мощностей за счет ядерных источников 
до 1990 г. Учитывая продолжительность плановой и проектной подготовки 
к  строительству и самого строительства, необходимо уже в настоящее время осущест
вить выбор площадок для АЭС, которые будут вводиться в эксплуатацию после 1990 г.

Исходя из этого в 1979 г. был разработан документ под названием ’’Прогноз 
размещения атомных электростанций в ЧССР” , в котором приводится оценка воз
можностей размещения атомных электростанций на период 2005-2010 гг.

На основании применения исключающих критериев был осуществлен выбор 
всего 33 площадок. Оценка всех выбранных площадок проводилась с использованием 
оперативно доступной информации с целью ограничения количества площадок в 
отдельных областях до 2-3. В этой стадии были применены исключающие правила 
2-й степени, для чего была разработана точечная категоризация площадок.

В ближайшее время в ЧССР необходимо осуществить выбор 2-3 площадок для 
новых АЭС. В случае решения о необходимости сооружения атомной электростанции 
в данной местности для более конкретного выбора площадки для АЭС в этой местности
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разрабатывается так называемый перспективный доклад, в котором информация 
о конкретных стройплощадках представлена более подробно.

На этой стадии для окончательного одобрения площадки подключаются уже 
местные органы (областные национальные комитеты) . Если в данной местности 
имеется несколько вариантов площадок, то необходимо рассмотреть все варианты 
предъявляя к  ним одинаковые требования вплоть до окончательного решения. 
Одобрение конкретной площадки, в случае представления одного варианта, проводит
ся в решении о выборе площадки, основой которого служит эскизный отчет по безо
пасности. Этот документ будущий заказчик атомной электростанции представляет 
государственному надзору за ядерной безопасностью ЧСКАЭ.

Опыт показывает, что выбор площадок это весьма трудоемкий и длительный 
процесс, требующий большого объема различной и подробной информации о терри
тории и проведения целого ряда специальных измерений. Из этого вытекает необ
ходимость сотрудничества с рядом специализированных органов и организаций с 
Гидрометеорологическим институтом, Геофизическим институтом, Водохозяйствен
ными институтами и т .д .) , необходимость своевременного планирования их деятель
ности и создания для нее необходимых кадровых и материальных условий.

Принимая во внимание существующие в ЧССР условия размещения ядерных 
энергетических установок, которые с одной стороны характеризуются высоким 
коэффициентом использования территории, а с другой стороны ограничиваются 
некоторыми явлениями, затрудняющими размещение (сейсмичность, торнадо и т.п .) 
в общем политику ЧССР в размещении ядерных установок можно характеризовать 
как  поиск стандартных мест. ЧССР строит ядерную энергетику на основе стандарти
зированных типов атомных электростанций (ВВЭР), и в сущности речь идет о решении 
стандартизированной проблемы атомной электростанции, что должно было бы уско
рить и облегчить весь процесс по выбору стройплощадок.

5. ОБЕСПЕЧЕНИЕ КАЧЕСТВА ЭНЕРГЕТИЧЕСКОГО ОБОРУДОВАНИЯ ДЛЯ 
АТОМНОЙ ЭЛЕКТРОСТАНЦИИ

Высокое качество всего оборудования и компонентов атомных электростанций 
является основным условием для безопасной эксплуатации ядерного оборудования 
в целом. Чехословацкая промышленность принимает весьма активное участие в 
производстве большинства оборудований I и II контуров для чехословацких атомных 
электростанций, поэтому ответственность по обеспечению качества в чехословацких 
условиях является первоочередной. На основании соглашения о кооперации по 
производству оборудования для атомных электростанций между странами — членами 
СЭВ часть оборудования ввозится в ЧССР, и, наоборот, некоторые компоненты 
вывозятся из ЧССР, например: корпуса реакторов, парогенераторы и т.п.

Единство организационных, технических, экономических и законодательных 
мероприятий является основным условием контроля качества в рамках указанной
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специализации. Выполнение экономических задач и определение высокого качества 
производства предусмотрено в планах. Для достижения этих целей создана и исполь
зуется единая система контроля.

Основным документом в этой области является Постановление ЧСКАЭ № 5 
”0 6  обеспечении качества определенных компонентов в ядерной энергетике с точки 
зрения ядерной безопасности” от 1979 г.

Постановление определяет:

а) основные требования для разработки, рассмотрения, утверждения, 
реализации и проверки программ по обеспечению качества и связанной с этим 
деятельностью при планировании, подготовке, проектировании, производстве 
оборудования и сборке конструкций, монтаже, пуске и эксплуатации избранного 
оборудования атомной электростанции с точки зрения ядерной безопасности;

б) обязательные инструкции для комплекса технических и организационных 
мероприятий и работ, влияющих на результат качества оборудования.

Постановление является обязательным для всех организаций, принимающих 
участие в управлении, планировании, проектировании, производстве, эксплуатации 
и утверждении деятельности, которая связана с обеспечением качества отдельных 
компонентов оборудования. Далее оно содержит:

— классификацию отдельных компонентов оборудования, применяемого в ядер
ной энергетике, с точки зрения ядерной безопасности (оборудование распределяется на 3 
категории согласно важности его функционирования в рамках системы безопасности
и последствий его выхода из строя, оказывающих влияние на безопасность атомной 
электростанции) ;

—требования к  программам обеспечения качества (Установлены 3 программы 
по обеспечению качества, представляемые государственному надзору одновременно 
с документацией о безопасности) ;

— требование о разработке программы по обеспечению качества, обязательной 
для выполнения в течение всего срока работы атомной электростанции, а также 
определяющей требования к  принципам и процессам, осуществляемым в дальней
ших программах;

— частичную программу обеспечения качества, в рамках которой разрабатываются 
задания по отдельным видам деятельности, например в области проектирования, 
производства и т.п. ;

— частные программы обеспечения качества, составленные для изготовления, 
монтажа и эксплуатации отдельных компонентов оборудования, включая методы 
контроля и критерии контроля при приемке.

Основной частью вышеприведенного постановления являются требования к  
контрольной деятельности. Все организации, деятельность которых может оказать 
влияние на качество отдельных компонентов оборудования, должны осуществлять 
контроль своей деятельности. Контролирующие органы не должны иметь производствен
ной зависимости от предприятий, деятельность которых является предметом контроля. 
На предприятиях контроль проводится собственными контрольными группами и
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контрольными группами вышестоящих организаций, а также независимым внешним 
органом контроля, в рамках отношений между поставщиком и заказчиком и 
взаимодействия с органами государственного надзора (государственный надзор за 
ядерной безопасностью ЧСКАЭ, учреждения по охране труда и безопасности эксплуа
тации технического оборудования, строительная инспекция и т .п .) .

Постановление также устанавливает требования к  техническому и организацион
ному проведению рабочего контроля с целью обеспечения его высокого качества, 
который не зависит от организации-заказчика, при соблюдении установленного 
плана контроля в ходе эксплуатации, утвержденного органами государственного 
надзора.
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Abstract

REGUL-ATORY EXPERIENCE WHEN INTRODUCING NUCLEAR POWER IN A 
SMALL COUNTRY.

When nuclear power is introduced into a small country like Finland, many problems 
that usually have no ready-made solutions need be solved. The paper reviews the experience 
gained in Finland in the field of safety control during the last ten years covering the 
preparatory stage and the first years of operation. Before the projects were started it was 
difficult to assess the resources that would be needed. At that time the questions of safety 
control and requirement level were debated hotly all over the world. Therefore the goals 
had to be set by independent deliberation and the models for activities and appropriate 
regulations had to  be developed in Finland. As the plant contractors were foreign and were 
used to the arrangements and regulations of their own countries, meeting the additional 
requirements specific to Finland demanded much work. The number of persons participating 
in the safety control work was rather small and so outside experts were often used for 
analyses. Those who performed the safety assessment also took part in inspections during 
construction and later in the supervision of operation. Environmental studies were carried 
out for several years in order to specify the monitoring programmes to be used to control 
the impact of radionuclide releases from nuclear power plants into the environment.
Full-scale environmental m on itorin g  started at both sites on e year  before the first reactor 
units were put into operation. The discharges from both nuclear power stations to the 
receiving water bodies have been within a few per cent of the approved operational release 
limits. The radiation doses of the operating and maintenance personnel have been kept 
within 1 -5  man-Sv/GW (e)a.

1. GENERAL

At the moment in Finland there are four nuclear power plant units, which 
were purchased between 1970 and 1974. The first two units, Loviisa 1 and 2, 
are owned by the state-owned power company Imatran Voima Oy (IVO) and 
their main supplier was the Soviet export organization V/O Atomenergoexport 
(AEE). They are PWR plants of the VVER 440 type rated at 1375 MW(th) 
and 440 MW(e) net.

The two other nuclear power plant units are owned by Teollisuuden 
Voima Oy (TVO), a power company founded by 15 Finnish industrial companies.

693
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These units, TVO I and II, are BWR plants supplied by the Swedish AB Asea- 
Atom (AA). They produce 2000 MW(th) and 658 MW(e) net. The installed 
net electrical power in Finland was ca. 11 700 MW at the end o f 1981.

Because o f the delivery contracts, the roles of the power companies were 
quite different during implementation o f the designs.

The main contractor o f the Loviisa plant units, AEE, supplied the most 
important mechanical components, such as the reactor, primary circuit with 
auxiliary systems, turbogenerators with auxiliary systems and fuel. AEE also 
used the Finnish metal industry as subcontractors.

Imatran Voima Oy co-ordinated the project and was responsible, for 
instance, for the construction work and for the purchase of electrical components 
and mechanical accessory equipment. In realizing its part o f  the agreement,
IVO relied on experienced Western firms in many respects. It employed Swiss, 
Federal German, British and American firms as consultants and subcontractors.
The main portion o f the design work was, however, done in Finland and the 
bulk o f the purchases was made from Finnish companies.

The TVO I nuclear power plant project was entirely realized by AB Asea- 
Atom and the unit was supplied on a turnkey basis. Besides design and construction, 
the project also included startup testing. Asea-Atom has mainly used Swedish 
and Finnish industrial companies as subcontractors.

In view of the activities o f the regulatory body, the plants are quite different 
by virtue o f the main supplier and the nature o f  the contract. For the most 
part, IVO has been responsible for the preparation or compilation and inspection 
o f reports submitted to the authorities. By contrast, TVO has often worked just 
as a connecting link between the IRP and Asea-Atom.

2. REGULATORY BODY

The production o f nuclear energy requires permission granted by the 
authorities and is controlled by the legislation on atomic energy and radiation 
protection. Pursuant to Finnish law, the body granting such permits is the 
Ministry of Trade and Industry. The technical safety evaluation, which is part 
of the licensing procedure, is performed by the Institute of Radiation Protection 
(IRP), which is designated as the actual regulatory body. It also ensures that 
provisions in the permits are complied with, supervises the construction, by 
reviewing the designs and inspections carried out at various stages o f construction, 
and supervises commissioning and operation. These activities are for the most 
part performed by the Department of Reactor Safety o f the IRP.

The other departments o f the Institute of Radiation Protection are 
responsible for the environmental monitoring around nuclear power plants,
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LOVIISA 2 0_________________________о-------------- 1

TVO I i__________ o_____________ o______________ i

TVO II ,_______________ о____________ о___________ i

'1969 ' 70 1 71 1 72 1 73 1 74 ' 75 1 76 1 77 1 78 1 79 1 80 ' 81 '82уш  

CP = CONSTRUCTION PERMIT, 0L = OPERATING LICENCE

LOVIISA 1 u o ____________________o ________________________ i

F IG .l. Progress o f  nuclear p o w e r p la n t p ro jec ts  and n um ber o f  regula tory staff.

matters related to regional emergency plans, nation-wide radiation dose control 
o f workers, and the calibration and inspection of radiation measuring equipment.

As there was no functioning regulatory organization in Finland before the 
first nuclear power plant project commenced, it was possible to establish a body 
that combined the actual reactor safety control, radiation protection and 
supervision of nuclear power plant pressure vessels. Although the number of 
staff performing reactor safety control developed slowly (F ig .l), there was 
now an organization with close interaction between the various segments of  
regulatory work. This has proved to be a positive feature.

The present organization was formed in 1975. Since then the number of 
technical staff has remained at about 50, which can be regarded as small but 
adequate.

Because the number of staff was small, especially at the beginning, an 
effort was made to solve this problem by hiring experts in the most important 
review fields and using these persons for both review and inspection. Even the 
supervision of pressure vessels falls within the competence o f the Institute’s 
activities. In addition, outside research institutes were contracted to carry out 
studies and analyses in certain strictly limited areas.

At the beginning, examples set by countries with more advanced nuclear 
technology facilitated the development o f supervisory methods and regulations.
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However, the preparation o f national guides and standards was commenced 
fairly soon by the most experienced members of the staff.

That the same experts have been employed for both review and inspection 
activities and later also for the preparation o f guides and regulations has 
proved to be a demanding, but at the same time motivating and inspiring 
solution, which also guarantees that special questions are given a profound and 
relevant treatment. Nonetheless, the use o f  experts is not sufficient by itself, 
for persons who have a comprehensive experience of nuclear power plants 
and their operation have proved necessary.

Relations with advanced nuclear power countries and international 
organizations are invaluable to a small country starting to use nuclear power.

3. DEVELOPMENT OF REGULATORY FUNCTIONS BEFORE 
STARTING THE PROJECTS

Well before nuclear power projects are started one must make provisions 
for regulatory work. On the one hand, this involves preparing regulations and 
making international agreements and, on the other hand, securing adequate 
human and material resources for regulatory work.

In the 1970s, when the four nuclear power plant units now operating in 
Finland were constructed, safety requirements were globally under vigorous 
development. The role o f the regulatory authorities was also being considered. 
Models for regulatory functions were, and still are, extremely diverse, so there 
was no directly applicable model for the establishment o f regulatory work.

The Finnish atomic energy and radiation protection legislation dates back 
to the late 1950s. These laws do not contain any detailed requirements for the 
safety of nuclear power plants and they have had to be amended from time to 
time. Therefore the permits that have been granted for the construction of 
nuclear power plants have had to include a considerable number o f provisions 
concerning safety. Similarly, the regulatory body has exercised independent 
authority in a wide variety o f issues. The preparation of guides concerning 
regulatory work was begun at the commencement o f the projects.

The estimation o f the resources needed for regulatory work was made 
difficult by the fact that, first, there was neither a completed model o f the 
regulatory functions nor detailed regulations when the projects were started 
and, secondly, the construction and commissioning of all four units took place 
in a short time span. This led to a situation where human resources had to be 
continuously increased as the projects progressed.

When implementing nuclear power plant projects, a country must pay 
attention to the necessary international agreements on nuclear energy. Finland 
signed agreements with Sweden and the Soviet Union at the end o f the 1960s 
and joined the Non-Proliferation Treaty in 1970. Finland has also made bilateral
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agreements among others with Canada and Australia for the purchase of 
nuclear fuel.

4. SUPERVISION DURING CONSTRUCTION AND OPERATION

The principal aim in the development o f  supervisory methods has been 
the creation o f a well-arranged, consistent system which would facilitate the 
routine performance o f most supervisory tasks and which would be simple to 
control. Hence the management could concentrate its attention on solving 
special problems and giving general guidance.

The actual regulatory practice and its scope have developed gradually as 
the projects have advanced. The most important model in the creation of the 
regulatory system was US practice with its PSAR and FSAR requirements, 
Standard Review Plans, Regulatory Guides and other standards on various topics. 
The Finnish pressure vessel and building legislation supplemented by international 
requirements (e.g. ASME Code, requirements for the containment) were used 
as a model for the supervision o f pressure vessels, other similar structures and 
constructional elements. Because the personnel o f the regulatory organization 
was relatively young and inexperienced, this background material was also 
very important from the viewpoint o f training the staff. Additionally, the 
following factors contributed to the effectiveness o f the regulatory work:

— Frequent visits to plant sites and discussions with the representatives of  
the power companies;

— The same persons performed material reviews and plant site inspections;
— Duties were exchanged among the staff to increase motivation and expertise ;
— Guides dealing with regulatory practice (YVL Guides) were prepared.

The following pattern with certain hold points was established for the 
performance o f regulatory work, which is described in the above-mentioned 
YVL Guides:

— Pre-inspection (including design review) ->■ commencement o f manufacture ;
— Construction inspections -*■ installation;
— Commissioning inspections, system tests -*■ startup testing -»• operation.

As the regulatory organization was not fully developed, the hold points, 
especially in the first plant projects, did not always remain in place, and 
unfinished matters kept piling up in the stage preceding the issue o f the 
operating permit. Problems arose especially from the absence o f explicit require
ments in many areas in the beginning, incomplete information on Finnish 
requirements, and applied standards deviating from the given reference standards.
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When the construction and startup testing phases were coming to an end, 
the active development o f methods for supervising the operation was begun. The 
present supervision programme contains over 70 groups o f objects to be 
inspected, while the inspection cycles range from one month to four years.
The number o f these inspections is more than 100 at each plant unit per annum. 
In addition, there are over 50 in-service inspections for pressure vessels. When 
one further takes into account the other inspections carried out, e.g. during 
refuelling, the total number o f inspections at each plant unit is approximately 
300 every year. This way inspectors are kept well informed o f events at the 
plant site and they are in close contact with practical work. Furthermore, 
there is a resident IRP inspector at each plant site.

The inspections are supplemented by reports that the power companies 
are required to send to the IRP. Besides the fast daily telexes, the reporting 
system includes detailed reports on component failures, operating disturbances 
and abnormal occurrences, monthly and annual reports and summary reports 
on radiation doses and releases. On the basis o f its inspections and the reports 
submitted to it, the IRP prepares Quarterly Reports and, more general Annual 
Reports for the media and for Finnish and foreign experts. Close and straight
forward relations with the media have for their part contributed to the generally 
objective view on nuclear power presented by the media.

5. RADIATION PROTECTION AND ENVIRONMENTAL MONITORING

5.1. Limitation of occupational exposure

Objectives for the limitation o f occupational radiation exposure in nuclear 
power plants were set in accordance with national legislation on radiation 
protection in co-operation with the other Nordic countries. The guidelines are 
compiled in the publication ‘Report on the Applicability o f International 
Radiation Protection Recommendations in the Nordic Countries’, Stockholm, 
1976. The basis o f these recommendations is identical with the recommendations 
presented later by the ICRP in its publication 26.

Preparation o f detailed guides for the realization o f the above-mentioned 
guidelines in radiation protection practices was initiated several years before 
the commissioning o f the plants. At the commissioning stage, the power 
companies submitted for approval to the IRP their radiation protection 
instructions prepared in accordance with the guides given by the IRP.

Detailed planning guides have been prepared for future power plant projects, 
for instance on radiation protection aspects in the design of nuclear power 
plants and on radiation monitoring instrumentation. In the design and con-
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TABLE I. OCCUPATIONAL RADIATION EXPOSURE AT LOVIISA 
NUCLEAR POWER STATION, FINLAND, 1977-1981

Year Number of 
workers

Annual
average
dose
(mSv)

Annual
collective
dose
(man-Sv)

Collective 
-  dose per

unit energy installed2 
(man-Sv/GW (e)a)

1977 5 0.6 0.003 -

1978 644 1.6 1.03 2.34

1979 111 1.7 1.32 3.00

1980 721 2.9 2.08 2.36

1981 690 1.6 1.07 1.22

a The installed capacity was 440 MW(e) in 1977—1979 and 880 MW(e) in 1980—1981.

struction phases of the existing plants the absence o f such documents imposed 
limitations on the early supervision o f such issues as layout questions.

The startup testing period has appeared to be an extremely important 
phase in supervision work, also in radiation protection matters. Testing of 
shielding performance, final inspections o f monitoring equipment, control of 
health physics practices, etc. form the practical basis for the supervision of 
radiological protection during plant operation.

The radiation protection practices adopted in the Finnish nuclear power 
plants are well in accordance with, e.g. the IAEA Safety Guide 50-SG-05 
‘Radiological Protection During Operation o f Nuclear Power Plants’. The 
supervision work o f the IRP includes pre-programmed inspections on several 
items such as monitoring equipment, dosimetry, administrative practices, 
radioactive waste handling, etc. Unusual operations estimated to give rise to a 
collective dose in excess o f 0.1 man-Sv are subject to pre-inspection by the 
IRP. During refuelling the radiation protection supervision is greatly intensified 
since the main portion o f occupational exposure in the plants is received 
during these outages.

The radiation protection practices have so far been successful when 
measured in terms o f individual and collective radiation exposure. Radiation 
doses up to the year 1981 are summarized in Tables I and II. As can be seen, 
the collective dose in all plants is well below 5 man -Sv/GW(e) a, which has 
been recommended as the upper limit by the IRP.
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TABLE II. OCCUPATIONAL RADIATION EXPOSURE AT OLKILUOTO 
NUCLEAR POWER STATION, FINLAND, 1977-1981

Year Number of 
workers

Annual
average
dose
(mSv)

Annual
collective
dose
(man-Sv)

Collective 
dose per
unit energy installed3 
(man-Sv/GW(e)-a)

1978 204 0.1 0.02 _

1979 1390 0.52 0.22 0.34

1980 1540 0.72 0.53 0.40

1981 1504 0.85 0.62 0.47

a The installed capacity was 660 MW(e) in 1978-1979 and 1320 MW(e) in 1980-1981.

5.2. Limitation o f radionuclide releases

At the end o f the 1960s, it became necessary in Finland to define environ
mental radiation protection criteria which would form both the basis for 
technical design requirements for limiting radionuclide releases and that for 
release and environmental monitoring.

The radiation protection requirements were based on the ICRP recom
mendations of that time with the purpose of ensuring — by limiting radiation 
doses — sufficient protection o f individuals and the population at large. The 
dose limits recommended by the ICRP were apportioned in order to leave room 
for future development. The first design criteria were defined in 1968.

Both the amounts o f acceptable releases at planned power plant sites and 
the requirements for control programmes were considered using the ‘critical 
pathway’ approach.

A system to limit radiation doses — health hazards — caused by radio
nuclide releases from nuclear power plants was developed in co-operation with 
the other Nordic countries in the mid-1970s. Our present regulations have been 
further developed on this basis with the result that the design criteria for 
releases from a nuclear power plant are 0.1 mSv/a as a dose limit (as effective 
dose equivalent commitment) for the critical group and 5 man • Sv/GW(e) • a 
as a collective dose equivalent commitment in 500 years.

Operational limits are expressed as release limits derived from the guide 
dose limits. Certain multiples o f  the guide release limit corresponding to the 
guide dose limits lead to corrective actions o f various degrees o f  severity. An 
effective dose equivalent commitment of 5 mSv means that operation shall be 
immediately interrupted.
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The principal way o f controlling compliance with the requirements is 
release monitoring; environmental monitoring forms a supplementary method.

The sensitivities o f release measurements are so defined that the annual 
releases which cause a dose equal to the above guide dose limit to the critical 
group in the environment can be observed.

Environmental monitoring includes, besides objects common to both 
plant sites (external radiation, air, deposition, soil, water, sediment), also garden 
and agricultural products, fish and indicator organisms specific to each site.

The experience o f the radiological impact of the nuclear power plants 
has so far been encouraging. Releases o f radioactive materials from the plants 
and, consequently, the radiation exposure o f the population have been only 
a small fraction of the prescribed limits (Tables III and IV). This has also been 
confirmed by the environmental monitoring programmes. Activation products, 
mainly 124Sb, 110Agm, 60Co and 54Mn have been detected in bioindicators, 
sedimenting material and occasionally in seawater outside the discharge point 
(up to 4 km) of both power plants. No fission product nuclides above the 
regional fallout levels have been detected in environmental samples.

6. SUMMARY

When making plans for the utilization o f nuclear energy, the related regulatory 
activities must be started early enough and at the right level.

The existence o f sufficiently extensive legislation on nuclear energy and 
radiation protection before the beginning o f large projects is naturally an essential 
condition for supervision. The rights and duties o f  the regulatory body ought 
to be clearly defined in this legislation. In addition, the regulations of the lower 
hierarchy level, defining, e.g. desired safety level, supervisory practices, and 
material needed for supervision, should be brought into effect. One important 
prerequisite for supervision is the existence o f the necessary international 
agreements. Links with available international information sources are of great 
assistance to the functions of the regulatory body.

The regulatory organization responsible for the supervision should be 
formed in good time. The organization should be able to function effectively 
from the beginning, i.e. it should have expert knowledge of the most important 
issues. At least it should have the ability to assess various analyses, not necessarily 
the ability to make analyses, and it should be within the organization’s power 
to have independent analyses made. It would be advantageous if the regulatory 
body participated in the preparation o f the above-mentioned regulations.

The fulfilment o f  these prerequisites helps to ensure that the nuclear power 
plants are supplied to the purchaser in accordance with the requirement level 
applied in his country.
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Abstract

NUCLEAR REGULATORY ACTIVITIES IN BANGLADESH.
Bangladesh has a nucleus of trained manpower to start implementation of its first nuclear 

power station. However, some problems are anticipated in forming a nuclear regulatory body 
as most of the personnel with a background in nuclear engineering will be needed in project 
implementation and subsequent operation/maintenance. A few personnel trained in aspects 
of nuclear safety are available with the organization. A small in-house safety committee exists 
at present. This committee has gained considerable experience while reviewing safety aspects 
of different proposals for the nuclear project. The body is also involved in the safety evaluation 
of the research reactor under construction and of various other facilities using nuclear radiation 
sources. The experience thus gained is highlighted in the paper. A radiation protection ordinance 
is awaiting governmental approval. This envisages the formation of a regulatory body. Part of 
the body, in the beginning, would consist of personnel who are also involved in promoting 
nuclear energy, while the other part would consist of experts from other private and government 
organizations. The proposed organizational structure and the function of the body are given. 
Bangladesh at present does not have its own safety standards, codes and guides. Consequently, 
for the first plant at least, codes, standards and safety guides of the supplier, the regulatory body 
of the supplier country and the IAEA are proposed to be used. The mechanism for international 
co-operation and the adaptation of codes and guides to suit Bangladesh’s purposes are presented. 
The paper also shows how in future the body can be ultimately turned into an exclusive nuclear 
regulatory body through training personnel in different aspects of nuclear safety.

1. INTRODUCTION

Planning for the construction of a nuclear power plant in Bangladesh started 
in the early sixties. A site at Rooppur (situated 90 miles north-west o f the capital, 
Dacca) was selected after careful investigation o f relevant siting criteria. The site 
was subsequently reviewed by the International Atomic Energy Agency (IAEA), 
who had sent a panel of experts at that time. Land (260 acres) for the proposed 
plant has already been acquired and cleared off, making it ready for the construc
tion o f the nuclear power plant. For more than twelve years a small meteorological 
station has been collecting data on rainfall, humidity, ambient temperature, speed
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and direction of wind etc. A number o f project proposals from suppliers of reactors 
of different types and sizes in the small and medium power range (SMPR) have 
been received by Bangladesh. However, implementation of the project could not 
be started yet for various reasons.

2. AVAILABLE TRAINED MANPOWER

Training of personnel for the nuclear power plant project started at the same 
time when the project was first conceived in the sixties with the help of the IAEA. 
This training programme is still continuing.

Bangladesh has now a few scientists, engineers and technicians who can 
participate in the implementation o f the country’s first nuclear power project.
The experience of these trained personnel was further augmented by their 
association with almost all important phases of the nuclear power project planning. 
It may be mentioned in this connection that a number of these personnel also 
took part in the construction, commissioning, safety evaluation and operation/ 
maintenance phases of the Karachi Nuclear Power Plant, Pakistan. Thus the team 
of these trained personnel may act as a nucleus of manpower, whose contribution 
to the implementation o f the project will be o f considerable importance.

3. CONSTRAINTS IN FORMING A NUCLEAR REGULATORY BODY

In the sixties, when the Rooppur Nuclear Power Project was first conceived 
and the training programme started, safety requirements were not as extensive as 
they are now practised in many countries. The prime objective of the training 
programme at the time was to acquire nuclear technology. Consequently, 
engineers, scientists and technicians were trained mainly on design, construction 
and subsequent operation and maintenance o f nuclear power plants. Training of 
personnel on safety and regulatory matters did not receive the desired impetus or 
attention. But today, with the increased emphasis on nuclear safety and regulatory 
and licensing aspects, the safety requirements have undergone radical changes.
As nuclear technology develops and operational experience grows, the scope of 
this work is expected to increase. Consequently, a comparatively large number of 
people with a background in nuclear safety, regulatory and licensing aspects are 
needed to effectively address all the issues pertaining to safety and licensing.

3.1. Situation in a developing country

It may be appreciated that for a developing country like Bangladesh it is very 
difficult to build up a large trained manpower base for implementing an effective 
nuclear regulatory and licensing programme. Moreover, in the beginning, when
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the nuclear power programme is modest and the time-scale uncertain, it is not 
always possible to start too ambitious a training programme exclusively on 
regulatory aspects, as the training programme for construction, operation and 
maintenance personnel is by itself so vast that not many developing countries can 
initiate a separate and elaborate programme to train regulatory staff. Consequently, 
it is more useful if  expertise in this field is allowed to grow gradually on the basis 
of the experience gained by the staff in the construction, operation and maintenance 
of the nuclear power plants. The whole question o f scope o f nuclear regulatory 
activities in Bangladesh should, therefore, be judged with these constraints in mind.

3.2. Availability o f manpower trained on regulatory aspects

The availability of the requisite numbers o f trained manpower is identified 
as the main problem in forming an effective nuclear regulatory and licensing organ 
in the country. From the preceding paragraphs it can be seen that the number 
of trained personnel is modestly adequate to implement the country’s first nuclear 
power project. It is true that with the on-going training programme and the 
possibilities of training more people locally, the availability o f the required number 
of people for project implementation and operation/maintenance is not expected 
to be a difficult problem. However, it may be noted that the availability of the 
required manpower would be modestly adequate only from the point of view of 
the utility (operating agency). This should not be confused with the problem of 
finding a sufficient number of trained personnel for implementing the regulatory 
and licensing programme. Apart from this, according to the envisaged plan it is 
expected that the nuclear power plant would be constructed and operated by the 
Bangladesh Atomic Energy Commission (BAEC), which is an autonomous semi- 
governmental organization, responsible for the promotion of peaceful uses of 
nuclear energy in Bangladesh. Most o f  the trained personnel in the country with a 
background in nuclear technology and related fields are employed by this organization.

Clearly, not many people from this organization can be spared for regulatory 
responsibilities as their knowledge and experience is needed for the implementation 
of the project itself and other research and development activities o f the organiza
tion. On the other hand, in the context of the situation prevailing in Bangladesh 
the desired effectiveness o f the regulatory organ cannot be achieved without the 
active participation of at least some o f these trained personnel. This peculiar 
situation has to be duly considered in formulating the proper regulatory and 
licensing procedures.

3.3. The need for a legal basis

Till now there has not been sufficient statutory or legal basis for carrying out 
nuclear regulatory activities in the country. At present, BAEC is carrying out
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research and development activities in nuclear fields in accordance with the 
provisions o f a Government Order on the formation o f the Commission. The 
Commission, at present, forms safety committees with relevant people for 
reviewing safety aspects before authorizing construction and operation of different 
facilities using nuclear radiation sources. In the absence o f a proper legal basis, 
the activities of such committees are limited. However, since review work is 
carried out by personnel not directly connected with the particular project, the 
above mechanism works quite efficiently. The scope, responsibility and 
experience o f the in-house safety committee are discussed in a later section in 
this paper.

4. PRESENT STATUS OF REGULATORY ACTIVITIES

A number o f BAEC scientists and engineers are trained in different aspects 
of nuclear safety, safety analysis review, quality assurance and health physics. 
Though this number is not large, it has been possible to form a workable safety 
committee with these personnel and others with a background in nuclear 
technology, nuclear physics, nuclear chemistry, and instrumentation and control.

In the past this committee has gained some experience while evaluating the 
safety aspects o f the various reactors proposed by suppliers for Bangladesh from 
time to time. At least one such evaluation report was further reviewed by a panel 
of experts convened by the IAEA. In the review report, submitted by the IAEA 
to the Bangladesh Government, it was indicated that almost all important general 
issues relevant to safety o f the particular reactor were addressed in the evaluation 
work. Though the scope of this work was limited compared with a full-scale 
review of safety analysis reports, it can be reasonably concluded that the safety 
committee reviewed the safety aspects seriously and so its experience may be 
considered to be o f some practical value. The same committee also from time to 
time assessed safety aspects o f various research facilities using radiation generating 
sources established by BAEC. The committee issued authorizations for operation 
following in-depth studies o f technical aspects. It also issued licences to the 
operators after assessing their capabilities. In short, almost all important aspects 
of nuclear licensing, though on a small scale, were taken care o f by this in-house 
safety committee. The performance of the committee bears evidence of the 
concern o f its members for radiological safety, which in all cases overrode any 
other consideration. This conclusion may be considered as an example that the 
safety committee can effectively work within the overall framework of the 
organization promoting peaceful uses of nuclear energy. This position may be 
taken into account in the formulation of nuclear regulatory procedures for 
Bangladesh.
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A 3 MW TRIGA research reactor is being constructed at present at the Atomic 
Energy Research Establishment o f the BAEC near Dacca. The reactor is to be 
operated by the Institute o f Nuclear Science and Technology (INST) of the 
Research Establishments. In view of the extended scope of work relating to 
safety, the safety committee referred to in the preceding paragraph has been 
enlarged. The committee now includes BAEC scientists and engineers 
not directly involved in the project as well as teachers from educational 
institutions. The background, specialization and affiliation o f the members 
of the present committee are given in Table I. It can be observed that 
with the qualifications and experience of the members it would be possible for 
the committee to review almost all safety aspects o f the research reactor.

The scope of work of this body includes a design review of the research 
reactor for authorizing construction and its subsequent operation. A Preliminary 
Safety Analysis Report (PSAR), prepared jointly by the supplier and the Institute 
of Nuclear Science and Technology, has already been submitted to the committee. 
The committee members are at present involved in evaluating this report. The 
committee has adopted IAEA’s Safety Guide and certain regulatory Guides of 
USNRC for reviewing this report. After reviewing the report along with the Site 
Investigation Report, authorization for construction of the research reactor would 
be recommeded. The Final Safety Analysis Report (FSAR) would be submitted 
for review at a later stage. Following review, the committee will recommend 
authorizing the operation o f the reactor if  it is found to be safe. Licences to 
operators of the reactor will be recommended for issue by the committee after 
their capability and competence has been assessed. Since the statutory basis for 
nuclear regulatory activities and licensing has not yet been promulgated the 
safety committee in the present case would recommend the BAEC to issue the 
required licences. However, if  the Radiation Protection Ordinance (explained in 
a later section) is promulgated in the meanwhile, licences would be issued directly 
by the regulatory body.

5. RADIATION PROTECTION ORDINANCE

From the preceding paragraphs it is clear that the absence of a proper legal 
basis for carrying out regulatory work is impeding such activities in the country.
The need for promulgating an appropriate statutory basis has long since been 
felt and, in fact, a draft radiation protection ordinance has already been formulated. 
This is currently under examination by the Government for legislation. Once 
promulgated, the Ordinance will pave the way for the formation of an appropriate 
nuclear regulatory and licensing organ in the country. The salient features o f this 
Ordinance are discussed below.

4 .1 . S afety  evaluation  o f  the research reactor
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TABLE I. CONSTITUTION OF SAFETY COMMITTEE FOR RESEARCH 
REACTOR

Background Specialization Affiliation

( 1 ) Physics3
Nuclear Engineering

Operation of nuclear 
power plant

BAEC

(2) Electrical Engineering3 
Nuclear Engineering 
(M.S. degree)

Commissioning, operation, 
maintenance of nuclear 
power plant

BAEC

(3) Mechanical Engineering3 
Nuclear Engineering 
(M.S. degree)

Operation of nuclear power 
plant, research reactor, safety 
analysis review

BAEC

(4) Physics3
Nuclear Engineering 
(Ph. D. degree)

Reactor physics, 
nuclear fuel cycle

BAEC

(5) Physics
Nuclear Engineering 
(Ph.D. degree)

Accident analysis, nuclear 
safety analysis review

BAEC

(6) Health Physics3 
(Ph. D. degree)

Health physics BAEC

(7) Physics 
Electronics

Electronics, instrumentation 
and control

BAEC

(8) Medical Graduate Nuclear medicine BAEC

(9) Chemistry 
(Ph.D. degree)

Nuclear chemistry BAEC

(10) Civil Engineering Trained on construction 
of nuclear power plant

BAEC

(11) Physics
(Ph. D. degree)

Nuclear physics 
(teaching)

Dacca
University

(12) Mechanical Engineering 
(Ph.D. degree)

Mechanical engineering 
(teaching)

University of 
Engineering 
and Technology 
Dacca

3 Persons with experience in commissioning, operation and maintenance, and safety evaluation
of the Karachi Nuclear Power Plant and/or research reactor in Pakistan.

N o te :  This committee does not include any personnel directly involved in the research 
reactor project.
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5.1. Functional organization

In accordance with the provisions o f the Ordinance, a National Safety and 
Safeguards Advisory Council will be formed for the purpose of providing general 
policy guidelines related to nuclear safety and radiation protection in the country. 
The council shall consist of a chairman, vice-chairman, a secretary and ten part- 
time members, representing a cross-section of professions and different ministries 
of the Government.

5.2. Nuclear safety and safeguards body

A.nuclear safety and safeguards body will be formed for discharging 
responsibilities in respect o f nuclear safety, radiation protection and safeguards.
The duties and responsibilities o f  this body will include among others:

(i) Radiation safety measures in the country ;
(ii) Formulation, adaptation, promulgation, o f regulations, rules, orders, codes 

of practice etc. for nuclear safety, safeguards and radiation protection;
(iii) Control and regulation of nuclear safety and safeguards aspects of exploitation 

of radioactive materials, equipment, devices used for production of nuclear 
energy;

(iv) Issue o f permits, licences for construction, operation of nuclear installations;
(v) Issue o f authorization, permits, licences for production, storage, disposal o f  

radioactive materials, etc.
(vi) Inspection of authorized and licensed installations and facilities.

Provisions will also be made in the Ordinance for protection o f the environment 
from contamination by radioactivity. Civil liability and insurance for nuclear/ 
radiation damage will also be included in the Ordinance.

Once promulgated, the Ordinance would facilitate the formation o f the 
nuclear safety and safeguards body, which can effectively ensure safety o f the 
proposed nuclear power plant through regulatory activities.

6. FUTURE REGULATORY ORGAN

On the basis o f the provisions o f the proposed radiation protection ordinance, 
an effective safety and safeguards body can be formed which would ensure that 
the nuclear plant is designed, constructed and operated safely without causing 
any harm to the environment, the operating personnel and the population in 
general. The size o f this body should be optimal, keeping in view the limited 
trained manpower available for regulatory purposes. Since almost all personnel
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TABLE II. OPTIMALLY-SIZED SAFETY BODY FOR NUCLEAR POWER 
PLANTS

Background No. of persons

(a) Nuclear engineer with special training in safety 
analysis review

1-2

(b) Nuclear engineer (general) 1

(c) Mechanical engineer
— General
— Heat transfer and 

fluid mechanics

1

1

(d) Chemical engineer 1

(e) Health physicist 1

(f) Reactor physicist
-  Core design
— Fuel cycle

1
1

(g) QA & QC 1

(h) Structural engineer 1

(j) Electrical engineer 1
(k) Electronics engineer

(instrumentation & control) 1

(1) Computation methods 1

Total: 13-14

trained in nuclear technology are employed by BAEC, it would have been useful 
from the regulatory point o f view to make some o f their personnel available 
exclusively for regulatory activities. However, this is not practically possible in 
Bangladesh, as its trained personnel are indispensable for different research and 
development activities in various nuclear fields. Consequently, at least for the 
first nuclear power plant, a part o f the regulatory body should be chosen from 
BAEC in such way that they are not directly connected with the nuclear power 
project itself. Experience with earlier safety committees, as pointed out in 
preceding paragraphs, suggests that such a mechanism can really work efficiently 
without affecting the basic requirements for ensuring safety. With these considera
tions an optimally sized safety body may be formed as shown in Table II. It is 
felt that a regulatory body o f this size and composition can largely take up the 
review work and inspection in the beginning. It can be seen that six to seven 
members o f this body have to come from BAEC. The rest can be taken from
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educational institutions and other organizations. Separation of the regulatory 
organ from the promotional organ can be effected quite efficiently in such a body. 
The regulatory body may seek assistance from the Environmental Pollution 
Control Department, Office o f the Chief Boiler Inspector, Meteorology Depart
ment, Geological Survey o f Bangladesh, Bangladesh Standards Institute and other 
organizations for specific issues. However, in view o f the complexities of 
associated problems, technical assistance from the IAEA, appointment of foreign 
consultants etc. might become necessary for very specific issues like fracture 
mechanics, reliability engineering, QA and QC, waste management etc.

7. FORMULATION OF CODES AND STANDARDS

The need for developing nuclear codes and standards cannot be over
emphasized. Till now no such codes and standards exist in Bangladesh. It may 
be pointed out that the development of codes and standards need extensive research 
work, a process which is time-consuming. Moreover, many such codes and 
standards will follow from the experience of construction, operation, maintenance 
records, inspection etc. of nuclear power plant(s). So, it is not very advantageous 
to embark upon an ambitious programme for the development of such codes, 
standards and regulatory guides right at the beginning. It is rather prudent to 
adopt the existing international guides, codes and standards to suit the conditions 
in Bangladesh. Some of the international standards (like ICRP) can be adopted 
straight away. Codes and standards of different professional bodies like ASME, 
ANSI, IEEE, ASTM, etc. may also be suitably adopted by the safety body. As far 
as nuclear regulatory guides are concerned, the IAEA Safety Guide Series 
publications are very useful documents. These can be adopted, where applicable, 
by the regulatory organ in Bangladesh. The position of regulatory bodies in 
developed countries (like USNRC) also offer comprehensive documents, some of  
which may easily be adopted. The safety guides o f the country supplying the 
reactors are also very important and relevant documents. In short, at present many 
internationally accepted codes and guides are available. The task of the safety 
body is to go through them and adopt the relevant portions. It is worthwhile to 
note that the above-mentioned activities will be facilitated by international agree
ments. Some steps and mechanisms in this direction are highlighted below.

8. A SIMPLIFIED LICENSING PROCEDURE

The regulatory procedure should be formulated in such a way as to make it 
effective in attaining the ultimate goal o f constructing and operating the plant 
with the desired level of safety. At the same time efforts should be made to
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devise a comparatively simple mechanism for this. It has already been mentioned 
that, though the local safety body would carry out most of the review work, 
involvement o f the IAEA, the regulatory body of the country supplying the 
reactor and appointed consultants would also be needed in licensing the first 
nuclear power plant. The mechanism will have a few interfaces, nevertheless it 
would not be very complex or time-consuming.

8.1. Steps in licensing

As regards the Rooppur Nuclear Power Project, a number of technical 
aspects have already been studied in detail. The preliminary site investigation has 
already been completed. Issue of a licence for limited construction at the site is 
not expected to be too complicated a procedure. The Preliminary Safety Analysis 
Report would be submitted to the Safety Body for evaluation. It may be 
mentioned here that in the case o f Bangladesh a reactor should be chosen which 
has preferably a reference plant in the supplying country and/or in any other 
third country. This is particularly important, because in this case the regulatory 
body o f the supplier country can provide valuable assistance in review work. It 
would be more useful if the supplier can produce evidence that the particular 
reactor is licensable in his country or in any other third country. If this can be 
worked out, the local regulatory activities will be greatly simplified. Also, in the 
beginning, the safety body should not put effort into checking all calculations.
On the other hand, this body may make some sensitivity studies, using either 
the computer code of the supplier or any other internationally accepted 
standard computer code. It may be pointed out in this connection that, at 
present, a number o f suppliers are offering reactors in the small and medium 
power range (SMPR). It would be useful if  these suppliers were encouraged to 
use standard computer codes in their calculations wherever possible. Alternatively, 
standard computer codes which would give reliable results in specific calculations 
could be identified, perhaps by the IAEA. These steps would facilitate sensitivity 
studies by the safety body in Bangladesh. The safety body may request help 
from the IAEA and independent consultants for the review of specific issues for 
which local capabilities do not exist. The Final Safety Analysis Report may also 
be reviewed in the same fashion as PSAR. Necessary licences may then be issued 
once the safety body is satisfied that the reactor will be safe for construction and 
operation. The safety reports should necessarily contain an environmental report.

8.2. Operators’ licences

Comprehensive provisions should be made in the contract with the supplier 
for training the operation/maintenance crew. Emphasis should be put on 
training with simulators. Arrangements may also be made with the regulatory
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body in the supplier country for examining the operation crew upon completion 
o f the training programme. The safety body in Bangladesh may ultimately assess 
the capabilities of the operators by conducting examinations and tests. 
Performance of trainees, while undergoing training, and the independent assess
ment of the regulatory body in the supplier country (if available) along with the 
assessment of the local safety body would be instrumental in issuing Operators’ 
licences.

9. INTERNATIONAL CO-OPERATION

It may be noted from the preceding paragraphs that an optimally-sized 
regulatory body can largely take care of all important stages o f  regulatory activities 
before authorizing a nuclear power plant to operate. In doing so, the regulatory 
body may have to resort to the technical co-operation provisions of the IAEA and 
other international and national organizations of developed countries. As far as 
the reactor supplying country is concerned, many phases of co-operation can be 
obtained through the supplier, for which provisions should be made in the general 
contract.

Nevertheless, the need for intergovernmental agreements cannot be over
emphasized. It is very useful to conclude bilateral agreements on co-operation for 
peaceful uses of nuclear energy with developed countries. The local regulatory 
body can then conclude separate agreements on specific issues with the regulatory 
bodies o f foreign countries under the provisions of the general agreement o f co
operation. It has been observed that accession to the treaty on Non-proliferation 
of Nuclear Weapons (NPT) is particularly beneficial to developing countries 
embarking upon nuclear power programmes. This especially facilitates conclusion 
of agreements on co-operation for peaceful uses o f nuclear energy with other 
countries. It is also beneficial, if  possible, to conclude tripartite agreements 
including the IAEA, which would provide a better mechanism for international 
co-operation.

10. TRAINING OF REGULATORY STAFF

The proposed safety body in Bangladesh, with the international co-operation 
outlined above, can be a very effective nuclear regulatory organ. This body would 
acquire valuable experience in nuclear safety as it carries out evaluation o f the 
Safety Analysis Reports. In parallel, some o f these regulatory staff should undergo 
on-the-job training abroad so that they can effectively carry out inspection work 
during the construction phase. Some personnel should also be trained in inspection 
aspects during operation o f the plant. As the first plant goes into commercial
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operation, the regulatory staff can settle down to devise its own standards, guides 
and codes, which can be used while constructing the subsequent plants. It is 
worthwhile for Bangladesh to arrange with the supplier for the training o f a 
design team. These trained personnel may also be ultimately absorbed into the 
safety body. As a result, the small regulatory body would gradually take a more 
complete shape and size, and so would be able to take more responsibilities during 
the implementation o f subsequent power projects. It is quite evident that, once a 
nuclear power plant is put into operation, the problem o f the shortage of man
power will also diminish and a fully fledged safety body with a definite entity not 
identifiable with the promoter of nuclear energy can easily be formed in the 
country.

11. CONCLUSION AND SUGGESTIONS

It has been shown how a body of optimal size can effectively carry out 
regulatory activities to ensure that a nuclear power plant can be constructed and 
operated with the desired level o f safety. Smooth functioning of this regulatory 
organ can be facilitated by co-operation with the IAEA and regulatory bodies of 
the supplier country and other developed countries.

Since it has been observed that a number of suppliers are now offering 
reactors in the small and medium power range, the IAEA may be well advised 
to encourage such suppliers to prepare standard Safety Analysis Reports for 
their reactors. Subsequently such standard Safety Analysis Reports may be 
reviewed by a panel consisting of experts from the IAEA, the regulatory organiza
tions of developed countries, including the reactor supplier country and 
representatives from developing countries planning to construct SMPR reactors in 
their countries. This effort o f the IAEA would give rise to two positive and 
immediate results:

(a) Review of the standard Safety Analysis Report(s) through international 
co-operation would add to the confidence of the developing countries in 
meeting the current safety criteria by the SMPRs being offered. This would 
also reduce the scope o f work of the regulatory bodies in recipient countries 
to a large extent.

(b) Such review would offer the representatives of regulatory bodies in 
developing countries an opportunity of acquiring valuable on-the-job training.
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Abstract

THE DEVELOPMENT OF LICENSING CAPABILITY IN BRAZIL.
The governmental organization responsible for the licensing of Nuclear Power Plants 

(NPPs) in Brazil is the Commissao Nacional de Energia Nuclear (CNEN), the Brazilian 
nuclear regulatory body. The paper describes the experience gained by CNEN in preparing 
itself for its participation in the Brazilian Nuclear Power Programme since the beginning. 
CNEN’s efforts and programmes for the development of technical competence for safety 
analysis within the licensing process are discussed. In a developing country the implementation 
of a nuclear programme must be carefully considered from the point of view of the necessary 
manpower not only for the construction and operation of NPPs by the licencees but also for 
the licensing process and inspections by the regulatory body. The regulatory body must 
have the necessary technical competence appropriate to its responsibilities, and as such must 
have suitable programmes for gradually acquiring that competence. For many years CNEN 
has been deeply involved in improving its staff qualifications through lengthy and specialized 
training programmes. The experience gained with these programmes through extensive use 
of the IAEA’s assistance, use of foreign consultants and training abroad is discussed.

1. INTRODUCTION

The governmental organization responsible for the licensing of nuclear 
power plants (NPPs) in Brazil is the Comissao Nacional de Energia Nuclear (CNEN), 
the Brazilian nuclear regulatory body. The Comissao Nacional de Energia Nuclear 
was created on 10 October 1956, within the National Research Council, as a result 
of the recommendations o f a special working group entrusted with the study of 
the national nuclear energy policy. In August 1962, a Government monopoly 
of nuclear materials and minerals was established and CNEN was transformed 
into a federal authority, under the Presidency of the Republic.

In 1967 CNEN was subordinated to the Ministry of Mines and Energy and 
the Directives for the National Nuclear Energy Policy were approved, with the 
following objectives: “to promote in Brazil, with high priority, the use of nuclear 
energy in all its peaceful forms, for economic, scientific and technological develop
ment, as well as for the well-being o f the Brazilian people”. The general orientation 
of this policy is under the President of the Republic. The Ministry of Mines and
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Energy (MME) is responsible for the planning, execution and control of the nuclear 
energy policy.

In 1974, under Act No. 6189/74, NUCLEBRAS (Empresas Nucleares 
Brasileiras) was created as a transformation of a former company set up in 1971 
by CNEN. NUCLEBRAS is responsible for the execution of nuclear activities on 
the industrial side, technological development and nuclear materials prospecting 
and mining. CNEN was kept as the higher authority responsible for the orientation, 
planning, supervision, licensing and inspection of nuclear activities, as well as being 
entrusted with the promotion and execution of fundamental research and man
power preparation.

The construction and operation of NPPs are the responsibility of the elec
trical utilities.

2. CNEN’s RESPONSIBILITIES

Licensing of nuclear power plants is a multidisciplinary activity in view of 
the necessary safety review that must be made of the Preliminary and Final 
Safety Analysis Reports (PSAR and FSAR). The degree o f specialization required 
for the performance of these tasks is very high.

When a nuclear programme is initiated, its implementation must be carefully 
considered from the point of view o f the necessary manpower, not only for the 
construction and operation of NPPs by the licensee, but also for the licensing 
process and inspections by the regulatory body.

It must be considered that the safety o f a nuclear power plant depends much 
on the way it is designed, constructed and operated. Considering plant operation, 
there must be an adequate training programme and effective training supervision 
in order to prepare the operating staff for safe operation and for CNEN’s licensing 
examinations. It is, however, the specific task of the regulatory body to assure 
that the organizations involved in all above phases have a high commitment to 
safety.

The regulatory body must have the necessary technical competence 
appropriate to its responsibilties, and as such must have suitable training 
programmes for its personnel to gradually produce that competence.
Since the beginning of implementation of the Brazilian nuclear power programme, 
CNEN has realized the magnitude of its tasks and has striven constantly to acquire 
all the necessary technical competence.

The basic structure of CNEN is shown in Fig. 1. The Executive Committee 
is composed of five members who constitute the Deliberative Board. According 
to this structure, the activities pertaining to nuclear safety are carried out under 
Executive Director I, who is responsible for four departments and one research 
institute.
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The technical activities related to nuclear power plants licensing are carried 
out by the Reactors Department. In particular these include:

— Carrying out safety evaluations and inspection o f NPPs and research reactors 
during the construction, pre-operational and operational phases, in order
to qualify for CNEN’s licences;

— Following the implementation of quality assurance programmes during 
construction and operation o f NPPs;

— Inspecting the fabrication o f NPPs components;
— Examining and licensing candidates for nuclear reactor operators;
— Developing studies for evaluating accidents in NPPs.

For performing the above tasks there is today a staff o f 52 graduate pro
fessionals, among them engineers (civil, electrical, mechanical, electronics and 
chemical), physicists, chemists and others. There are eight PhDs and twenty 
staff members with Master’s degrees in nuclear engineering or other post-graduate 
courses in related subjects.

To make the greatest and best use of its technicians in the area o f nuclear 
safety a matrix management structure has been introduced, as shown in Fig. 2, 
in parallel with the formal structure of the Reactors Department. Within this 
structure the group of experts is distributed among technical groups, regardless 
of which division they belong to. Their tasks are described as special missions 
or projects. Each mission is given a project co-ordinator who has the task of 
conducting it with freedom to assign the necessary technical works directly to 
the group leaders using the total manpower and expertise available within the 
groups or from external institutions such as universities or national and foreign 
consultants. Each project ceases to exist once the task assigned has been com
pleted.

Current projects or missions are:

— Safety assessment of Angra I startup programmes, low-power physics 
tests and power rise;

— Safety assessment o f Angra II based on safety analysis reports for granting 
construction licences;

— Commissioning and operations inspections for Angra I;
— Inspection programmes to assure conformity between construction and plant 

design. (Routine inspections are conducted by the resident inspectors who 
control the implementation of quality assurance programmes approved by 
CNEN.)

— Review of safety-related technical requirements for the specifications of  
heavy components to be manufactured in Brazil. During fabrication 
implementation of the requirements will be audited through inspections;

— Regular inspection programmes for research reactors in operation;
— Written and oral examinations to qualify operators for power plants and 

research reactors.
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FIG.3. Important aspects to safety review.

3. SAFETY REVIEW AND LICENSING PROCESS

According to CNEN’s staff availability and experience, the methodology 
used for safety review is divided into two major areas (safety review itself and 
quality assurance) and is based on four aspects: norms, reference plant com
parisons, independent calculations and observations of world experience. These 
can be represented in an orthogonal system as shown in Fig. 3.

The extent to which each concept is used depends upon three factors:
(a) availability of specific safety standards; (b) applicability of the reference 
plant concept; and (c) independent calculations.

CNEN has been using the above concepts as the specific situation permits 
and in a balanced way. For instance, for some auxiliary systems standardi
zation has reached such a degree that they are very similar in all plants, justifying 
the use of the reference plant concept. On the other hand, site-dependent factors 
such as seismic design or population dose estimation always require independent 
calculation by the reviewer. Where there are sufficient criteria, specifications 
and industrial standards it is possible to make extensive use of them. In fact, 
all the above concepts have to be used in a balanced way. CNEN has used 
technical assistance to develop all o f them.
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4. DEVELOPMENT OF TECHNICAL COMPETENCE

The development of technical competence in a regulatory body like CNEN 
can be achieved by training of personnel and by using extensive technical 
assistance whenever possible.

Technical assistance through the IAEA and arrangements for the ex
change of technical information in the area of reactor safety between CNEN 
and USNRC has been o f the greatest importance by allowing a large number of 
experts to come to Brazil to assist CNEN in the various areas o f safety assess
ment, inspection and operator licensing. In addition, CNEN experts have 
participated in many IAEA-sponsored courses and undergone ‘on-the-job’ 
training at NRC headquarters and regional offices, in GRS, TÜVs, KWU and 
plants under construction in the Federal Republic of Germany1.

CNEN’s experience up to now has been acquired mainly through the licen
sing activities o f the Angra I plant, as Angra II is just in the initial stages of 
construction licensing. Angra I PSAR was received in 1972 by CNEN. The 
safety assessment was made in accordance with the criteria that the plant should 
be licensable in the USA.

One o f the first steps in the personnel development process is the study 
of the supplier country regulations through translation and adaptation, or 
adoption on a case-by-case basis. In this sense there must be a complete set 
of these standards and regulations, as necessary.

On the other hand, if norms and standards constitute a simple form of 
information transfer from vendor to buyer countries, their appropriate use 
and interpretation may not be so easy.

In this sense, it has been CNEN’s experience that the use of technical 
assistance is more efficient whenever standards from the expert’s own country> 
or similar ones, are used and the bases of these standards and their application 
into the design can be discussed by trained personnel.

The use o f the reference plant concept helps also to simplify the licensing 
process and to develop the expertise of the technical personnel. This process 
has the advantage of providing access to comparative data that are needed both 
for other processes such as use o f appropriate standards and regulations and for 
independent calculation methods.

This last method is indispensable for the computer simulation analysis of 
normal operating conditions as well as accident situations. At first, CNEN 
obtained computer codes available on the international market at the various

1 GRS = Gesellschaft für Reaktorsicherheit;
TÜV = Technischer Überwachungs Verein;
KWU = Kraftwerk Union, Federal Republic of Germany.
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code centres, especially Argonne, and adapted them for the CNEN computer 
system. Later on, modifications were introduced into the codes to take plant 
peculiarities into account. Today, we have also a code development programme, 
which is carried out with the help of Brazilian universities.

Throughout this process, the assistance of IAEA, NRC, GRS (Fed. Rep. 
o f Germany) and TÜV (Fed. Rep. of Germany) experts, be it in obtaining 
the appropriate codes or discussing the necessary modifications, is o f the greatest 
value.

Another problem that must be faced and where the regulatory body must 
train and have qualified personnel is the task of licensing reactor operators, 
mainly in the case o f the first nuclear plants. CNEN has solved this problem 
by having its examiners trained along with the utility staff through simulator 
courses and ‘on-site-training’. In this we had the help o f the NRC-Operator 
Licensing Branch and the examiners were further trained in Brazil and also 
in the NRC on examination techniques. NRC experts provided large numbers 
of questions from past examinations and gave advice on the preparation o f a 
balanced examination and evaluation o f the results. The examiners participated 
in an ‘on-the-job’ training period at the NRC—Operator Licensing Branch which 
included witnessing the practical (oral) examination o f American candidates 
conducted by NRC.

Since the early seventies, CNEN has initiated a programme o f training and 
upgrading the level o f competence of its personnel in charge o f safety analyses 
and inspections for nuclear plant licensing. Extensive academic training at 
Masters and PhD levels has been offered abroad and in Brazil. Attendance at 
international symposia, courses and workshops and on-the-job training in 
Brazil and abroad complement the academic training.

In 1970, the initial group of engineers and technicians were recruited among 
the research institutes, from personnel already acquainted with reactor safety 
studies or research reactor operations. Their first job was to make a review 
of the technical documentation that accompanied the bids for the first nuclear 
power plant to be built.

In 1972, a first group of six CNEN engineers was sent to Puerto Rico to 
work together with Puerto Rico Water Resources Authority (PRWRA), on the 
review o f the Preliminary Safety Analysis Report (PSAR) for the Aguirre nuclear 
plant, which had been recently received. This plant was later discontinued but, 
as it was similar to Angra I, the type of work done was very useful in acquainting 
these people with reports and licensing procedures.

Since then many technical visits have been made to NPPs under construc
tion or in operation with the objective o f getting Reactors Department personnel 
acquainted with the licensing and inspection procedures used.

In 1975, one technician was sent to the IAEA Interregional Training Course 
on Nuclear Power Project Planning and Implementation held in Karlsruhe.
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Another important area for training personnel is the inspection o f  NPPs.
In this area CNEN has had fruitful experience with technical assistance received 
from USNRC and TÜVs, through direct co-operation, and to a major degree 
through IAEA’s assistance programmes.

Since 1976, CNEN has had a group o f eight engineers participating in 
the training programme given by Westinghouse for utility personnel. Before 
that they participated in ‘on-the-job’ short training in an oil thermal power 
station. Two o f them were specifically trained for operations inspections and 
operator licensing. They successfully completed simulator training at the 
Zion simulator in the USA (1978). Last year these two engineers returned 
to the USNRC to take advanced PWR training and one week’s training in the 
Sequoyah Simulator of TVA.

The other six engineers participated in ‘on-the-job’ training on the 
construction site, in the preparation and execution of test procedures 
for the pre-operational and commissioning phases of Angra I. In 
this way we could profit from construction and start-up group activities to 
train our staff and give them ‘field experience’ which has proved to be very useful.

Three CNEN engineers attended an IAEA-sponsored course on quality 
assurance at Argonne in 1978 and, after that, accompanied USNRC inspectors 
on a duty tour at selected nuclear power plant sites.

During construction of Angra I, inspectors o f the NRC Office of 
Inspection and Enforcement have carried out joint inspections with CNEN. 
Brazilian inspectors have also participated as observers during NRC inspection 
activities in various American plants. These activities were always preceded 
by preparatory work and discussion of the technical aspects as well as specific 
inspection techniques.

This method o f training has given Brazilian inspectors important experience 
not otherwise available in a country that is beginning an industrial nuclear power 
programme without having first passed through all phases of nuclear development.

Under the auspices of the IAEA, in 1980 experts from the USNRC conduc
ted at CNEN a course on ‘PWR Fundamentals’ and ‘Systems Interaction’, with 
very good results for the 26 professionals who attended the course. The 
evaluation made emphasized the importance of such courses in increasing the 
basic knowledge of a group of experts in different fields o f reactor safety. As a 
sequel, CNEN has sent personnel to participate in training periods at the NRC- 
Training Center at Chattanooga, Tennessee, with five-day periods at the Sequoyah 
Simulator.

CNEN has also worked in close co-operation with the IAEA, enabling 
experts to participate in international study groups elaborating guidelines 
and standards.

The principal assistance programmes between CNEN and the IAEA concern 
the safety o f nuclear power plants and quality assurance in the stages of planning,
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TABLE I. TECHNICAL ASSISTANCE PROVIDED TO CNEN (REACTORS 
DEPARTMENT) THROUGH IAEA SINCE 1977

Year Area Number of Period
experts

1977 Power reactor safety 3 
Quality assurance — construction

5 months

(Audits and inspections programme) 1 6 months

1978 Operator licensing examination 1 1 week
Radiation protection/monitoring 1 2 weeks
Commissioning programme 1 2 weeks
Pre-operational test procedures 1 2 weeks
Fuel management 1 6 weeks
Quality assurance 1 12 months
Accident analysis 1 2 months

1979 Quality assurance 1 3 months
Startup test procedures 1 2 weeks
Electrical installation 1 2 weeks
Pre-operational test 1 4 weeks
Stress analysis 1 3 months

1980 PWR technology course 2 2 weeks
TMI- Impact Angra I 1 1 week

1981 Electrical installations 1 2 weeks
Criticality preparedness/tests 1 2 weeks
Low-power physics tests 1 2 weeks
Operators licensing 1 1 week

1982 Health physics procedures 1 2 weeks
Steam generator problems 5 1 week
Health physics procedures 1 2 weeks3
Resident inspector activities 1 2 weeks3
Waste treatm ent and encapsulation 1 

within the plant
2 weeks3

3 Scheduled.

fabrication, erection and operation. The IAEA’s Technical Assistance Programme 
provides CNEN with foreign experts who come to work in Brazil side by side with our 
engineers. Major areas in which the IAEA has sponsored visiting experts 
include:

-  Organization o f CNEN’s participation in Angra I commissioning (USNRC);
-  Implementation of RELAP IV Code for use at CNEN (GRS);
-  Inspection o f Angra I cables and raceways layout and qualification (USNRC):
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TABLE II. TRAINING OF CNEN (REACTORS DEPARTMENT) PERSONNEL 
IN THE USA (1 9 7 7 -1 9 8 2 )

Year Area N um ber o f 
people

Period
(weeks)

1977 Nuclear power p lant construction  (IAEA) 1 4

1978 Safety analysis review (IAEA) 4 8
Quality assurance (IAEA) 3 6
O perator exam ination (NRC) 4 1

1979 TMI — A ccident review (NCR) 3 1
Evaluation report /O perato r licence 

(NCR)
1 1

R adiation m onitoring (NCR) 1 2
O perator licensing (NCR) 2 8

1980 Inspection enforcem ent (NCR) 1 4
Inspection activities (NCR) 1 4
V endor inspection (NCR) 1 2
QA/QC and inspection (IAEA, NCR) 2 8
Emergency operations (RERO Course) 

(IAEA)
1 2

1981 Physical p ro tection  (IAEA) 1 3
Fire p ro tec tion  (NCR) 1 1
Inspection and enforcem ent (NCR) 1 2
Safety analysis review (IAEA) 2 7
PWR advanced technology + sim ulator 3 3

1982 Seismic aspects o f siting for NPPs (IAEA) 1 4
Emergency planning and preparedness 

(IAEA)
2 4

PWR advanced technology + sim ulator 4 3

— Workshop on preparation o f operators licensing examinations (USNRC);
— Evaluation of FURNAS commissioning programme and inspection of test 

results available (USNRC);
— Primary circuit modelling for stress analysis calculations (KWU);
— Health physics procedures and inspections on-site (USNRC);
— Advisory safety mission on safety problems associated with PWR steam 

generators;
— Low-power physics tests;
— Criticality preparedness;
— Quality assurance during construction (audits and inspection programmes).
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TABLE III. TRAINING OF CNEN (REACTORS DEPARTMENT) PERSONNEL 
IN THE FEDERAL REPUBLIC OF GERMANY (1 9 7 9 -1 9 8 2 )

Year Area N um ber o f 
people

Period

1979 A ccident analysis 3 8 m onths
Site selection 1 9 m onths
Neutronics and therm ohydraulics 2 3 m onths
Safety o f  nuclear installations 

com ponents o f LWR
3 3 m onths

1980 A ccident analysis 1 1 m onth
Licensing and safety analysis 3 1 m onth

1981 A ccident analysis 1 3 m onths
Licensing activities and NPP

Commissioning (Grafenrheinfeld)
1 18 m onths

R eactor technology 2 1 m onth
Foundations and structures 2 1 m onth
Nuclear inst. safety — re ten tion  systems 1 16 m onths

1982 NPP construction inspections 2 2 m onths
Auxiliary system s and w ater treatm ent 1 2 m onths
N eutronics and therm ohydraulics 1 2 m on thsa
Instrum entation  and contro l course 

(Karlsruhe -  IAEA)
2 1.5 m on ths1

Fabrication o f nuclear com ponents 1 2 m onths3
Electrical systems 1 2 m onths3

3 Scheduled fo r 1982.

Table I shows the technical assistance received through IAEA programmes 
since 1977. Table II shows the training o f personnel o f the Reactors 
Department in the USA.

With the signing o f the agreement with the Federal Republic o f Germany, 
a technical co-operation programme was initiated between the two countries.

There are agreements for training o f CNEN experts in the Federal Republic 
of Germany with KFA (Jülich), KFK (Karlsruhe) and a contract between CNEN 
and GRS for accident analysis assistance and computer codes development. All 
these programmes involve training CNEN staff in various fields in which the 
licensing authority must have expertise. The programme gives trainees the 
opportunity to stay for short periods in different oraganizations such as TÜVs, 
industry, nuclear power plants under construction or commissioning. These 
programmes allow the trainees to acquire a deep understanding o f the test 
procedures and sequences used in the Federal Republic o f Germany.
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Through the implementation of these agreements CNEN expects to improve 
even more its safety analysis review and inspection capabilities. Table III shows 
the training of CNEN personnel in the Federal Republic of Germany.

5. CONCLUSION

Much has been learned from past experience and much more has still to 
be learned in the area o f developing a good licensing capability. In nuclear 
energy, investment in safety provides the highest interest. Licensing is a very 
important part of the overall safety process and only real co-operation between 
all organizations involved in the nuclear industry will contribute to increased 
safety and make the nuclear option an attractive one for electric power generation.

The use o f consultants and technical missions provided by the IAEA, as 
well as training courses, is one o f the best instruments for staff training. CNEN 
does not delegate licensing tasks to foreign consultants but rather uses their 
expertise while working together with them in special safety-related and in
spection areas. We expect to continue receiving the same, or an even greater 
assistance from the IAEA, which has been the major source o f support for the 
activities described in this paper.
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Abstract

EXPERIENCE IN REACTOR SAFETY IMPROVEMENT IN KOREA.
Trem endous efforts are being devoted to  improving reac to r safety in parallel with Korea’s 

am bitious nuclear pow er generation program m e. Since the  TMI accident, extensive studies have 
been carried ou t no t only to  improve design, operating procedures and the m anagem ent of 
Kori U nit 1 and succeeding units, bu t also to  strengthen the  G overnm ent’s safety regulations.
The in troduction  o f an interlock device to  operate safety-related valves m anually, the installation 
of a safety system status m onitoring system , the m odification o f the  data  processing system  to 
prevent core degradation in the event o f an accident and the installation o f a related display 
system , the m odification o f the safety system  using a pressurizer signal, the autom atic trip  o f 
the sump pum p w ithin the containm ent vessel triggered by a high-level signal from  the waste 
storage tank, the installation o f a condenser dem ineralizer to  improve secondary system w ater 
purification, operator training, and periodic p lant inspection have been identified as being 
essential to  im prove the design and m anagem ent o f  Kori U nit 1. It has been decided to  
pu t in to  effect 27 corrective measures including operato r training using sim ulators, improving 
design by installing a vent system  fo r the release o f hydrogen and o th er non-condensible gases 
from the reactor system and the setting up o f an emergency plan for p lants under construction. 
The Nuclear Safety Centre established w ithin the Korea Advanced Energy Research Institu te ’s 
organization is expected to  play a very im portan t role in prom oting reactor safety through 
safety evaluation and inspection o f nuclear plants and the  developm ent o f technical criteria.

1. INTRODUCTION

Since it is a country without adequate natural energy resources and, there
fore, is heavily dependent on imported oil, the Republic o f  Korea decided to turn 
from thermal to nuclear electric power generation approximately 15 years ago.

To achieve this goal, Korea launched an ambitious and comprehensive nuclear 
power generation programme and, at present, has 9 nuclear power plants in opera
tion or under construction. The nuclear power generation programme will be 
further expanded. Thus by the early 1990s it is expected to have a total of 
13 nuclear power plants operable. Nuclear power has become not merely an 
alternative but an absolute necessity for the country.

To carry out Korea’s nuclear power programme successfully, nuclear safety 
has to be assured at all stages o f site selection, design, construction, operation and
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maintenance, so that man and his environment are protected from any potential 
radiation hazards, not to mention the importance of obtaining the relevant techno
logy and manpower related to nuclear safety.

Nuclear safety activities in Korea date back to the early 1970s when the 
preliminary safety analysis report (PSAR) for Korea’s first nuclear power plant, 
Kori Unit 1, was reviewed for the construction permit.

Before submission of the first PSAR by the utility company, nuclear-related 
laws and regulations such as the Atomic Energy Law o f the Republic of Korea 
with respect to nuclear safety and technical criteria had already been prepared.

The Advisory Committee on Reactor Safety (ACRS) was also established with 
relevant subcommittees.

During the review o f the PSAR for Kori Unit 1, the emergency core cooling 
system evaluation criteria, the piping codes, the in-service inspection codes and the 
thermal pollution problems were carefully examined. Quality assurance activities 
were also stressed during the construction of the plant, and an overall inspection 
was carried out to prepare for commercial operation.

The next PSAR review for the construction permit for the Korean nuclear 
Unit 2 placed more emphasis on improving the analytical model of the 
emergency core cooling system and hot channel factors rather than on general 
aspects.

Difficulties, however, were encountered during the safety review for the 
Korean nuclear Unit 3, which is a PHWR imported from Canada, whereas 
units 1 and 2 are PWRs. The PSAR for Unit 3 gave particular consideration 
to the geological and seismological suitability o f the site, the improvement of 
the structural design for the emergency core cooling system and the seismic 
criteria for the safety-related systems.

During the safety review both for nuclear Units 5 and 6 which began 
construction in 1978 and nuclear Units 7 and 8 which started construction in 
1979, careful consideration was given to experience gained from the Three Mile 
Island (TMI) accident. Recommendations were even made, based on the TMI 
experience, to improve the operability o f the existing nuclear power plant.

2. DEVELOPMENT OF REACTOR SAFETY REGULATIONS 
IN KOREA

The basic objective for reactor safety in Korea does not differ from that of  
other countries; that is, not only to protect the plant crew and neighbouring 
population from radiation hazards by means o f adequate radiation control and 
limits for radwaste releases during both normal operation and transients but also
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to reduce the effects of radiation as much as possible. This concept is embodied 
in the Atomic Energy Law o f Korea, consisting o f 122 Articles, most o f which 
were recently revised. A Presidential Decree is incorporated for purposes of 
implementation.

The newly revised Atomic Energy Law describes the mandatory requirements 
for safety regulations, quality assurance, radwaste management, procedures for 
construction and operation of nuclear power plants or nuclear fuel facilities and 
licensing procedures regarding decommissioning o f such facilities.

This new law outlines the establishment o f the Nuclear Safety Centre within 
the framework o f the Korea Advanced Energy Research Institute (KAERI) for 
assisting the Government’s regulatory and licensing bodies. With regard to the 
latter, primary responsibility lies with the Atomic Energy Bureau o f the Ministry 
of Science and Technology (MOST). There are four Divisions under the Bureau, 
namely, the Nuclear Standards Division, the Radiation Safety Division, the Reactor 
Inspection Division, and the Reactor Licensing Division. These Divisions carry 
out administrative regulatory work.

The Atomic Energy Commission (AEC), which is under the direct control of 
the Minister o f Science and Technology, is responsible for all major nuclear 
policy decisions, especially for nuclear safety matters. Meanwhile in accordance 
with the new provisions of the Atomic Energy Law almost every technical review 
is carried out by KAERI’s Nuclear Safety Centre.

The new Atomic Energy Law furthermore stresses that the utility company 
should submit an environmental report to the Government before a construction 
permit is granted.

The PSAR submitted by the applicant to the Government is generally reviewed 
by both KAERI experts and ACRS members. The result of the review is reported 
to the AEC for final approval. The construction permit is then issued by the 
Minister of Science and Technology.

To avoid unnecessary delay in issuing the construction permit, a special 
arrangement is provided which allows the applicant to commence with the initial 
preparatory construction work as scheduled to a certain extent. Furthermore, the 
site conditions have to be reviewed by the regulatory body in advance.

Along with the initial construction work, the design and construction methods 
of the major nuclear systems or facilities will be reviewed. This can be practically 
applied for the PSAR through actual on-site checks.

To date, the preliminary safety analysis reports for Korean nuclear Units 1,
2, 3, 5, 6, 7 and 8 have been reviewed, while PSARs for Units 9 and 10 are under 
review.

In-service inspection (ISI) o f the operating nuclear power plant is strongly 
recommended for improving the reactor operability and reliability as well as 
safety. For Unit 1, ISI has been performed three times by KAERI in co-operation 
with foreign consultants.
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KAERI’s Nuclear Safety Centre carries out an evaluation and assessment of 
all safety analysis reports submitted by the applicant. The Centre also develops 
safety codes and standards suitable for Korean conditions. In addition, the Centre 
is also involved with the radiation protection o f nuclear facilities, emergency pre
paredness in case o f a reactor incident or accident and the collection and dissemina
tion o f safety information.

At present, the Centre comprises eight Departments namely those of Nuclear 
Safety Standards, Reactor Systems, Instrumentation & Control, Safety Analysis, 
Radiation Protection, Site & Environment, Quality Assurance and Structural 
Engineering.

Another task o f the Centre is safety research in response to the needs arising 
during safety reviews. This research covers two main areas: reactor safety, and 
environmental safety and protection.

To carry out nuclear regulatory work effectively, a significant number of  
qualified experts is needed. To this end, various training courses are offered by 
KAERI’s Nuclear Training Centre. The IAEA’s assistance in developing Korea’s 
safety manpower has been noteworthy.

Since 1979, special training courses such as those on nuclear safety and 
quality assurance have been carried out at the Nuclear Training Centre with con
siderable assistance from the IAEA. A total o f approximately 250 persons from 
the Government regulatory body, the safety research institute, the nuclear-related 
industries and the utility company have been trained so far.

To assure qualified safety personnel for safety review, inspection and enforce
ment in nuclear power plants in operation and under construction, Korea looks 
to various nuclear manpower training programmes with the direct co-operation 
of the safety organizations of reactor supplier countries such as the NRC of the 
United States o f America, the IPSN or INSTN o f France and the AECB o f Canada.

3. REACTOR SAFETY IMPROVEMENT AFTER THE TMI ACCIDENT

The TMI accident had a serious impact on the public as well as on the nuclear 
regulatory organization and industries in Korea. Just after the accident, the Korean 
Government formed an inspection team consisting of specialists from various areas 
to perform an overall check on the design and operation of the Korean nuclear 
Unit 1. The possibility of a similar accident to that at TMI to occur in Korea and 
the possibility o f improving the safety o f nuclear power plants were carefully 
investigated.

In this connection, the Advisory Committee on Reactor Safety o f the Korean 
Government introduced an overall measure of reform for the safety o f power 
reactors in Korea by applying the Post-TMI Action Plan o f USNRC and forming
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a task force. The following are major steps taken to improve the safety of Korean 
nuclear Unit 1.

(1) Preparation of the first emergency operating manual and improvement 
of the existing emergency operating manual.

(2) Outlining emergency operating procedures in order to clarify judgements 
and the order o f priority of actions to be taken should such an emergency 
occur.

(3) Establishment of the operational criteria for safety injection system 
actuation.

(4) Revision o f the data information system to measure the reactor coolant 
inventory under accident conditions, and establishment o f a method of 
detecting core degradation or melt.

(5) Installation o f an interlock device for manually operated safety-related 
valves and setting indicators.

(6) Modification o f the safety system operating logic by pressurizer signals.
(7) Review o f the human engineering design o f the main control room.
(8) Installation of hydrogen recombiners at the containment.
(9) Installation of an interlock device between the high-level signal from the 

liquid waste storage tank and the containment sump pump actuation signal 
in order to prevent radioactive waste release to the environment.

(10) Installation o f full condenser demineralizer capacity to improve the 
secondary-system water purification.

(11) Establishment of a separate organization for quality assurance during 
operation.

(12) Retraining o f operators and improvement o f the duty shift system (from 4 
to 5 shifts).

(13) Intensive monitoring o f environmental radiation both on- and off-site.
(14) Establishment o f radiation emergency preparedness and practice of procedures.

As the result o f a one-year investigation, a total o f 27 requirements related 
to the Post-TMI Action Plan were put forward in 1981 to be applied to Korean 
LWRs both under construction and awaiting construction permit. Some of the 
major requirements are as follows.

3.1. Requirements related to construction

— Installing a vent to prevent accumulation o f hydrogen or incompressible 
gases in the reactor vessel in the event o f an accident.

— Providing sufficient radiation shielding to the vital areas in order to assure 
the operator access to the scene o f an accident.
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— Providing a containment contamination sampling facility to analyse radiation 
contamination.

— Testing pressurizer relief valves, safety valves and block valves to verify their 
proper performance.

— Installing indicators and alarms showing the settings o f pressurizer relief 
valves and safety valves in the main control room.

— Evaluating the operability o f the auxiliary feedwater system to be used 
should the main feedwater system malfunction.

— Installing auxiliary feedwater system automatic initiation and flow indication 
devices.

— Providing emergency power supplies for pressurizer relief valves, block valves 
and level indicators.

3.2. Requirements related to operation

— Extending the scope o f functions covering complex transients involving 
multiple permutations and combinations of failures and errors for both 
existing and newly procured simulators.

— Improving the capability of operators to understand and control complex 
reactor transients and accidents. Increasing the education, experience, and 
training requirements for operators.

— Establishing a long-term study plan for upgrading plant procedures including 
transient analysis, reliability analysis, human factor engineering, crisis manage
ment and operator training.

— Reviewing the control room design to improve the ability o f plant operators 
to prevent or cope with accidents.

— Installing a safety parameter display system that will display to operating 
personnel a minimum set o f  parameters defining the safety status o f the 
plant.

— Establishing a method o f by-passed and inoperable status indication for 
plant safety systems to monitor and verify operations, test, and maintenance 
activities.

— Expanding the QA lists to cover safety-related equipment and rank the equip
ment in order of its importance to safety.

— Establishing training plans to provide operators with operating sequences 
in the event of a core-melt accident.

3.3. Requirements related to emergencies

— Establishing an overall emergency plan for radiation accidents.
— Establishing a Technical Support Centre or an Operational Support Centre 

on-site for emergency operations.
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— Establishing methods for keeping release of high-level radioactive materials 
to the environment as low as possible and for limiting damage in the event 
of a release.

— Upgrading the accuracy and range o f the equipment used to measure radiation 
levels inside and outside the plant.

— Establishing long-term control room habitability for the main control room 
operators or radiation inspectors.

4. STATUS OF REACTOR SAFETY RESEARCH IN KOREA

Reactor safety research in Korea has been actively encouraged since the 
middle 1970s in parallel with Korea’s nuclear power development programme 
to improve technical capabilities on reactor safety and to develop the necessary 
safety standards and criteria.

At present, however, emphasis is being placed on such areas as technical 
problems directly encountered in the construction, operation and maintenance 
of nuclear power plants rather than on basic safety research.

The following are the major reactor safety research projects currently 
being carried out by the Korea Advanced Energy Research Institute.

4.1. Development o f radwaste treatment and disposal technology

To establish ultimate radwaste storage strategies, a five-year project was 
started in 1982 primarily to set up a master plan for permanent radwaste storage 
schemes. The development o f basic safety criteria for the treatment and disposal 
of radwastes is also emphasized.

4.2. Development o f test and evaluation technology for nuclear power plant 
components

Stress is being laid on the development of indigenous nuclear power plant 
in-service-inspection capabilities as well as test and evaluation techniques for 
irradiated reactor components and material samples.

Furthermore, it is planned to develop the necessary test and evaluation 
technology to ensure safety and reliability o f home-made reactor components.

4.3. Environment impact study around nuclear facilities

An environmental impact survey and natural radiation monitoring on- and 
off-site are being elaborated with special attention to research on the evaluation
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of radiation hazards. An environmental impact study on the liquid effluents 
from nuclear power plants in operation is particularly stressed.

4.4. Safety research on nuclear fuel

Experimental research on nuclear fuel corrosion phenomena including 
the mechanism of the corrosion of the cladding material due to pellet/cladding 
interaction.

4.5. Corrosion control and failure analysis o f PWR steam generator and 
condenser tubes

Investigation o f possible factors which can cause the corrosion and failure 
of PWR steam generator tubes and condenser tubes.

4.6. Establishment of a coolant quality control method for nuclear 
power plants

Research into the interaction phenomena between coolant and metals 
in the reactor coolant system with special consideration o f the improvement 
of water quality control methods.

4.7. Seismic analysis o f nuclear power plants

Establishing a seismic response spectrum by analysing seismic features in 
Korea and the development of seismic design codes suitable for Korean conditions.

4.8. Experimental study on loss-of-coolant accident

Experimental studies of the reflood effect following a LOCA taking into 
account the phenomenon of steam binding, using an electrically heated simulated 
fuel assembly.

4.9. Reliability and risk assessment of nuclear power plants

A statistical analysis of nuclear power plant incidents or potential accidents 
and the assessment o f probabilistic risks reflecting conditions specific to Korea.

4.10. Preparing Korea’s seismic risk map

Preparation o f Korea’s seismic risk map for reference use in siting reviews.
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Reactor safety research in Korea has been actively carried out since the 
middle 1970s in parallel with Korea’s nuclear power development programme.
The basic concept for reactor safety in Korea, like in other countries, is not only 
to protect the plant crew and neighbouring population from radiation hazards 
through control of radwaste release during both normal operation and transients, 
but also to reduce the effects o f radiation as much as possible.

When the first nuclear power plant was set up in Korea, emphasis was placed 
only on basic safety research to follow up advanced countries’ practices. At 
present, however, stress is being laid on the technical problems directly encountered 
in the construction, operation and maintenance o f nuclear power plants.

The necessary legal provisions on nuclear safety were established and qualified 
safety personnel were trained in an effort to meet the ever-increasing concern 
with nuclear safety.

The Nuclear Safety Centre which was established recently within the Korea 
Advanced Energy Research Institute assists the Government’s regulatory and 
licensing bodies by reviewing safety analysis reports and developing safety stan
dards and criteria. It is expected that this Centre will play an essential role in 
upgrading technical capabilities on reactor safety and thus will contribute to the 
improvement o f reactor operability and reliability as well as safety.

The TMI accident had a significant impact on the public, regulatory body, 
research institute and nuclear-related industries in Korea. As a result of an overall 
inspection o f the operating reactors in Korea, a series o f technical problems were 
identified and the necessary measures have been adopted.

It is more imperative than ever to ensure reactor safety in connection with 
the ever-expanding nuclear power development programme in Korea. Developing 
an indigenous nuclear safety evaluation, capability will permit the effective and 
successful implementation o f the nuclear power development plan.

To this end, it is necessary to establish mutual co-operation between the 
regulatory body, the utility company, the research institute and the nuclear- 
related industries. International co-operation in the field of reactor safety should 
be given great emphasis.

5. CONCLUSION
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Abstract -

EXPERIENCE GAINED IN HUNGARY ON THE ROLE AND RESPONSIBILITY OF THE 
PUBLIC HEALTH AUTHORITY IN THE NUCLEAR POWER PROGRAMME.

The public health  service o f  every country  has a basic responsibility for maintaining 
and continuously  improving the  standard o f health  o f its population . A significant part of 
this general responsibility, which has grown in im portance in recent years, is radiation 
p ro tection . While substantial econom ic, social, m edical and scientific benefits are derived 
from  various applications o f nuclear energy, health  authorities m ust insist on  adequate 
contro l to  p ro tec t the  population  from  excessive exposure to radiation. Safety in the 
nuclear power industry  means the  assurance th a t all operational activities are carried out 
w ithout undue radiation  hazard to  the  general public and to the  persons on-site. It is 
essential, therefore, th a t national public health  authorities give im m ediate a tten tio n  to 
their responsibilities fo r radiation  pro tec tion  and ensure the  developm ent o f an adequate 
system  o f contro l as soon as in itiation  o f a nuclear power program m e has been decided.
The role and responsibility assigned in Hungary to  the  public health  au tho rity  by the govern
m ent, the developm ent o f  its organizational structure and of its contro l system  and the 
actions taken  to  assert radiation  p ro tec tion  requirem ents in the nuclear power program m e 
of the coun try  from  th e  very beginning o f its in stitu tion  till the  commissioning of the first 
440 MW(e) unit o f  the  nuclear pow er p lant at Paks are reviewed.

1. INTRODUCTION

The public health service o f  every country has a basic responsibility for 
maintaining and continuously improving the standard o f health o f its population. 
A significant part o f  this general responsibility, and one that has grown in 
importance in recent years, is radiation protection. While substantial economic, 
social, medical and scientific benefits are derived from various applications o f  
nuclear energy, health authorities must insist on adequate control to protect 
the population from excessive exposure to radiation.

Safety in the nuclear power industry means the assurance that all operational 
activities are carried out without undue radiological hazard to the general public
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and to the persons on-site. It is therefore essential that national public health 
authorities give immediate attention to their responsibilities for radiation 
protection and ensure the development o f an adequate control system as soon 
as initiation o f a nuclear power programme has been decided [ 1 ].

The importance of the role and the scope o f the responsibility o f the 
Ministry of Health, the chief public health authority in Hungary, within the 
system o f authorities competent in issuing licences for construction and 
operation o f nuclear facilities, has become evident from the very beginning of  
the nuclear power programme. Therefore, appropriate organizational changes 
in the structure o f the national medical service have been decided and performed, 
rules and regulations for the protection o f workers and the public have been 
formulated and issued, extensive research, development and expert advice 
activities have been initiated and exerted in various phases o f  the nuclear 
power programme.

2. ORGANIZATION OF THE MEDICAL SERVICE

The responsibility o f the public health authority with regard to radiation 
is bilateral: (a) pro tection  o f  occupationally exposed workers and members 
of the public from the harmful effects o f ionizing radiation, while allowing 
use of radiation sources and procedures involving exposures to radiation for 
the benefit o f  the society; and (b) provision o f m edical care for persons 
accidentally exposed to radiation doses which could result in health 
consequences [2].

In Hungary, pro tection  o f people against any harmful effects o f the 
environment is supervised by the State Sanitary and Epidemiology Inspectorate. 
It is directed by the State Sanitary and Epidemiology Inspector-General and 
his deputies, who belong to the Department of Hygiene and Epidemiology 
o f the Ministry o f  Health. All the other state sanitary and epidemiology 
inspectors are attached to the Sanitary and Epidemiology Stations (SES) of 
the nineteen counties and the capital o f the country. With regard to the super
vision o f nuclear installations and practices involving radiation, the Inspectorate 
relies on the expert advice o f  the Frédéric Joliot-Curie National Research 
Institute for Radiobiology and Radiohygiene (RIRR), which is directly sub
ordinated to the Ministry o f  Health. In addition, about one-third o f the SESs 
have radiation hygiene groups either independently or incorporated into the 
division o f labour hygiene (F ig.l). These are concerned with the application of 
radiation protection measures within their area o f jurisdiction [3].

Within the structure o f  the RIRR there is a department o f radiation hygiene 
containing two divisions: operational radiation hygiene and environmental 
radiation hygiene (Fig.2).
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* State Sanitary and Epidemiology Inspectorate 

F IG .l. S tru ctu re  o f  the m edical service in H ungary in rela tion  to  the nuclear p o w e r program m e.

The first o f these is responsible o f performing a centralized and nation
wide personal dosimetry service for all individuals employed in radiation work, 
and on-site control o f  agricultural, medical, educational and research institutions, 
where radioactive substances and other sources of radiation are produced, 
handled and used. In relation to the nuclear power programme, a special 
group has also been set up to control installations where nuclear reactors — 
including training, research and power reáctors — are in operation.
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FIG.2. S tru ctu re  o f  th e  N ational Research In s titu te  fo r  R ad io b io lo g y  and R adiohygiene.

The other division contains groups and laboratories engaged in radiological 
monitoring of the atmosphere, hydrosphere and biosphere, in measurements of 
dose rates o f  environmental radiation both indoors and outdoors, and in 
assessment o f  population exposure from various environmental radiation sources.

The Institute has been charged to carry out every kind o f radiobiology 
and radiohygiene research necessary to the nuclear power programme, to 
undertake guidance o f other national and local medical institutions, and to 
organize and conduct training courses and seminars. Accordingly, the Institute 
is the scientific basis and co-ordinating organ of the Ministry o f Health 
concerning radiation hygiene aspects o f the nuclear power programme.

The SES o f Tolna County, in which the nuclear power plant is sited, has 
been complemented with an independent radiation hygiene group that is also 
represented at the plant itself.

For the m edical care o f persons with radiation injury or who are suspected 
of radiation injury, the general system o f progressive medical care is to be 
used. The system o f progressive medical care is a chain of subsequent stages 
in medical treatment in which each successive link is o f an enhanced degree
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of sophistication. This means that medical care o f patients with radiation 
injury of the nuclear power plant is to be given:

a t basic level by members o f the rescue and first aid team(s), the medical 
service of the installation, and the state life-saving (ambulance) service;

a t qualified level by the hospital and outpatient department o f the 
county; and

a t specialized level by the National Institute o f Oncopathology or the 
National Institute o f Haematology and Blood Transfusion. Those patients 
who are in need o f specific medical treatment, such as isolation, decontamination 
and decorporation o f radioactive substances, bone-marrow transplantation 
and others, must be transferred to these national institutions in Budapest.
The RIRR has to provide expert advice and assistance in diagnosis o f radiation 
injury through performing special biological examinations including 
chromosome aberration analysis, sophisticated analysis o f urine for end-products 
o f nucleic acid and protein metabolism, measurements o f radioactivity in 
the whole body, certain organs and excreta. Methodological instructions and 
guidances on diagnostical and therapeutical procedures to be applied at various 
levels of medical care, on the necessary equipment and instruments, on 
education and training o f personnel are also among the duties o f  the national 
institutions [4].

3. HEALTH AND SAFETY REGULATIONS

In connection with the introduction of nuclear power into the country 
and the increasing use of radioactive substances and other radiation sources, 
comprehensive legislation on the use o f  atomic energy in various fields of the 
national economy has been accomplished recently. An A to m ic  Energy A c t  
was passed by Parliament, the supreme legislative body o f the country, in 
April 1980. In this Act the basic priciples and general provisions o f the safety 
requirements and liability for the atomic energy applications are codified [5].

Attached to the Act an enacting clause o f  the Council o f  Ministers was 
also issued containing dispositions concerning the duties and responsibilities 
of various ministries and other national authorities in respect o f  nuclear energy 
applications. The enacting clause specifies, that:

— dose limits for exposure o f  workers employed in nuclear energy applications 
and o f the population are to be established by the Minister o f  Health;

— only such persons who are in the possession o f the prescribed knowledge 
and who comply with the medical requirements may be employed in 
nuclear energy applications;

— workers employed in workplaces involving exposure to radiation should 
be submitted to regular dosimetric and medical control;
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-  radiation protection service should be established in facilities o f  atomic 
energy applications, the supervision o f which is the duty of the Minister 
o f Health;

— the management o f  any establishment or facility used for the application
o f atomic energy is obliged to report any unusual event to the State Sanitary 
and Epidemiology Inspectorate o f  the proper region.

Before the Atomic Energy Act was enacted, several temporary ministerial 
orders had been issued containing detailed rules and regulations in relation to 
nuclear power. These could rely on the appropriate articles o f the Act and 
on the disposition of the Council o f  Ministers, since the preparation o f the 
latter had already been in progress.

Among others, an order o f  the M inister o f  Health was published in 1979 
containing sanitary regulations with regard to the setting up and operation of 
nuclear power plants, in particular; siting and design; safety requirements 
of normal operation, installation and repair work; transportation, storage and 
disposal o f  radioactive substances and wastes; monitoring o f  the plant premises 
and the environment; radiation protection service of the facility; dosimetric 
and medical control o f workers and medical care of persons exposed in excess 
of the dose limits; measures to be taken in the event o f an accident extending 
beyond the borders of the plant area.

As stated in this ministerial order, “radiation exposure o f individual 
members o f the public due to the operation of nuclear power plants at their 
total installed capacity must not exceed an annual whole-body dose of 
1.7 mSv (170 mrem).” The presidential order o f  the National Bureau for 
Environmental Protection and Nature Conservation has laid down that 
. . . “external and internal exposures of any individual member o f the public 
to radioactive substances released from a nuclear power station o f 1000 MW(e) 
installed capacity under normal operational conditions must not exceed 
one-tenth o f the annual whole-body dose authorized by the relevant health 
regulation.”

4. ACTIVITIES OF THE PUBLIC HEALTH AUTHORITY IN VARIOUS 
PHASES OF THE NUCLEAR POWER PROGRAMME

Representatives o f the public health authority have participated in and 
contributed to the introduction o f nuclear power into the country at all 
its phases.
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4.1. Preparation

A very close working relationship was established between the project 
group and the public health authority from the very beginning o f the siting  
studies. Representatives o f  the public health authority participated in the 
selection and evaluation o f potential sites for the nuclear power plant. While 
the physical characteristics o f the sites were taken into account by the project 
group, population density and distribution, distances to population centres, 
use o f  surrounding land areas for agriculture and food production, use o f the 
river Danube by the population for water supply, irrigation, recreation and 
sport were considered by the public health authorities.

In view o f the very unlikely event o f  an accidental release to the environ
ment of radioactivity from the nuclear power plant, and to facilitate the 
control o f potential exposure o f  the population, an exclusion area o f  about 
3 km radius was proposed to be established around the plant.

The public health authority made a comprehensive review and evaluation 
o f the general plan t design. Particular attention was given to details o f the 
design, such as: heating, ventilation and air-conditioning; decontamination 
of radioactive substances and storage o f wastes; radiation protection control 
of workers, working areas and the environment; and the prelim inary safety  
report. Domestic participants in the design work were given expert advice 
and consultation possibilities concerning radiation protection and labour 
health requirements throughout their activity.

4.2. Construction

Once the construction permit was granted, one o f the major tasks of the 
national health service became the m edical supervision o f  thousands o f local 
and foreign workers employed in the construction work. This did not differ 
essentially from the supervision o f a normal construction of a sizeable scale, 
except that gamma-defectoscopy was extensively used for quality control of 
welding, necessitating careful supervision o f compliance with the radiation 
protection requirements for the safety o f industrial radiographers and other 
labour involved in different types o f work in the neighbourhood.

Legislation for radiation workers prescribes pre-employment medical 
examination, periodical examinations during employment, and special 
examination in the event o f  an overexposure. The medical examination to be 
made before assigning a worker to the nuclear power plant is intended to 
prevent employment o f  persons who are unfit for such work. Therefore, 
m edical criteria o f  fitn ess  had to be established as soon as appointment of 
staff members to the future plant started [6]. Special attention among the 
criteria was given to diseases o f  the haematopoietic system, diseases that are
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apt to malignant transformation, and the existence o f hereditary familial 
diseases. Medical examination o f persons selected as operators or workers in 
key positions was complemented by psychological tests.

Soon after starting with the construction an extensive preoperational 
m onitoring  programme was launched by the RIRR, in order to establish 
background levels o f  environmental radiation and radioactivity, and to assess 
exposure o f the population to these radiation sources [7]. The programme 
will be continued uninterruptedly after commissioning the nuclear power plant 
for assessing its contribution to the environmental exposure of the population.

Another research programme was initiated to study the applicability of 
the usual film-badge dosimetry system for individual dosim etry  under the 
conditions prevailing in the nuclear power plant. In particular, the sensitivity 
and reliability o f this system were examined in a mixed field o f radiation 
containing beta rays and neutrons o f different energies in addition to gamma 
radiation [8].

Local and central public health authorities have been intensively involved 
in establishing and reviewing em ergency plans. Advance planning for actions 
to be taken in the event o f emergency in the nuclear power plant is a pre
requisite for licensing operation. It has been made obligatory to notify cases 
o f persons receiving doses in excess of the annual dose limits or subjected to 
accidental internal contamination with radioactive substances above the annual 
limit o f intake (ALI). In order to give guidance concerning protection o f the 
public in the event of a radiation accident, emergency reference levels have 
been specified by the Ministry o f Health. These are based on the projected 
whole-body dose from external irradiation in the open air, and the projected 
thyroid dose o f  children due to inhalation o f radioiodine nuclides [4]. Special 
emergency organizations must be set up by the licensee as well as by the 
regional and national authorities. The major task o f the emergency organization 
of the licensee, with respect to the protection of the population is to issue 
warning in the event of any dangerous increase in radioactivity o f the effluents 
and to propose measures for protection of the public. The county administration 
is empowered to prohibit access to the affected area, order the local population 
to remain indoors or evacuate the area, confiscate contaminated foodstuffs 
and other items.

Representatives of the public health authority have also played a significant 
role in dissem ination o f  inform ation  on nuclear energy and on the likely 
consequences o f  operation o f a nuclear power plant. They have contributed to 
the general awareness and confidence of the public.

4.3. Commissioning

At present, a comprehensive pre-nuclear testing programme is being 
conducted at the Paks Nuclear Power Station aiming at demonstrating con-
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forman ce with the approved design. This programme has been reviewed and 
approved by the State Control and Licensing Committee, whose membership 
includes representatives o f the State Sanitary and Epidemiology Inspectorate. 
Inspections are made to verify that the construction o f the plant is in strict 
accordance with the design and to prove that the provisions of the construction 
permit have been satisfied.

Prior to the nuclear tests, operating instructions including instructions on 
labour safety and radiation protection, recording and reporting arrangements,

completeness o f on-site and off-site emergency plans and organizations, the 
safety and completeness o f the nuclear testing programme have to be presented 
for review by the plant management.

After nuclear tests, the conformity o f the results with design values and 
theoretical predictions will be reviewed, conditions for commercial operation 
will be finalized, periodic testing, inspection and reporting will be specified [9].

5. SUMMARY AND CONCLUSIONS

Importance o f  the role and scope o f the responsibility o f the public 
health authority within the regulatory body, i.e. the authority or the system 
o f  authorities competent in issuing licences and regulating nuclear power 
plants, vary from country to country owing to their differing constitutional 
and legal constructions [10]. In Hungary, the public health authority has 
been deeply involved in the nuclear power programme o f the country from 
the very beginning o f its approval.

In order to fulfil its duties, the public health authority has taken several 
measures including some structural alterations in the system of preventive 
and curative medical services, issuance of a comprehensive ministerial order 
containing sanitary regulations on institution and operation of nuclear power 
plants, medical supervision o f the construction work, establishment o f medical 
criteria for selection o f staff personnel, pre-operational monitoring o f the 
environment and assessment o f  background exposure o f the population, research 
on the applicability o f  the individual dosimetry system to the mixed radiation 
field around the power reactor, guidance in emergency preparedness, dissemination 
of relevant information and so on.

It is obvious that the role and responsibility o f the public health authority 
in the nuclear power programme o f the country will continue after the first 
unit o f  the nuclear power plant will have been commissioned.



REFERENCES

[1] WORLD HEALTH ORGANIZATION, Public Health Responsibilities in R adiation 
Protection , WHO Technical Reports Series No.254 (1963).

[2] WORLD HEALTH ORGANIZATION, Protection against Ionizing Radiations. A 
Survey of Current World Legislation, WHO, Geneva (1972).

[3] SZTANYIK, B.L., “ Philosophy and practice o f radiation  p ro tection  in Hungary” , 
presented at an IAEA Study Tour on  Radiological P rotection  and Waste Management, 
Visegrád, Hungary, 18 Sep.—13 Oct. 1978.

[4] SZTANYIK, B.L., “ S ta tu tory  bases for public health  actions to  be taken in case o f 
radiation accidents in Hungary” , presented at a WHO W orking Group on Basis for 
Public Health Actions in Radiation Accidents, Brussels, Belgium, 23—27 November 1981.

[5] SZTANYIK, B.L., BOJTOR, I., “ Experience in the application of the  new ICRP 
recom m endations in Hungary” , The Dose L im itation System  in the Nuclear Fuel Cycle 
and in Radiation Protection (Proc. Symp. M adrid, 1981), IAEA, Vienna (1982) 605.

[6] M ethodological instructions on the pre-em ploym ent m edical exam ination o f workers 
to  be em ployed in the nuclear pow er plant, M inistry o f  Health, No. 58 .293/1977 
(in Hungarian).

[7] SZTANYIK, B.L., et al., Status Report on the Levels o f Environm ental Radiation 
and R adioactivity in th é  Surrounding o f th e  Paks Nuclear Power S tation,
NIMDOK 81.450, Budapest, 1980 (in Hungarian).

[8] BOJTOR, I., A daptation of the Film-badge Dosim eter o f the National Personal 
Dosim etry System to  the Particular Circumstances Prevailing in the Nuclear Power Plant, 
Research R eport, Budapest, 1980 (in Hungarian).

[9] INTERNATIONAL ATOMIC ENERGY AGENCY, Organization o f Regulatory Activities 
for Nuclear Reactors, Technical Reports Series N o .153, IAEA, Vienna (1974).

[10] INTERNATIONAL ATOMIC ENERGY AGENCY, Steps to  Nuclear Power -  A Guide
book, Technical Reports Series N o .164, IAEA, Vienna (1975).

7 5 0  SZTANYIK
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REGULATORY EXPERIENCE 
IN INTRODUCING NUCLEAR POWER

Chairman: W. Roehnsch (German Democratic Republic)

M embers: A. Islam (Bangladesh)
J.E.L. Salvatore (Brazil)
J. Beránek (Czechoslovakia)
T. Eurola (Finland)
L.B. Sztanyik (Hungary)
J.H. Cha (Republic of Korea)

Scientific  E. Iansiti (IAEA)
Secretaries: J. Ahmed (IAEA)

SUMMARY OF DISCUSSION

Papers IAEA-CN-42/114, 152, 215, 339, 367 and 373, considered as 
background material, were summarized by the Chairman as an introduction to the 
panel.

The Chairman then introduced the first topic: “How to prepare the 
regulatory body for reviewing the safety report”. This involved many questions. 
What are the safety goals? Which safety conditions have to be established in 
the organization and how can the persons be prepared who have to do the work? 
How should the work be performed? Should spot checks o f  particular parts be 
performed or a broad review be made o f the whole safety report? Which part 
o f the safety report should be examined more in detail? Should the results of 
the review be used to prepare for the inspection? How many people are needed 
for the review and what specializations should they cover? How can they be 
trained? Is external assistance from other institutions in the country needed?
Is it necessary to establish close contact with the supplying regulatory body 
abroad? What is the time schedule for the whole work? On what basis should 
safety standards be issued? Should the standard o f the supplier country be 
used? What is the role o f international standards? How can the national 
standards be harmonized with international ones?

A panel member outlined the preparatory actions to be taken well ahead of 
the safety report review:

— The staff has to be recruited;
— The general safety criteria and safety regulations have to be defined ;
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— International contacts have to be organized;
— The conditions which would make independent analysis possible have to 

be established.

The main purpose o f the safety review is to check that the safety criteria and 
other regulations are fulfilled, and therefore all the systems classified as safety 
related should be reviewed. A spot check is not recommended. The depth o f the 
review will depend on the level o f classification o f the system from the safety point 
of view.

In some Member States the safety report review is performed by the same 
governmental body as inspects the plant. Therefore, the safety review is 
frequently used as a preparation for the safety inspection o f the plant. This 
organization has worked well in the country o f the panel members speaking and 
is recommended.

If similar plants have been reviewed earlier, emphasis should be given in the 
safety review to the design differences. Particular attention should also be given 
to analysing how the plant could cope with deficiencies revealed by operational 
experience.

The manpower needed for performing the safety review in the case reported 
by the panel member (paper IAEA-CN-42/152 from Finland) was o f the order 
of 5 to 7 man-years for the first reactor and fifteen to twenty specialists were 
engaged in the work. In his country all computer programs were already 
available in working condition. It is important to recruit senior people who already 
have a good industrial background. The team should include experts in material 
science, thermohydraulics, heat transfer and computer techniques. The general 
requirement for taking decisions on the composition and training is that the 
regulatory body should have such competence as to be able to discuss all items 
related to safety at the same level as their counterpart. Possibilities o f training 
abroad, such as training courses and workshops, are useful but people can also be 
trained in the country and therefore good use may be made o f reference material 
such as safety analysis reports and safety reviews prepared for other similar plants. 
The regulatory body may make good use o f  the assistance o f external national 
consultants who have been used in certain cases for performing independent 
accident analyses and probability risk assessments. However, it should be taken 
into account that in the last resort the regulatory body has the responsibility of 
drawing all the conclusions on the work done.

In the case reported one year was required to review the safety report, topical 
reports having been reviewed earlier.

As far as the development o f standards is concerned they should cover 
such areas as:

-  General legislation on nuclear power plants;
-  General design criteria;
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— Radiation safety;
— Pressure vessel codes.

These documents should be augmented by a set o f safety guides.
Fifty safety guides have been developed in the country o f the panel member. 

The material available for developing such documents was the NUSS standards, 
the US regulatory guides and the US industrial standards.

The following panel member reported on the public health aspects of 
the safety review on the basis o f the experience in his country (paper 
IAEA-CN-42/373 from Hungary). According to the Agency recommendation, 
two types o f  safety reports are prepared for submission to the regulatory body:

— The preconstruction safety report
— The preoperational safety report.

In his country it is the responsibility o f the health authority to evaluate the 
safety reports from the point o f view o f the health and safety o f  the personnel 
and o f the public at large; the related review is concentrated on the siting and on 
some plant systems.

For the siting aspect relevance was given to examining the population density 
and distribution around the plant, the distance from population centres, the use 
of land and water and finally the level o f background radiation.

Among the plant systems analysed in detail were the transport, storage and 
control o f fresh and irradiated fuel, the limits to be applied for radiation exposures 
and for shielding design, radiation monitoring facilities, the radioactive waste 
system, the limits and controls o f radioactive releases and environmental monitor
ing. The results of the safety analysis were also examined from the radiological 
protection point o f  view. In practice, the issuance o f  a licence for the construction 
and operation o f nuclear power plants in his country is the responsibility o f a 
state committee for the control and licensing o f nuclear facilities, one member of 
which is a representative o f the Ministry o f  Health. This representative o f the 
Ministry o f Health is concerned with the safety and radiological protection aspects 
and decides on the basis o f the advice given by an institute for hygiene.

To deal with this matter, an advisory group has been organized in the institute 
whose members are competent in reactor engineering, medical radiation aspects, 
analytical chemistry and mathematics. These people have been trained in the field 
of radiological protection and safety through courses and seminars in which 
lectures have been given by scientists from other institutes in the country and from 
other countries; furthermore, experts from the IAEA have given lectures.

From the audience it was observed that one should not devote too much of 
the country’s resources to building up only the nuclear safety regulatory body.
It is essential that the nuclear power plant operating staff be also sufficient in
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number and have adequate knowledge. It must be clear that too many controllers 
do not increase the safety level if the operators are not competent enough. The 
Chairman observed that the problem is not to reduce the effort to build up a 
regulatory body but rather to devote adequate effort to building up a competent 
staff for operating the plant.

It was also recommended to take the nuclear power programme schedule 
into account when building up the staff within the regulatory body. If the 
construction of too many nuclear units is started at the same time, a larger 
amount o f work is suddenly requested from the regulatory body than when the 
construction o f the units is regularly distributed over a period and special 
preparation should be made in the first case. Building up the staff of the 
regulatory body could start by hiring a few senior staff members, who could be 
trained abroad if  necessary, the less qualified staff members could then be hired 
and an educational programme organized in the regulatory body based on 
contributions from the senior staff already hired. It was observed at this point 
by another panel member that the methodology outlined might not be adopted 
so easily by a small country. The example was given o f a country which could 
represent the lower end of the spectrum. This country is now building its first 
research reactor and has organized a small safety committee to review the safety 
characteristics o f the plant. When a nuclear power plant is built another safety 
committee could be organized and could include the persons who participated 
in the construction, operation and safety review of the research reactor. It is 
clear that this is not the optimum solution but could be considered acceptable, 
taking into account the resources available in the country. One panel member 
had said that 50 safety guides had been developed in his country (paper 
IAEA-CN-42/152 from Finland). He was required to comment on the need to 
develop such a large number o f national safety guides when the NUSS guides of 
the Agency are already available. The reply was that it may be necessary to 
develop national safety guides to give more details and to take into account the 
country’s special situation.

The following topic introduced by the Chairman was ‘regulatory body 
inspections’. What is the purpose o f the inspection? Which types o f inspection 
have to be made? Are the more important inspections those to be made during 
construction, commissioning or operation? How many inspectors should a 
Regulatory Body have and in which fields should they be trained? Can assistance 
for inspection be supplied by other institutions within the country? How can the 
use o f operational experience be optimized? For instance, how can events like 
TMI be used for improving safety?

A panel member explained that the main scope o f the inspection is to check 
that the plant is constructed as described in the safety report and maintained in 
the same condition as it was at the end o f the commissioning. He reported on his 
experience related to a country which at present has 10 units under construction
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(paper IAEA-CN-42/114 from Czechoslovakia). The areas on which the inspection 
activities have to be concentrated are:

— The operation o f  the plant. For this a permanent inspector was attached 
to each nuclear power plant; at the start he was not much more than a 
liaison officer between the regulatory body and the local operating staff; 
then better use was made o f these inspectors and they were instructed
to conduct a daily inspection o f the plant; ad hoc and partial inspections 
have been performed on a monthly basis, while a complete yearly 
inspection has been performed on each plant.

— The qualification o f  the operating personnel. The operator has to pass 
yery detailed examinations and is re-examined periodically. People who 
were not well qualified and those who did not maintain their capability 
were not allowed to operate the plant. (In this country the operating 
permit is valid for only one year.)

— Q uality assurance con tro l o f  com ponents and system s. On this well-known 
point the speaker did not express any additional comment.

In the case reported by the panel member only very high-level people have 
been recruited with university degrees in engineering or physics, 15 years of 
practice in the nuclear field, fluency in Russian and English. For the permanent 
inspector knowledge comparable to that o f the operating staff was required. In 
practice, the best operators were charged with these duties.

At the end o f the programme, which in his country includes the construction 
o f 15 units in a decade, it is expected to have not more than 20 to 30 inspectors 
(paper IAEA-CN-42/114 from Czechoslovakia). The limited number o f persons 
and their high qualification avoids bureaucracy in the procedures and those which 
are based on direct personal contacts could be used; people less qualified would 
have made the procedure more bureaucratic because they would avoid personal 
contacts that might show up their shortcomings.

Abnormal events are analysed by the operator organization, sometimes in 
co-operation with the Regulatory Body, on the basis o f a well-established scheme 
and the results sent to all the other operating units, which can study the need for 
suitable countermeasures. Events occurring abroad are also studied by the 
operators to check if  they can influence the safety o f their nuclear power plant. 
For analysing this type o f event in his country, a systematic review has been 
organized by a research group formed within a research institute. The impact 
following TMI even produced some changes to a proposed law now under 
consideration and dealing with the safety o f nuclear power plants. It was pointed 
out that not only the technical qualifications are important but the whole 
personality o f the inspectors. Each regulatory body staff member should feel 
that he is a member o f the nuclear community and that he, in co-operation with 
the operators, has to strive to achieve safety.
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According to the opinion o f another panel member, the scope o f the 
inspection is to check that the plant characteristics are those described in the 
safety report. He stressed the importance o f the following:

— During construction, inspections of the concrete o f the main safety- 
related structures and the welding o f the primary pressure boundary.
During commissioning, inspection o f the integrity o f the primary pressure 
boundary and o f the containment, o f the performance o f the more 
important safety systems and components and, in particular, o f the 
emergency power supply.

— During operation, review o f the plant procedure for emergency response, 
the fire protection and the operator training and retraining.

Referring to his country, which at the moment has two reactors in operation, 
two under commissioning and six under construction, it has been estimated that 
40 qualified inspectors are required (paper IAEA-CN-42/367 from the Republic 
o f Korea). However, at the moment only 20 are available. Therefore, while 
the law requires that all inspections be performed by the regulatory body, 
because of the limited manpower available some inspections have been undertaken 
by a nuclear safety group organized within an advanced research institute.

In his view, the basis for the inspection is the safety report. With reference 
to the action taken after special events and particularly after TMI, apart from the 
actions taken by the operating organization, the regulatory body of his country 
established some specific countermeasures such as a nuclear emergency management 
committee for intergovernmental emergency co-ordination, an emergency 
operations centre for the protection o f the public, and a technical support group 
at the advanced research institute for the assessment o f the emergency.

The following point discussed was “the assistance which can be given to 
the regulatory body o f a developing country by other developed countries and 
by the Agency” .

A panel member explained that a small regulatory body of a developing 
country may substantially increase its efficiency if it receives assistance from the 
IAEA, from the reactor supplier country and from other developed countries.
To his view, assistance in performing the safety analysis review is important 
(paper IAEA-CN-42/215 from Pakistan). Trainees could be attached to the 
regulatory body o f the country supplying the plant but they should have access 
to all the information exchanged between the applicants and the regulatory body. 
The trainees could also be sent to other developed countries where the regulatory 
procedures are well-developed and documented. The assistance o f the IAEA in 
arranging this training could be very significant.

Assistance to a small regulatory body could also be given in operator licensing. 
The small regulatory body could license the operator on the basis of an independent
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opinion from the regulatory body o f the supplying country on the training pro
gramme and on the capability o f each plant operator. For regulatory inspection, 
on-the-job training programmes for future inspectors could be arranged in the 
regulatory body o f the supplying country. The training could cover inspections 
to be performed during construction, commissioning, and operation including 
maintenance aspects. This assistance can be facilitated by international agreements, 
in particular by bilateral agreement for co-operation with the supplying country, 
ratifying the Non-Proliferation Treaty and signing the multilateral agreement for 
safeguards o f the IAEA.

The suggestion was made that for small and medium power reactors the 
IAEA could encourage reactor vendors to prepare standard safety analysis reports 
and a panel o f  experts convened by the Agency with participants from developed 
and developing countries could review these safety reports. This could assist the 
developing country in performing the more critical part o f the regulatory body’s 
work.

The following panel member discussed also the assistance which can be 
obtained in training the personnel in the areas of safety reviews, quality assurance 
inspection, and operators’ licences. He made reference to the case o f his own 
country (paper IAEA-CN-42/339 from Brazil) where assistance has mainly been 
received from the Agency technical assistance programme and from the vendor 
country. The technical assistance programme o f the Agency made it possible 
for experts from the vendor country to train regulatory body staff in the safety 
review. The concept o f the reference plant helps in performing the review and 
therefore access to the safety analysis report and to the safety analysis review 
performed on the reference plant is essential. In the case reported it was 
materially possible to associate a study o f these documents with an on-the-job 
training programme from the trainee o f  the regulatory body in the supplying 
country.

The courses on safety analysis organized by the Agency and the possibility 
of on-the-job training that they offer has proved very useful.

The other area where assistance is needed is the licensing o f reactor operators, 
particularly for the first nuclear power plant. In the case quoted it proved 
useful to train the regulatory body staff with the operating staff for the whole 
operator training programme, including simulator training and on-site training 
during commissioning. It was also possible for some o f the staff o f the regulatory 
body to acquire experience in the operator licensing branch o f the supplying 
country to learn examination techniques and methods to be used in evaluating the 
results o f the examination. It was very useful to witness practical examinations 
of operators performed in the supplying country.

In the area of inspection, members o f  the regulatory body staff participated 
in the training programme organized for the utility personnel. They took part 
initially in an on-the-job training programme on conventional power station
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operation. A few inspectors were trained for safe operation inspections and 
others were trained for construction and commissioning inspections. In an 
organized assistance programme they performed inspections together with 
inspectors o f the regulatory body on plants o f the supplying country. Inspectors 
from the supplying country came to perform jointly with the colleague from the 
developing country an inspection on the local nuclear power plant.

In conclusion, the use o f consultants, missions and training courses o f the 
IAEA proved to be the best instruments for the training o f the regulatory body 
of a developing country.

In concluding the Panel, the Chairman referred to both the introductory 
papers and the contributions to the Panel which showed that:

— The importance of regulatory activities and the national responsibility to 
enforce nuclear safety and radiation protection by such activities when 
introducing nuclear power are clearly recognized;

— There is a demand and a responsibility for the Agency and the supplier 
countries to assist importing and developing countries in building up 
regulatory functions, both directly and indirectly;

— Building-up a regulatory body to the full extent is best done gradually 
with increasing tasks;

— Standardization plays an important role not only in the technical but 
also in the regulatory field;

— Education and training of manpower for regulatory functions is essential 
and preferably performed by ‘on-the-job’ rather than only ‘classroom’ 
training.

At the end of the panel the Chairman expressed his thanks to all the 
participants and to the public.
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Abstract-Résumé

ASSESSMENT O F THE RADIATION IMPACT FROM NUCLEAR POWER PRODUCTION.
Releases o f  small quantities o f radioactive material to  the  environm ent m ay occur at each 

stage o f  th e  nuclear fuel cycle. UNSCEAR periodically reviews the  reported  discharge data and 
estim ates th e  radiation im pact o f  these releases, which is assumed to  be p roportional to  the  
collective effective dose equivalent com m itm ent. A sum m ary is presented o f  th e  results given 
by UNSCEAR in its 1982 report. The collective doses delivered in a few years following the  
releases are estim ated to  be  about 6 man*Sv per GW (e)-a o f energy produced by nuclear reactors. 
The long-term  com ponent o f  the  collective doses, which may extend over millions o f  years or 
m ore, is roughly assessed to  be o f the  order o f 3000 m an ' Sv per GW (e)-a. This figure is very 
uncertain as it depends am ong o th er factors upon the  fu ture  waste m anagem ent practices and 
fu ture population  habits and size. The collective dose to  workers, which is a separate com ponent 
o f  th e  radiation im pact, is estim ated at 20 m an-Sv per GW(e)*a.

EVALUATION DE L’IMPACT RADIOLOGIQUE DE LA PRODUCTION D’ELECTRICITE 
D’ORIGINE NUCLEAIRE.

A chaque étape du cycle du com bustible nucléaire sont rejetées dans l ’environnem ent de 
faibles quantités de matières radioactives. L’UNSCEAR exam ine périodiquem ent les données 
qui lui sont com m uniquées sur les rejets et évalue l’im pact radiologique que l’on estime p ro 
portionnel à l’engagement d’équivalent de dose effectif collectif. Les résultats donnés dans le 
rapport de 1982 de l’UNSCEAR sont résumés dans ce mém oire. On estim e à environ 
6 homme* Sv par GWe’ a p rodu it dans les réacteurs nucléaires les doses collectives délivrées dans les 
quelques années suivant les rejets. On estim e que la com posante à long term e des doses collectives, 
qui peut s’é tendre sur des millions d ’années ou  plus, est environ de l ’ordre de 3000 hom m e'Sv  
par GWe-a. Ce chiffre doit être  considéré avec prudence car il dépend, entre  autres facteurs, 
des pratiques fu tures en m atière de gestion des déchets, du chiffre de la population m ondiale et 
de ses fu tures habitudes. La dose collective aux travailleurs, qui est une com posante distincte 
de l’im pact radiologique, est estim ée à 20 hom m e’ Sv par GWe*a.

1. INTRODUCTION

Le cycle du combustible nucléaire comprend l'extraction et 
le traitement des minerais d'uranium ; la conversion en combustible,
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qui comporte habituellement un enrichissement en isotope . j_a
fabrication des éléments combustibles ; la production d'énergie dans 
les réacteurs nucléaires ; le traitement du combustible irradié et 
le recyclage des nucléides fissiles et fertiles récupérés ; et, 
enfin, l'élimination des déchets radioactifs. En outre, les combus
tibles nucléaires sont transportés d'une installation à une autre à 
différents stades du cycle. A chaque étape du cycle de combustible, 
il peut cependant se produire des rejets de petites quantités de 
matériaux radioactifs dans l'environnement. La plupart de ces radio- 
nucléides ne posent que des problèmes d'ordre local ou régional 
parce que leur période est courte ou leur mobilité limitée. Cepen
dant, certains d'entre eux, qui ont des périodes longues et se dis
persent vite, se répandent dans le monde entier.

Le Comité Scientifique des Nations Unies pour l'Etude des 
Effets des Rayonnements Ionisants (CSNUEERI ; mieux connu sous le 
sigle anglais UNSCEAR), dans ses rapports à l'Assemblée Générale, 
fait une étude critique de toutes les informations disponibles sur 
les expositions humaines aux sources de rayonnements ionisants et 
sur les effets sur l'homme. Depuis 1972, UNSCEAR a tenu compte dans 
son analyse des expositions découlant de la production d'énergie 
électronucléaire [1], [2], [3]. Ce document est basé sur le rapport 
UNSCEAR de 1982 [3].

2. APPROCHE METHODOLOGIQUE

Le but principal d'UNSCEAR est d'évaluer le détriment global 
pour la santé dû aux substances radioactives rejetées à chaque 
étape du cycle du combustible nucléaire, Afin d'évaluer ce détri
ment pour la santé (ou impact radiologique) :

(a) UNSCEAR a examiné les données qui lui ont été communiquées 
sur les rejets et a évalué des rejets moyens par GW(e).a pro
duit. Les rejets atmosphériques et les rejets liquides ont été 
considérés séparément. Ces rejets normalisés ne donnent pas la 
valeur réelle des rejets des diverses centrales mais ceux considé
rés comme représentatifs pour la production actuelle d'énergie 
nucléaire. Ils reflètent par conséquent les différences qui 
existent entre les nouvelles installations et les anciennes
en ce qui concerne la conception des réacteurs et le taux de 
rejet des effluents.
(b) Les expositions des membres du public qui découlent des 
rejets normalisés concernent deux groupes de populations : 
la population vivant dans un rayon de quelques milliers de 
kilomètres autour du site (appelée population locale et régio
nale) et la population mondiale. Les expositions locales et 
régionales ont été calculées pour chaque étape du cycle du 
combustible nucléaire tandis que les expositions dues aux ra-
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dionucléides qui irradient la population mondiale ont été 
estimées pour l'ensemble du cycle du combustible.
(c) Etant donné que les rejets d 1effluents radioactifs portent 
sur des quantités très faibles, les concentrations dans l'en
vironnement et chez l'homme sont généralement au-dessous des 
limites de détection. Les expositions des membres du public 
doivent par conséquent être estimées à l'aide de modèles de 
transfert dans l'environnement. Pour chaque étape du cycle du 
combustible, OTSCEAR a décidé d'adopter un modèle d'installa
tion à un site représentatif. L'environnement recevant les 
rejets typiques de chaque installation est lui aussi un modèle 
largement représentatif tenant compte des caractéristiques des 
sites réels et des voies de transfert les plus communes. Ces 
généralisations doivent permettre de donner des estimations 
d'expositions moyennes qui montrent l'impact global du program
me de production d'énergie nucléaire. Elles ne seront applicables à 
un site donné que si l'on tient dûment compte des voies de transfert 
propres à 1 'environnement de ce site et de ses rejets radioactifs.
(d) Pour évaluer les expositions dues aux radionucléides â vie 
longue, il est évident qu'il faut faire des suppositions au 
sujet de la dimension et du mode de vie des populations qui 
seront exposéés à l'avenir. Pour la présente étude, on a admis 
que la population mondiale est stabilisée et qu'aucune modifi
cation importante de la pyramide des âges ne se produit. On a 
admis également que les habitudes alimentaires et autres de la 
population ne changent pas, ce qui est une supposition raison
nable pour de courtes périodes, mais les incertitudes augmen
tent nécessairement à mesure que les durées considérées sont 
plus longues. On a admis, enfin, que l'ensemble de la popula
tion peut être représenté par des adultes lorsqu'il s'agit 
d'évaluer les doses reçues par inhalation et par ingestion.
(e) Toutes les expositions individuelles ont été sommées dans 
l'espace et dans le temps et pour tous les individus vivant 
■actuellement ou dans le futur. Les résultats calculés sont 
d'abord exprimés en termes d'engagements de dose absorbée 
collective à différents organes ou tissus du corps, rapportés 
à la production d'une quantité unitaire d'énergie électrique 
exprimée en homme,Gy par GW(e).a. Ces doses absorbées ont en
suite été combinées pour donner l'"équivalent de dose effectif 
collectif", grandeur dont on a admis qu'elle était proportion
nelle au détriment total pour la santé. Les valeurs de l'enga
gement d'équivalent de dose effectif collectif par unité 
d'énergie électrique produite sont calculées ainsi pour chaque 
étape du cycle du combustible nucléaire.

En plus du détriment sanitaire dû aux rejets radioactifs, 
UNSCEAR a indiqué la gamme de doses susceptibles d'être délivrées
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aux individus les plus exposés pour chaque étape du cycle du com
bustible nucléaire et a également examiné les irradiations profes
sionnelles .

L'objectif de ce document est de fournir un résumé des résul
tats donnés par UNSCEAR, principalement dans son dernier rapport, 
pour chaque étape du cycle du combustible nucléaire.

3. RESULTATS

3.1 - Extraction et concentration du minerai

3.1.1 - Rejets normalisés

En exploitant les mines d'uranium, on extrait du sous-sol de 
grandes quantités de minerais dans lesquels la concentration 
de l'uranium et de ses produits de filiation peut être plu
sieurs milliers de fois supérieure à celle de ces mêmes nu- 
cléides dans le milieu terrestre naturel. Les minerais extraits 
contiennent entre 0 , 1  et quelques 3 % de U3 O0 . Les mines sont soit 
souterraines, soit à ciel ouvert. En 1979, la production mon
diale d'uranium fut d'environ 1 * 0 0 0 0  tonnes.

Les effluents gazeux radioactifs des mines d'uranium sont 
constitués presque entièrement par 222j¡n> UNSCEAR a estimé que 
les rejets de radon, normalisés selon la teneur de l'uranium, 
sont de l'ordre de 1 GBq par tonne de minerai et par pour-cent 
d'uranium, aussi bien pour les mines souterraines que pour les 
mines à ciel ouvert. Etant donné qu'une masse d'environ 200 
tonnes de métal lourd d'uranium est.exigée pour la production 
de 1 GW(e).a d'énergie électrique (si l'on suppose qu'il n'y 
a pas de recyclage d'uranium ou de plutonium), les rejets nor
malisés de radon des mines d'uranium s'élèvent à environ 2 0 0 0 0  

GBq/(GW(e) .a) (tableau I).

Les rejets liquides sont constitués par les eaux de drainage 
de la mine ou celles qui interviennent dans les traitements ; 
ces eaux sont déversées dans des bassins de décantation puis 
éliminées par évaporation naturelle ou rejetées dans le milieu. 
Du point de vue des doses collectives, on considère que les 
effluents liquides sont beaucoup moins importants que les 
rejets gazeux.

Dans les installations de concentration, on manipule de grandes 
quantités de minerai dont on extrait un uranium partiellement 
affiné, appelé concentré orange. Vu les grandes quantités de 
minerai à traiter, les installations de concentration sont 
généralement situées près des mines afin de réduire le trans-
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Tableau I - ESTIMATION DES EFFLUENTS RADIOACTIFS REJETES 
DANS L'ATMOSPHERE PAR LE MODELE 
DE Ж NE ET LE MODELE D'USINE DE CONCENTRATION 
( GBq./ ( GW ( e ). a ) )

Radionucléide

Rejets normalisés

Mine Usine de concentration
Aire de décharge des 

résidus 
(valeurs annuelles)

U-238 - 0,7 0,0007
U-23!+ - ' 0,7 0,0007
Th-230 - 0,07 0,015
Ra-226 - 0,01+ 0,015
Rn-222 20000 900 1000
РЪ-210 - 0,0U 0,015
Po-210 - 0,01+ 0,015

port au minimum. Les étapes du processus de traitement qui 
provoquent les emissions de substances radioactives les plus 
importantes sont les opérations initiales de broyage et les 
opérations de séchage et de compactage du concentré orange.

Le traitement de l'uranium conduit à l'accumulation de grandes 
quantités de résidus contenant des quantités assez importantes 
de descendants de l'uranium. Les résidus de la concentration 
de l'uranium se présentent généralement sous la forme de boues 
contenant environ 5 0  % de matière solide ; ces boues sont 
évacuées dans une décharge. Pour estimer l'impact sur l'envi
ronnement, UNSCEAR a adopté un modèle d'installation de concen
tration basé sur les données fournies pour les Etats-Unis. Le 
modèle d'installation traite 6 0 0  0 0 0  tonnes par an de minerais 
a 0,2 %. La poussière dégagée par le broyage du minerai est 
supposée contenir tous les radionucléides en équilibre, mais 
le séchage et le compactage du concentré orange contribuent 
au rejet d'uranium et sont la cause de l'absence d'équilibre ' 
dans le rejet. On suppose également que l'usine produit de 
l'uranium à raison de l'équivalent de 5 GW(e).a par an et 
qu'elle reste en service pendant 20 ans. Les rejets atmosphé
riques normalisés provenant des opérations de concentration et 
des dépôts de résidus sont indiqués sur le tableau I, ainsi que 
les rejets dus aux émissions de radon 2 2 2  dans les mines.
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Les résidus demeurent après que l'usine a cessé de fonctionner 
et peuvent devenir à la longue une source de contamination ra
dioactive en raison de l'érosion du vent et des eaux, de la 
lixiviation et de l'émanation de radon. C'est pourquoi, sur le 
tableau I, les rejets normalisés provenant des résidus sont 
exprimés en activité par an et par unité d'énergie électrique 
produite. Dans la plupart des cas, des programmes de stabili
sation visant à réduire l'érosion sont déjà mis en oeuvre ou 
projetés. Un petit pourcentage des isotopes initiaux de 
l'uranium demeure dans les résidus, mais la principale source 
d'activité à longue période pendant environ 5 * 105 années est 
le 230Th (période : 8*10^ ans) qui continue à produire ^°Ra 
et, donc, des rejets de radon. La diffusion du radon dans la 
couche superficielle des résidus est à l'origine de la majeure 
partie des rejets et les couches de résidus situées à plus de 
trois mètres de profondeur n'influent pas sur le taux de 
rejet, quelle que soit leur épaisseur. La réduction de l'éma
nation de radon dépend du type de sol choisi comme couverture.

3.1.2 - Doses locales et régionales

Les mines d'uranium et les usines de concentration sont géné
ralement situées dans des régions peu peuplées. UNSCEAR a 
retenu une densité de population uniforme de trois habitants 
au km^ dans un rayon de 100 km du modèle d'usine et une densi
té de population de vingt cinq habitants au km^ au delà, 
jusqu'à 2000 km.

Pour les rejets d'aérosols, les engagements d'équivalent de 
dose effectif collectif locaux et régionaux ont été estimés 
à l'aide d'un modèle très simple dans lequel on suppose :
(a) que l'activité déposée est éliminée de la couche superfi
cielle de sol de 20 cm avec une période apparente de 100 ans, 
et
(b) que le comportement dans l'environnement des radionucléides 
naturels considérés dans les rejets est identique à celui des 
produits d'origine naturelle.

Pour les rejets de radon, les caractéristiques de dispersion 
atmosphérique typiques d'une région semi-aride ont été utili
sées par UNSCEAR pour les calculs de dispersion atmosphérique
[4]. Le facteur d'équilibre entre radon et descendants a été 
pris égal à 0,6 et on a supposé que les concentrations dans 
l'air à l'intérieur des habitations étaient les mêmes qu'à 
l'extérieur. Les résultats obtenus sont présentés au tableau IL 
L'engagement d'équivalent de dose collectif effectif total 
correspondant à l'extraction et à la concentration est ainsi 
estimé à 0,5*+ homme.Sv/(GW(e) .a) plus de 90 % étant dû à 
1'extraction.
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En ce qui concerne les rejets des dépôts de résidus, la 
présence de 23C>Th constitue une source persistente de radon, 
sa période radioactive étant de 80 000 ans. Si le taux d'émis
sion devait se maintenir pendant 10 000 ans ou pendant toute laô on c ̂vie moyenne de “ uTh de 1 , 1 . 1 o 3 ans, le taux d 1emanation de 
radon indiqué au tableau II conduirait à un engagement d'équi
valent de dose effectif collectif normalisé d'environ 250 ou 
d'environ 28OO homme.Sv/(GW(e).a) , respectivement. Les rejets 
correspondants d'aérosols sur une période de 10^ ans ajoute
raient environ 50 homme.Sv/(GW(e).a) . Au delà, une faible 
quantité de 230^^ serait toujours présente, en raison de la 
désintégration de l'uranium présent dans les résidus. Ces 
évaluations doivent être considérées comme très conjecturales, 
étant donné les hypothèses faites en ce qui concerne la durée 
de rejet constant et la permanence de la densité et des habi
tudes de la population. Il est bien possible, en vérité, que 
les méthodes actuelles de gestion des résidus réduisent 
l'émanation de radon à un niveau du même ordre que ceux que 
l'on constate dans les sols des alentours de la mine, de sorte 
qu'il n'y aurait plus à craindre d'engagement de dose à long 
terme.

Dans les études de l'INFCE [5], l'évaluation de l'engagement 
de dose dû aux résidus supposait que l'émanation de radon 
durait 103 ans, période au terme de laquelle les dépôts de 
résidus étaient censés avoir été érodés ce qui conduisait 
par ailleurs à un engagement de dose supplémentaire provenant 
des milieux aquatiques (eaux douces, mers et océans), à cause 
de la présence d'uranium dans les résidus. L'engagement d'équi
valent de dose effectif collectif normalisé dû aux rejets de 
radon pendant 10^ ans est d'environ 25 homme.Sv/(GW(e).a) et 
la valeur relative à l'uranium est de hèO homme.Sv/(GW(e).a).

L'estimation des doses reçues par les personnes les plus 
exposées parmi la population dépendent dans une très large 
mesure des caractéristiques de l'emplacement de la mine ou de 
l'usine considérées. Selon les estimations, des équivalents de 
dose effectif de quelques centaines de ySv à plusieurs mSv par 
an résultent des émissions atmosphériques typiques des mines 
et des usines de concentration. Pour les rejets liquides, les 
niveaux d'équivalent de dose individuel trouvés dans la litté
rature sont inférieurs à 80 ySv-a- .̂

3.2 - Conversion, enrichissement et fabrication du combustible

Le concentré de minerai d'uranium est traité, purifié et, 
souvent, enrichi en isotope avant d'être transformé en oxyde
d'uranium ou en métal servant à la fabrication des éléments combus-
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tibies. L'uranium naturel qui contient 0,7 % de 235u peut être 
utilisé dans les réacteurs modérés au graphite (GCR) ou à l'eau 
lourde (HWR). Les réacteurs à eau légère (LWR) et les réacteurs 
avancés refroidis par un gaz (AGR) exigent un combustible enrichi 
contenant de 1 à U % de ^ >->U . Pour pouvoir enrichir l'uranium, il 
faut d'abord transformer l'oxyde d'uranium 00 en hexafluorure 
d'uranium (UFg) qui est traité â l'état gazeux dans les usines 
d'enrichissement.

3.2.1 - Rejets normalisés

Les rejets d'effluents radioactifs résultant de la conversion, 
de l'enrichissement et de la fabrication du combustible sont 
faibles. Il s'agit essentiellement d'isotopes d'uranium (238ц 
et e .̂ ¿e résidus de 230iph et de qui sont éliminés
du concentré orange lors de l'opération de conversion. La 
plupart des composés de l'uranium sont solides et l'on peut 
utiliser les dispositifs d'épuration classiques pour éliminer 
les particules en suspension dans les effluents gazeux. Les 
déchets liquides sont recueillis dans des bacs ou des bassins 
de décantation. Il convient également de ræntionner que l'enrichis
sement laisse de grandes quantités d'uranium appauvri dont la 
teneur en 235jj est encore de 0,3 % ou plus. Cet uranium peut 
devenir une source d'exposition du public si on le rejette, 
mais on le stocke désormais en vue de sa conversion en ^39pu 
fissile, dans les réacteurs surgénérateurs, ou pour d'autres 
applications.

Le tableau III indique les rejets des modèles d'installations 
de conversion, d'enrichissement et de fabrication. On a .admis 
que l'installation de conversion et l'usine d'enrichissement 
traitaient 10 t*a-  ̂ d'uranium et que l'usine de fabrication
n'avait plus à traiter que 1500 t*a_1 de combustible enrichi. 
Les rejets atmosphériques et liquides des modèles d'installa
tions ont été calculés à partir de données relatives aux 
usines de Suède, du Royaume-Uni et des Etats-Unis. On a admis 
aussi que le modèle d'usine déverse ses effluents dans de 
l'eau douce.

3.2.2 - Doses locales et régionales

La région où est située le modèle d'installation est représen
tative du Nord des Etats-Unis et de l'Europe. La répartition 
de la population autour du modèle d'installation est supposée 
constante à 25 habitants par km2 et les doses collectives sont 
estimées à l'aide des modèles déjà décrits dans la section 
relative à l'extraction et à la concentration. En ce qui 
concerne les rejets d'aérosols, les doses sont calculées pour
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Tableau IV -ENGAGEMENTS D'EQUIVALENT DE DOSE EFFECTIF COLLECTIF 
NORMALISES PROVENANT DU MODELE D'INSTALLATION 
DE CONVERSION, D'ENRICHISSEMENT ET DE FABRICATION 
DU COMBUSTIBLE

Radionucléide

Engagement d !equivalent de dose effectif collectif normalisé 
(10 ^ homme.Sv/(GW(e).a))

Passage du nuage : 
inhalation

Activité déposée

Irradiation interne Irradiation externe

U-238 6 0,7
U-23b 7 0,9 Í
Th-230 0 ,2 0,01 f o,oou
Ra-226 0,000*4 0,001

Rn-222 k 0,02 J
Total arrondi 20 2 o,ooU

l'inhalation dans le panache, l'ingestion de produits alimen
taires contaminés par l'activité déposée au sol, et l'irradia
tion externe due à l'activité déposée. Pour les rejets de 
radon, on a retenu une distribution des catégories de diffusion 
caractéristique d'un climat tempéré.

Le tableau IV montre que l'engagement d'équivalent de dose 
effectif collectif normalisé résultant des rejets atmosphéri
ques de la conversion, l'enrichissement et la fabrication du 
combustible est estimé à 2'10~3 homme.Sv/(GW(e).a) et qu'il 
est imputable en majeure partie à l'inhalation des isotopes de 
l'uranium. Les engagments de dose absorbée collective dus à 
l'ingestion sont estimés être environ dix foix plus faibles 
que ceux relatifs à l'inhalation. Ces estimations sont basées 
sur l'hypothèse que l'activité déposée au sol y pénètre rapi- 
demant et devient non disponible. En fait, certains éléments 
de la chaîne de l'uranium peuvent, en raison de leurs longues 
périodes, revenir à l'homme par diverses voies mais les enga
gements de dose collectifs résultants sont probablement faibles.

UNSCEAR a considéré que les engagements de dose collectifs dus 
aux rejets liquides étaient faibles en regard de ceux liés aux 
rejets atmosphériques.

En ce qui concerne les doses individuelles, il a été signalé 
que le groupe critique dans le cas des usines de fabrication
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Tableau V - CAPACITE MONDIALE DE PRODUCTION D'ELECTRICITE 
D'ORIGINE NUCLEAIRE EN 1979

Type de réacteur Nombre Puissance installée 
(GW(e))

Pourcentage de la 
puissance installée

PWR 92 61,5 51,2
BWR 60 33,7 28,0
GCR 1*1* 10,0 8,3
HWB 17 6,1* 5,3
LWGR 16 1 ,9 6,6
FBR 6 0,7 0,6
Total 235 120 100

du combustible est celui des individus exposés à l'activité 
contenue dans les sédiments des rives des cours d'eau proches 
du site. Dans le cas de Springfields, au Royaume-Uni, l'équi
valent de dose annuel pour le groupe critique peut s'élever 
à 10~9 Sv.

3.3 - Exploitation des réacteurs

La majeure partie de l'électricité d'origine nucléaire est 
produite par des réacteurs thermiques dans lesquels les neutrons 
rapides produits par la fission sont ralentis par un modérateur 
qui ramène leur énergie au niveau des énergies thermiques. Les 
matières les plus communément employées comme modérateurs dans les 
réacteurs thermiques de puissance sont l'eau légère, l'eau lourde 
et le graphite. Le choix du modérateur influe beaucoup sur la 
conception du réacteur, sur sa taille et sur le système d'évacuatior 
de la chaleur.

Le combustible à l'uranium est enfermé dans des aiguilles, en 
partie pour éviter la fuite des produits de fission dans le circuit 
de refroidissement. La chaleur engendrée dans les aiguilles de 
combustible par le ralentissement des fragments de fission est éli
minée par convection forcée, les fluides de refroidissement les 
plus usuels étant l'eau légère ou lourde et le gaz carbonique. Dans 
le cas des réacteurs surgénérateurs rapides, les neutrons ne sont 
pas ralentis et induisent des fissions avec des énergies proches 
de celles auxquelles ils ont été produits. Pour évacuer la chaleur 
du coeur de ces réacteurs, on utilise généralement du sodium liqui-
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de qui a une capacité thermique élevée et ne ralentit pas sensible
ment les neutrons.

Les types principaux types de réacteurs sont le réacteur 
modéré et refroidi à l'eau sous pression (PWR), le réacteur modéré 
et refroidi à l'eau bouillante (BWR), le réacteur Magnox et avancé 
modéré au graphite et refroidi par un gaz (GCR), le réacteur modéré 
au graphite et refroidi à l'eau (LWGR), le réacteur modéré et re
froidi à l'eau lourde (HWR) et le réacteur surgénérateur rapide 
(FBR). Le nombre de réacteurs de chaque type en exploitation en 
1979 est indiqué au tableau V . Il y avait 235 réacteurs dans 22 
pays pour une capacité installée totale d'environ 120 GW(e). La 
plus grande partie de l'énergie électronucléaire est produite par 
des .réacteurs à eau ordinaire (ï’WR et BWR).

3.3.1 - Rejets normalisés

Les quantités de matière» radioactives rejetées par les 
réacteurs dépendent du type du réacteur et du système utilisé 
pour le traitement des déchets. Les effluents atmosphériques 
contiennent des gaz rares de fission (Kr et Xe), des gaz 
d'activation (1̂ C, N, 35gs Ar), du tritium, de l'iode et 
des aérosols. Dans les effluents liquides, on trouve du 
tritium, des produits de fission et des produits de corrosion 
activés. Les valeurs annuelles de rejet normalisé (c'est-à- 
dire du rejet par unité d'électricité produite au cours de 
l'année en cause) ont été calculés (tableau VI) en prenant 
la moyenne des rejets de tous les réacteurs d'un type donné 
(PWR, BWR, etc.). La valeur des rejets normalisés des diffé
rents sites n'a.pas été calculée parce que les rejets d'une 
année sont souvent partiellement déterminés par des opérations 
d'entretien ou des procédures inhabituelles rendues nécessaires 
par le fonctionnement du réacteur au cours des années précé
dentes. Le total des rejets d'effluents radioactifs entre 1975 
et 1 9 7 9  a été divisé par la production totale d'énergie élec
trique de la même période pour obtenir un rejet normalisé 
représentatif.

3.3.1.1. - Gaz rares dans les effluents atmosphériques

La figure 1 montre la variation annuelle, de 1970 à 1979, des 
rejets normalisés de gaz rares des PWR et des BWR, moyennés 
sur tous les réacteurs en opération. Les valeurs obtenues 
diminuent constamment et nettement pour les BWR mais ont seu
lement décru légèrement pour les PWR.

Le tableau VII donne la composition isotopique des gaz rares 
rejetés par les PWR et les BWR des Etats-Unis en 1979. Pour
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Tableau VI - REJETS NORMALISES D'EFFLUENTS PROVENANT 
DES REACTEURS NUCLEAIRES

Rejets normalisés (TBq/(GW(e).a))

PWR BWR HWR GCR

Rejets atmosphériques
Gaz rares 1+30 8 8 0 0 1 * 6 0 3200
H-3 7,8 З Л 51*0 11
C-1Í+ 0,2 0,5 17 1,1
Iodes 0,005 0,1* 0,003 -
Aérosols 0,002 0,05 0 ,0 0 0 0 1 * 0,001

Re.iets liquides
H-3 1*0 l.b 350 2 5

Autres radionucléides 0,2 0,3 0,5 5

0,6

0,4

0,2

PBq / (G W (e )a )  

P W R  (-------)

P B q  /(GW (e)-a) 

BW R ( - - -

PWR

BWR

_ l_______ I_______L - ■ ■ ■

60

50

1970 73 76 1979

F IG .L  V aria tion  en  fo n c t io n  d u  te m p s  d e s  r e je ts  n o rm a lisé s  d e  g a z  rares d e s  L W R .
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Tableau VII -COMPOSITION ISOTOPIQUE DES GAZ RARES REJETES 
DANS LES EFFLUENTS ATMOSPHERIQUES DES LWR DES 
ETATS UNIS EN 1979

Radionucléide
Période

radioactive
Pourcentage en activité

PWR BWR

Ar-1+1 1,8 h 0,U 0,1
Kr-85m U,5 h . 0,U 3,3
Kr-85 10,7 a h t 6 12,8

Kr-87 1,3 h 0,2 10,2
Kr-88 2,8 h 0,1+ 9,8
Xe-131m 12 j 1,1 0,2
Xe-133m 2,2 j , 0,9 0,2
Xe-133 5,3 j 85,7 11,7
Xe-135m 1 5  min 0,2 8,U
Xe-135 9,2 h l+,8 1 8 , 2

Xe-138 1U min 1,3 2l+,1
Autres - - 1,0

les PWR, "'ЗЗхе constitue l'essentiel de l'activité rejetée ; 
рош- les BWR, un certain nombre de radionucléides, incluant 
3 Xe, ^35xe, ^Зхе, 88j£rj °7ĵ r e-̂ 85^^ contribuent de 

manière appréciable à l'activité totale rejetée.

3.3.1.2. - Tritium

Tritium est produit par fission ternaire dans le combustible 
et par des réactions d'activation neutronique dans le modé
rateur et le fluide de refroidissement. Des quantités notables 
de tritium sont trouvés à la fois dans les effluents atmosphé
riques et dans les effluents liquides. Le tableau VI présente 
les rejets normalisés obtenus par UNSCEAR pour chaque type 
principal de réacteur, tandis que la figure 2 montre qu'il y 
une tendance vers la baisse dans les rejets liquides norma
lisés de tritium des PWR et des BWR.
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F IG .2 . V aria tion  en  fo n c t io n  d u  te m p s  d e s  r e je ts  liq u id e s  n o rm a lisé s  d e  tr i t iu m  en 

p r o v e n a n c e  d e s  L  WR.

3.3.1.3. - Carbone 1̂

Depuis quelques années, on accorde plus d'attention aux rejets 
de carbone 1U à cause de sa longue période (5730 ans) et de 
sa contribution importante à l'engagement de dose collectif. 
Carbone 1U est produit par fission ternaire et par activation 
neutronique dans le combustible, le modérateur et le fluide 
de refroidissement. La production dans le modérateur et dans 
le fluide de refroidissement est la source probable de rejet 
dans l ’environnement au niveau des réacteurs tandis que, 
d'après des études expérimentales, la majeure partie de  ̂ C 
contenu dans le combustible est rejetée au cours du traitement 
du combustible irradié. En ce qui concerne les réacteurs, les 
rejets sont généralement beaucoup plus importants pour les 
HWB que pour les autres types de réacteurs (tableau VI).

La forme chimique sous laquelle ^ C  est rejeté dépend du type 
de réacteur. Des mesures dans les réacteurs européens ont 
montré que ^ C  se trouve principalement sous forme de CO2  dans 
les BWR et sous forme de méthane ou d'autres hydrocarbures dans 
les PWR.



IAEA-CN-42/503 777

Tableau VIII-COMPOSITION ISOTOPIQUE DES IODES REJETES DANS 
LES EFFLUENTS ATMOSPHERIQUES DES LWR 
DES ETATS UNIS EN 1979

Radionucléide
Période

radioactive
Pourcentage en activité

PWR BWR

1-131 8 j 32,1 8,8
1-132 2,3 h 0,7 < 0,1
1-133 21 h" 13,3 32,!+
I-13U 53 min < 0,1 < 0,1
1-135 6,7 h 5 M 58,8

3.3.1.*+. - Rejets atmosphériques d'iode

L'iode est un élément volatil qui est produit par fission. 
L'iode 131 est en particulier étudié depuis longtemps à cause 
de sa mobilité dans l'environnement et des irradiations qu'il 
provoque dans certains organes du corps. Le taux de rejet de 

est extrêmement faible, mais on s'intéresse plus à cet 
isotope depuis quelques années parce qu'il demeure longtemps 
dans l'environnement et contribue de manière notable à l'en
gagement de dose collectif. L'iode 129 présente une grande 
importance dans les opérations de traitement du combustible 
irradié, mais il est rare qu'on en détecte dans les rejets 
normaux des centrales nucléaires.

Le tableau VI présente les rejets normalisés des isotopes 
radioactifs de l'iode pour plusieurs types de réacteurs. On 
constate de grandes différences à la fois dans les quantités 
et dans les compositions isotopiques d'un réacteur à un autre 
en raison de systèmes de traitement différents. Le tableau VIII 
donne la composition isotopique moyenne des iodes dans les 
rejets atmosphériques des PWR et des BWR en exploitation aux 
Etats-Unis en 1979. Iode 131 contribue pour environ un tiers 
au rejet total d'iode pour lès PWR mais représente moins de
10 % pour les BWR.

11 existe peu de données sur les formes chimiques sous les
quelles l'iode est rejeté dans l'atmosphère. Pour les réacteurs 
à eau ordinaire, il semble que les formes organiques soient 
prédominantes.
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3 . 3 . 1 . 5 -  - Rejets atmosphériques d'aérosols

La radioactivité particulaire peut se former directement, être 
produite par la désintégration des gaz rares de fission ou 
provenir de la corrosion de matériaux dans le circuit primaire 
de refroidissement. Les aérosols se forment à cause des fuites 
de fluide du circuit de refroidissement primaire ou lorsque 
des travaux sont effectués sur des pièces contaminées retirées 
de ce circuit. Les rejets d'activité particulaire sont très 
faibles et leur composition en nucléides diffère d'une centrale 
à l'autre. Aucune des données actuelles concernant les rejets 
n'indique que tel ou tel nucléide prédomine dans les rejets de 
tel ou tel type de réacteur, Le tableau VI présente les rejets 
normalisés d'aérosols pour les principaux types de réacteurs.

3-3.1.6. - Effluents liquides autres que tritium

Les sources des radionucléides autres que le tritium présents 
dans les effluents liquides sont pratiquement les mêmes que 
celles indiquées pour les rejets d'aérosols dans l'atmosphère 
et les rejets observés présentent la même variété. L'importance 
et la composition des rejets dépendent du type de réacteur et 
de son mode d'exploitation, ainsi que des niveaux d'impureté 
et des traces de matériaux dans les éléments de structures et 
de gainage. Les rejets normalisés pour la période 1 9 7 5 - 1 9 7 9  
sont présentes dans le tableau VI pour les réacteurs en exploi
tation. Le tableau IX donne la composition isotopique des 
effluents liquides des réacteurs à eau ordinaire des Etats- 
Unis en 1 97 9 )  ainsi que celle des réacteur modérés au graphite 
du Royaume-Uni pour la même année.

1 o j .  i  3 7
En 1 9 7 9 ,  les isotopes Cs et Cs représentaient 10 à 35 % 
de l'activité contenue dans les effluents liquides des réac
teurs de types PWR et BWR en service aux Etats-Unis. Divers 
autres nucléides contribuent à Inactivité des effluents liqui
des ; deux isotopes du cobalt, -3 Со et ^Co, représentent 65 % 
de l'activité rejetée par les PWR et des isotopes de l'iode 
représentent 6 % de cette activité. Quant aux BWR, les isotopes 
du cobalt comptaient pour 10 % de l'activité des effluents 
liquides en 1 9 7 9 ,  et l'iode pour 5 %• Pour les GCR, les isoto
pes du césium contribuent pour plus de la moitié de l'activité 
totale rejetée, 35s et 9 0 g r  apportant des contributions moins 
importantes.

3.3.2 - Doses locales et régionales

Les engagements d'équivalent de dose effectif collectif locaux 
et régionaux résultant des rejets normalisés présentés ci- 
dessus ont été calculés par UNSCEAR pour un modèle de site de
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Tableau X - ENGAGEMENTS D'EQUIVALENT DE DOSE EFFECTIF COLLECTIF 
NORMALISES DUS AUX REJETS PROVENANT DES MODELES 
DE REACTEUR (homme.Sv/(GW(e).a))

Type de réacteur Moyenne
PWR BWR GCR HWR pondérée

Rejets admosphériques
Gaz rares 0,01+ 1,9 1,0 - 0,7
H-3 0 , 0 8 0,0U 0,1 5,6 0,5
C-1Í+ 0,39 0,92 2,2 30 2,8
Iodes 0,0007 0,02 - - 0 , 0 0 6

Aérosols 0,01 0,29 - - 0,1

Rejets liquides
H-3 0,03 0,001 - 0 , 2 8 0,0H
Autres radionucléides 

fleuve 0,001 0,003 _ _ 0,001
mer 0,006 0,01+ 0,18 - 0,03

Distance (km)

F IG .3 . D is tr ib u tio n  en  fo n c t io n  d e  la d is ta n c e  d e  l ’é q u iv a le n t d e  d o s e  e f f e c t i f  c o l le c t i f  

d û  a u x  r e je ts  a tm o s p h é r iq u e s  d e  g a z  rares.
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réacteur et à l'aide de modèles de transfert dans l'environne
ment qui sont pour la plupart extraits d'une étude conjointe
ment effectuée par NRPB et CEA pour la Commission des Communau
tés Européennes [4] ; les modèles d'évaluation de dose sont 
basés sur les travaux de la CIPR [6]. Le modèle de site choisi 
est représentatif de l'Europe et du Nord-Est des Etats-Unis 
car ces régions contiennent la majorité des réacteurs de puis
sance. Les productions agricoles retenues, ainsi que la dis
tribution de la population, sont elles aussi typiques de ces 
régions. Pour les effluents atmosphériques, une hauteur effec
tive de rejet de 30 m a été retenue et les doses ont été cal
culées jusqu'à une distance de 2000 km de la cheminée. Pour 
les effluents liquides, UNSCEAR a défini un modèle de rivière 
et d'environnement marin.

3.3.2.1. - Gaz rares

L'exposition des membres du public du fait des rejets atmos
phériques de gaz rares se produit par irradiation externe $ 
et y. A partir des rejets normalisés donnés au tableau VI et 
des compositions isotopiques présentées au tableau VII, les 
engagements d'équivalent de dose effectif collectif locaux et 
régionaux ont été évalués à 0,0^ et 1,9 homme.Sv/(GW(e).a), 
respectivement (tableau X). Pour les rejets des PWR, -^Xe 
contribue environ 80 % de l'engagement de dose collectif, 
tandis que, pour les BWR, ®®Kr et son descendant S^Rb consti
tuent environ 50 % du total. La figure 3 montre la distribution 
de la dose collective en fonction de la distance pour les re
jets des PWR et des BWR ; l'essentiel de la dose collective 
est délivrée dans un rayon de 500 km. D'après les données 
fournies à UNSCEAR, les équivalents de dose annuels aux indi
vidus les plus exposés sont généralement de quelques dizaines 
de ySv, mais les valeurs indiquées peuvent atteindre quelques 
centaines de ySv par an pour une ou deux installations.

Des calculs similaires pour les GCR conduisent à un engagement 
d'équivalent de dose, effectif collectif normalisé de 0,95 
homme.Sv/(GW(e).a), Ar étant le radionucléide prédominant.
Des équivalents de dose individuelle annuelle pouvant s'élever 
jusqu'à quelques centaines de ySv ont été rapportés pour les 
premiers GCR.

3.3.2.2. - Tritium

L'évaluation des doses collectives locales et régionales dues 
aux rejets atmosphériques de tritium a été effectuée selon le 
modèle d'activité spécifique, qui suppose que l'activité spé
cifique du tritium dans l'homme et dans l'environnement (ex
primée en concentration par masse d'hydrogène) est égale à
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celle présente dans la vapeur d'eau atmosphérique au point 
considéré.

Les engagements d'équivalent de dose effectif collectif norma
lisés calculés de cette manière sont compris entre 0 , 0 k et 5,6 
homme.Sv/(GW(e).a) pour selon le type de réacteur ; le résultat 
pondéré selon la proportion d'énergie produite est de 0, h6  
homme.Sv/(GW(e).a) (tableau X). Pour le modèle de site adopté 
par UNSCEAR, les équivalents de dose effectifs individuels 
annuels dus aux rejets atmosphériques de tritium sont d'environ 
100 ySv pour les HWR. L'essentiel de la dose est imputable à 
1'ingestion.

En ce qui concerne les rejets liquides de tritium à partir du 
modèle de site fluvial, les calculs conduisent à un engagement 
d'équivalent de dose effectif normalisé, pondéré par l'énergie 
produite par chaque type de réacteur, de 0,0Î+ homme.Sv/(GW(e). 
a) (tableau X).

3.3.2.3. - Carbone 1U

Les doses collectives locales et régionales relatives au 
carbone 1U rejeté par les réacteurs , que l’on suppose être 
sous forme CÛ2 , ne contribuent que pour une faible part à 
l'impact total de ^ C . L'importance de "^C est principalement 
due au fait qu'il entre dans le cycle du carbone et se disperse 
ainsi dans le monde entier ; l'irradiation à long terme due à 
cette dispersion de ^ C  est étudiée plus loin. On peut évaluer 
l'engagement de dose collectif régional dû au premier passage 
de i^C en utilisant la méthode de l'activité spécifique déjà 
employée ci-dessus pour le tritium. Dans le cas des rejets 
atmosphériques, l'activité spécifique sera déterminée par la 
dispersion atmosphérique et par la teneur de l'atmosphère en 
carbone, supposée être 0,16 g.m-3. L'essentiel de la dose est 
imputable à l'ingestion.

Les engagements d'équivalent de dose effectif collectif se 
situent entre 0,U et 30 homme.Sv/(GW(e).a) selon le type de 
réacteur considéré, et la valeur pondéré sur la production 
d'énergie électrique est 2,8 homme.Sv/(GW(e).a) (tableau X). 
Cela représente la contribution la plus importante aux enga
gements de dose collectif locaux et régionaux dus aux rejets 
de réacteurs. Pour le modèle de site considéré, les équiva
lents de dose effectif annuels reçus par les individus les 
plus exposés seraient de 2 ySv pour le PWR, 5 ySv pour le BWR, 
10 ySv pour le GCR et 200 ySv pour le HWR.
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Les rejets d'iode radioactif des centrales nucléaires sont peu 
importants et n'apportent qu'une faible contribution à l'enga
gement de dose collectif local et régional dû aux réacteurs. 
UNSCEAR a calculé les doses, imputables aux rejets d'iode des 
modèles de réacteur PWR et BWR à partir du modèle de site.
Dans cette évaluation, on a supposé que 75 % ¿Le l'iode est 
rejeté sous forme organique et 2 5  % sous forme élémentaire. 
L'engagement d'équivalent de dose effectif collectif normalisé, 
pondéré par les proportions d'énergie électrique produite, est 
estimé à 6,5‘10~3 homme.Sv/(GW(e).a). Les équivalents de dose 
effectifs représentatifs aux individus les plus exposés se 
trouvant à 1 km environ du modèle de site seraient de 10_5 Sv 
pour les BWR et environ trente fois plus faibles pour les PWR.

3.3.2.5. - Aérosols dans les effluents atmosphériques

Comme il est indiqué plus haut, les quantités et la distribu
tion des radionucléides présents dans les rejets d'aérosols 
varient beaucoup non seulement pour différents réacteurs de 
même type, mais aussi pour un même réacteur suivant les années. 
Èn outre, plusieurs dizaines de nucléides identifiés contri
buent aux rejets dans une mesure non négligeable. Pour la 
présente évaluation, UNSCEAR a utilisé .les taux de rejet nor
malisés des PWR et des BWR et a admis que les nucléides les 
plus fréquemment observés dans les rejets atmosphériques 
apportaient tous la même contribution à la quantité totale 
d'activité rejetée. Les rejets sont ceux du modèle d'installa
tion et les engagements de dose collectifs imputables à cha
cune des voies de transfert ont été évalués.

La somme des engagements d'équivalent de dose effectif collec
tif reçus pour toutes les voies de transfert serait de 0,1 
homme.Sv/(GW(e).a) après pondération par l'énergie produite 
par chaque type de réacteur. Les voies d'atteinte de l'homme 
les plus importantes seraient l'irradiation externe et l'inges
tion dues au dépôt au sol, les radionucléides principaux étant 
5%1п, ®Со, 90gr> 137cs. Les équivalents de dose ef
fectifs annuels à 1 km du site sont estimés à 1 nSv pour les 
BWR et de l'ordre de 10 fois moins pour les PWR.

3.3.2.6. - Effluents liquides autres que tritium

En ce qui concerne les radionucléides rejetés dans de l'eau 
douce, le milieu récepteur est généralement un lac ou une 
rivière, et les voies par lesquelles l'homme peut être atteint 
sont : la consommation d'eau, l'ingestion de poisson, l'irri
gation qui provoque la contamination de produits alimentaires

3.3.2.1+ -  Io d e
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et 1'irraidation externe due aux sediments. En ce qui concerne 
les rejets en milieu marin, on peut généralement tenir compte 
seulement de l'ingestion de produits alimentaires tels les 
poissons de mer et les crustacés.

Les doses collectives résultant des rejets en milieu aquatique 
sont plus difficiles à évaluer au moyen de modèles généraux 
que celles résultant des rejets dans l'atmosphère. Cela est dû 
au fait que la dispersion locale à partir du point de rejet 
dépend beaucoup des caractéristiques du site, et notamment du 
mode de sédimentation et du débit des eaux. La dose collective 
due aux rejets d'un réacteur varie donc beaucoup suivant la 
quantité d'activité transférée dans les zones qui fournissent 
beaucoup d'aliments. Des études effectuées pour certains sites 
ont permis d'identifier les voies critiques de transfert à 
l'homme et d'évaluer les doses aux groupes critiques imputables 
aux effluents liquides des réacteurs. Selon ces estimations, 
les équivalents de dose annuels reçus par les groupes critiques 
sont généralement inférieurs à 5 ySv.

Les taux de rejet normalisés pour 1975-1979 attribués aux PWR, 
BWR et GCR sur le tableau VI et les compositions isotopiques 
du tableau IX sont utilisés comme termes sources dans les mo
dèles de site. L'engagement d'équivalent de dose effectif col
lectif normalisé dû aux rejets liquides à été évalué en se 
basant sur l'hypothèse qu'une moitié des effluents sont rejetés 
dans l'eau douce et l'autre moitié en milieu marin. Le résultat 
obtenu est environ 0,02 homme.Sv/(GW(e).a).

En ce qui concerne les rejets fluviaux, les engagements de 
dose absorbée collective dus aux rejets normalisés des PWR 
et des BWR dans le modèle de rivière sont donnés par le tableau 
X. Pour les BWR, le total des engagements d'équivalent de dose 
effectif collectif est évalué à environ 2,8*10~3 homme Sv/(GW
(e).a) ; deux tiers de cette dose sont imputables à la consom
mation d'eau, un tiers à la consommation de poisson. L'engage
ment de dose effectif reçu en buvant l'eau de la rivière pro
vient pour 20 % de 131i et presque toute la dose reçue en 
consommant du poisson provient des isotopes du césium. Pour 
les PWR, le total des engagements d'équivalent de dose effec
tif collectif est de 1,0-10—3 homme.Sv/(GW(e).a), 78 % de cette 
dose étant imputable à la consommation d'eau. La contribution 
à la dose reçue en buvant l'eau est apportée en parties pres
que égales par 131js 60qOj 13^Cs et l3(Cs. Quant à l'ingestion, 
les isotopes du césium sont responsables de plus de deux tiers 
de la dose collective totale. L'engagement d'équivalent de dose 
effectif collectif normalisé pondéré selon la production d'élec
tricité est de 1,U •10—3 homme.Sv/(GW(e).a).
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Pour les rejets marins, l'engagement d'équivalent de dose 
effectif collectif normalisé est trouvé égal :
- pour les GCR, à 0,18 homme.Sv/(GW(e).a), une grande partie 

provenant des isotopes de césium,
- pour les BWR, à 0,0^ homme.Sv/(GW(e).a), la plus grande

partie de cette dose provenant du contenu dans les
mollusques, le reste étant dû surtout au césium et au ^Zn 
contenu dans les poissons,

- pour les PWR, a 0,006 homme.Sv/(GW(e).a), un tiers environ 
provenant du césium contenu dans les poissons, le reste 
étant dû à de nombreux radionucléides dans les mollusques,

- pour la valeur pondérée par la production d'énergie électri
que de chaque type de réacteur, à 0,035 homme.Sv/(GW(e).a).

3.1+ - Retraitement du combustible irradié

Au stade du traitement du combustible irradié, dans le cycle 
du combustible nucléaire, on récupère l'uranium et le plutonium 
présents dans le combustible irradié en vue de les utiliser à 
nouveau dans des réacteurs à fission. Avant d'être traités, les 
éléments combustibles épuisés sont stockés sous l'eau, qui sert à 
la fois de bouclier contre les radiations et de réfrigérant. On 
attend généralement que l'isotope ^"*1, de courte période, se soit 
désintégré presque entièrement et qu'il n'en reste plus que des 
quantités insignifiantes (120 jours au moins sont nécessaires, en 
général). Une seule usine peut suffire pour traiter le combustible 
irradié de tout un programme nucléo-électrique, de sorte que les 
quantités de nucléides importants du point de vue de la radiopro
tection qui passent dans l'usine sont assez élevées en chiffres 
absolus, mais peuvent être faibles si on les rapporte à l'unité 
d'énergie électrique produite.

Les seules installations industrielles de traitement du 
combustible irradié existant dans le monde sont les usines de 
Windscale (Royaume-Uni), de La Hague et de Marcoule (France), Il 
existe en outre plusieurs petites installations expérimentales 
telles que celle de Karlsruhe en République Fédérale d'Allemagne. 
UNSCEAR a évalué les expositions correspondant d'une part aux ins
tallations commerciales existantes et d'autre part à un modèle 
d'installation.

3.1+.1. - Rejets normalisés

Les radionucléides les plus importants parmi ceux contenus dans 
les effluents des usines de traitement du combustible irradié 
sont les nucléides de longue période % ,  1^C, °^Kr, 90grj 
1 2 9 j 5 134-çSj 137cs et les isotopes des éléments transuraniens.
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Tableau XI - REJETS ATMOSPHERIQUES NORMALISES DES USINES 
DE RETRAITEMENT DU COMBUSTIBLE IRRADIE 
(TBq/(GW(e).a))

H-3 C-1U Kr-85 1-129 a total
8 total 

(^H exclus)

Windscale 130 1,8 11+000 0,002 0,0006 0,09
La Hague 3 - 11+000 - 2 10~T 0,0002
Marcoule 1+6 - 11+000 - 1+ 10~6 0,002

Modèle d'usine 60 0,1+ 11000 0,0002 'v TO"5 ^ 0,001

Tableau XII - REJETS LIQUIDES NORMALISES DES USINES DE RETRAITEMENT 
DU COMBUSTIBLE IRRADIE (TBq/(GW(e ).a ))

H-3 Sr-90 Ru-106 I-I29 a total $ total 
(̂ H-exclus)

Windscale 1+50 170 280 0,01+ 25 2700
La Hague 270 50 1+30 - 0,3 590
Marcoule 31+0 2 65 - 0,03 80
Modèle d'usine 2 10 0,01+ ^ 0,5 ^ 20

Les tableaux XI et XII donnent respectivement les rejets an
nuels dans l'atmosphère et en milieu aquatique des usines de 
Windscale, La Hague et Marcoule. La quantité d'activité pré
sente dans les effluents d'une usine de traitement du combus
tible irradié ne dépend pas seulement des procédés employés et 
du système de traitement des déchets, mais aussi du type du 
combustible, de son mode d'irradiation et de la durée du stoc
kage (refroidissment). Les quantités d'activité rejetées dans 
les effluents liquides de Marcoule sont maintenues à un niveau 
moindre que dans les effluents des deux autres usines parce 
que les effluents de Marcoule sont déversés dans le Rhône, qui 
se jette dans la Méditerranée. Les deux autres usines sont 
situées au bord de la mer et y déversent leurs effluents.
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Les quantités de combustible irradié traitées par chaque usine 
ont été calculées d'après les rejets de signalés (la quasi-
totalité du “^Kr formé pendant le fonctionnement du réacteur 
est rejeté lors du traitement du combustible irradié) et d'après 
les estimations d'UNSCEAR sur les activités en °5кг contenues 
dans les combustibles de divers types de réacteurs (lUoOO TBq/ 
(GW(e).a) pour les GCR et 11000 TBq/(GW(e).a) pour les PWR).
Sur la période 1975-1978, la quantité totale de combustible 
traitée aux trois usines commerciales correspond à une énergie 
électrique de 18 GW(e).a alors que l'énergie électronucléaire 
produite était d'environ 280 GW(e).a. Par conséquent, moins de
10 % du combustible usé a été retraité au cours de cette 
période.

Comme pour ^Kr, la majeure partie de l'activité de ^H, ^ C  et 
formé dans le combustible est rejeté dans l'environnement 

lors du retraitement. Les tableaux XI et XII montrent les 
rejets normalisés.

En ce qui concerne les rejets d'aérosols radioactifs (tableau 
XI), la majeure partie de l'activité a provient des isotopes 
du plutonium tandis que l'activité 8 se compose essentielle
ment de 13TCs, 90S r , 95 Zr, 95Nb, 10 d R u , 125 sb , 1 3 ^ C s  et ll+i+Ce. 
Les mêmes radionucléides apparaissent dans les effluents 
liquides (tableau XII),

La comparaison entre les rejets des installations existantes 
et ceux du modèle d'installation (tableaux XI et XII) montre 
que le modèle d'installation adopté rejette les radionucléides 
volatils (%, C, -%r, ^9j) sans rétention mais que les 
rejets normalisés des autres radionucléides sont situés dans 
la partie inférieure de la gamme des rejets signalés pour les 
installations existantes.

3.^.2. - Doses locales et régionales

Pour évaluer les engagements de dose collectifs dus au traite
ment du combustible nucléaire irradié, il est nécessaire 
d'étudier les effets locaux et régionaux des rejets et leurs 
conséquences à l'échelle mondiale. Les estimations des doses 
locales et régionales ont été effectuées à l'aide des modèles 
de transfert dans l'environnement utilisés pour les rejets des 
réacteurs. Les caractéristiques retenues pour les divers sites 
sont celles des sites existants ; on a supposé que le modèle 
d'installation était implanté à Windscale.

Les engagements d'équivalent de dose effectif collectif norma
lisés qui ont été obtenus pour leséchelles locales et régionales 
sont présentés aux tableaux XIII et XIV. Pour les installations
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Tableau Х Ш  -ENGAGEMENTS D'EQUIVALENT DE DOSE EFFECTIF
COLLECTIF AUX ECHELLES LOCALES ET REGIONALES 
PROVENANT DES REJETS ATMOSPHERIQUES NORMALISES 
DE WINDSCALE ET DU MODELE D'USINE 
(homme.Sv/(GW(e).a))

Radionucléide Windscale Modèle d'usine

H-3 0,35 0 , 1

C-11+ 0,69 0,2
Kr- 8 5 0,1 0,03
I-I2 9 0,1U 0,00i+

Autres 1,13 -

Total 2 , k 0 , 3

Tableau XIV- ENGAGEMENTS D'EQUIVALENT DE DOSE EFFECTIF COLLECTIF
PROVENANT DES REJETS LIQUIDES EN MILIEU MARIN D'USINES 
DE RETRAITEMENT DU COMBUSTIBLE IRRADIE 
(homme.Sv/(GW(e-) .a) )

Usine Engagement d'équivalent de 
dose effectif collectif normalisé

Windscale 12b

La Hague 53
Modèle d'usine 0,7

existantes, les rejets marins conduisent à des engagements de 
dose collective beaucoup plus elevés que les rejets atmosphé
riques, tandis qu'ils sont du même ordre d'importance pour le 
modèle d'installation.

Pour le modèle d'installation, les équivalents de dose effec
tif annuels pour les groupes critiques sont estimés à 25 ySv
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pour l e s  rejets atmosphériques et à 200 ySv pour les rejets 
liquides.

3.5 - Engagements de dose collective due à la dispersion mondiale 
des radionucléides rejetés par les réacteurs et les usines 
de retraitement du combustible irradié

Les radionucléides qui contribuent à l'engagement de dose 
collective mondiale sont ceux qui migrent facilement dans l'envi
ronnement et ont des périodes suffisamment longues pour gue leur 
dispersion soit très étendue, UNSCEAB a retenu % ,  C, ° ^ K r et 
129i. D'autres radionucléides à période longue tels ”*37qs et 239pu 
sont moins mobiles dans l'environnement et se dispersent beaucoup 
moins après un dépôt au sol ou sur des sédiments dans le milieu 
local. Ils n'ont pas été pris en compte dans l'estimation des enga
gements de dose à l'échelle mondiale.

Les modèles de transfert dans l'environnement qui ont été 
utilisés par UNSCEAR pour évaluer les engagements de dose collec
tive à l'échelle mondiale sont des modèles à compartiments : 
l'environnement est divisé grossièrement selon de grands comparti
ments, tels que la troposphère ou les eaux superficielles d'un 
hémisphère. On suppose que les radionucléides rejetés sont instan
tanément dilués dans le compartiment dans lequel s'effectue le rejet. 
Les mouvements qui se produisent par la suite sont déterminés par 
les coefficients d'échange entre compartiments.

3.5-1. - Krypton 85
O r

Les engagements de dose collective imputables au Kr formé 
au cours de la production d'énergie nucléaire proviennent 
presque entièrement des rejets des installations de traitement 
du combustible irradié, ceux des réacteurs étant faibles en 
comparaison. Puisque le krypton est un gaz inerte, il se dis
perse dans l'atmosphère et atteint une concentration uniforme 
au bout de deux ans environ. UNSCEAB a utilisé un modèle à 
deux compartiments dans .lequel le krypton rejeté se disperse 
instantanément dans toute la troposphère de l'hémisphère Nord.
Il y a des échanges entre les troposphères des deux hémisphères 
et la concentration de '’Kr est réduite de moitié au bout de 
deux ans environ. Au bout de quelques années, ^Kr est disper
sé uniformément et le seul mécanisme d'élimination est alors 
la désintégration radioactive. L'engagement d'équivalent de 
dose effectif collectif total a été ainsi estimé à 1,9 homme. 
Sv/(GW(e).a) après pondération selon la production d'énergie 
électrique. L'engagement de dose est délivré complètement dans 
la période de 50 ans qui suit l'année du rejet.
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Tableau XV - REJETS NORMALISES DE RADIONUCLEIDES SE DISPERSANT 
A L'ECHELLE MONDIALE ET ENGAGEMENTS D'EQUIVALENT 
DE DOSE EFFECTIF COLLECTIF CORRESPONDANTS

Radionucléide
Rejet normalisé 

(TBq/(GW(e).a))

Engagement d'équivalent de dose effectif 
collectif normalisé (homme.Sv/(GW(e).a))

10
Temps d'intégration (a)

102 101* 106 108

H-3 61*0 0,015 0,02 0,02 0,02 0,02
c-1U 1,7 3 10 70 110 110
Kr-8 5 11000 0,9 1,9 1,9 1,9 1,9
1 -1 2 9 o,oU - 0 ,0 2 0 , 2 28 560

3.5-2. - Tritium

Le modèle global utilisé par UNSCEAR pour le tritium suppose 
que la quantité rejetée, que ce soit dans l'atmosphère ou 
dans l'eau, est immédiatement diluée et échangée avec l’hydro
gène stable des eaux superficielles de l'hémisphère dans leq.ue! 
le rejet a été effectué. Par la suite, la circulation de tri
tium est déterminée par les coefficients d'échange entre les 2 
hémisphères et les eaux profondes. L'engagement d'équivalent 
de dose effectif collectif ainsi obtenu est de 0,018 homme.Sv/ 
(GW(e).a) (tableau XV), ce qui est faible en regard de la 
contribution locale et régionale.

3.5.3. - Carbone 1U

Le modèle choisi par UNSCEAR est un modèle à 8 compartiments 
qui se compose de l'humus,du carbone en circulation dans la 
troposphère et la biosphère terrestre, des eaux de surface et 
des eaux océaniques profondes pour chacun des deux hémisphères 
L'engagement d'équivalent de dose effectif collectif, normalisi 
et pondéré selon la production d'énergie électrique par chaque 
type de réacteur, est estimé à 110 homme.Sv/(GW(e).a). Le 
tableau XV présente des valeurs tronquées à divers temps d'in
tégration.

3 . 5 Л .  Iode 129

Ici aussi, UNSCEAR a utilisé .un modèle à plusieurs comparti
ments qui tient compte des échanges entre les eaux superfi
cielles et profondes. L'engagement d'équivalent de dose effec-
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tif collectif mondial imputable à est trouvé égal à 56O
homme.Sv/(GW(e).a) ; il a été tenu compte uniquement pour cette 
évaluation des rejets des usines de retraitement, ceux des 
réacteurs étant insignifiants en comparaison. Ces doses seront 
accumulées de manière graduelle sur une très longue période.
Il convient de souligner qu'il est extrêmement difficile 
d'estimer des engagements de dose à l'échelle de dizaines de 
millions d'années. L'imprécision croissante avec lesquelles 
les doses peuvent être évaluées dans un futur de plus en plus
lointain implique que de moins en moins de poids doit leur
être accordé

3.6 - Stockage et élimination des déchets radioactifs

Seule une faible fraction de l'activité produite lors du cycle
du combustible nucléaire est normalement rejetée dans le milieu. A 
part l'uranium, le plutonium et certains autres nucléides présents 
dans le combustible épuisé, les radionucléides produits par le cycle 
du combustible nucléaire sont généralement considérés comme déchets 
devant être soumis à un traitement approprié avant stockage ou éli
mination. On entend par stockage tout arrangement destiné a permet
tre de récupérer les déchets ultérieurement ; ces déchets peuvent 
être provisoirement inaccessibles, mais il y a bien intention de 
les récupérer, car on les contrôle et l'on établit une documentation 
à leur sujet. L'élimination suppose que l'on a renoncé à exercer un 
contrôle sur les déchets. Il est utile de distinguer les déchets de 
haute activité, qui sont obtenus sous forme liquide à la suite du 
traitement du combustible irradié et contiennent plus de 99 % de 
l'activité des produits de fission et des actinides présents dans 
le combustible, des déchets d'activité faible et moyenne, produits 
par l'exploitation des réacteurs et des opérations de retraitement.

3.6.1. - Déchets de faible et moyenne activité

Comme exemple de déchets solides de faible activité, on peut 
citer les résidus du traitement de l'uranium ; les expositions 
radiologiques auxquelles ils donnent lieu ont déjà été exami
nées. Dans d'autres étapes du cycle du combustible nucléaire, 
on peut traiter les déchets solides par compactage ou incinéra
tion de manière à en réduire le volume avant de les stocker ou 
de les éliminer en les enfouissant à faible ou grande profon
deur dans le sol. La plupart des sites nucléaires disposent des 
installations nécessaires pour le stockage des déchets solides 
produits pendant la durée de vie des réacteurs ; l'élimination 
définitive de ces déchets dépendra probablement de la décision 
qui sera prise quant à la méthode à adopter pour l'élimination 
du réacteur lui-même. UNSCEAR n'a pas évalué les engagements 
de dose collective résultant du stockage des déchets de faible 
activité (à l'exception des résidus du traitement de l'uranium) 
ces engagements de dose sont probablement faibles,
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La majeure partie du combustible nucléaire irradié enlevé des 
réacteurs est actuellement stockée en attendant que les auto
rités nationales compétentes décident soit d'éliminer dïrecte-- 
ment le combustible, soit de le retraiter et de recycler les 
nucléides fissiles. Lorsque le combustible est retraité, les 
déchets de haute activité sont stockés à l'état liquide et l'or 
se propose de les solidifier ultérieurement d'une manière ou 
d'une autre afin d'en faciliter la manutention, le stockage et, 
le cas échéant, l'élimination. Les déchets de haute activité 
provenant de la production d'énergie nucléaire n'ont pas encore 
été éliminés ; ils sont stockés sous surveillance par les auto
rités nationales en attendant qu'une décision définitive soit 
prise au sujet de leur traitement. UNSCEAR a donc estimé les 
engagements de dose collective potentiels dus à l'élimination 
des déchets de haute activité en s'appuyant sur les études 
théoriques qui ont été entreprises.

Les résultats donnés ci-après sont basés sur l'analyse de 
l'élimination des déchets faite dans l'INFCE [5], évaluation 
internationale à laquelle ont contribué les pays qui cherchent 
à développer la production d'énergie nucléaire. Les engagements 
de dose dus à l'élimination des déchets dépendent de la nature 
de ces déchets, combustible non retraité ou déchets de retrai
tement de haute activité, et du cycle du combustible au cours 
duquel ils ont été produits. Les doses ne seraient reçues 
qu'après 105 ou 10^ années, de sorte que leur calcul comporte 
de nombreuses incertitudes et que les valeurs numériques abso
lues doivent être utilisées avec circonspection. Dans l'hypo
thèse d'un retraitement du combustible des LWR, l'engagement 
d'équivalent de dose collectif est estimé à 20 à 50 homme.Sv/ 
(GW(e).a), que le plutonium soit recyclé dans les LWR ou dans 
des FBR, et quel que soit le temps choisi pour la migration à 
travers les milieux géologiques.

3.7 ~ Transport

On transporte du combustible nucléaire non irradié entre les 
installations de fabrication et les réacteurs, et du combustible 
nucléaire irradié entre les réacteurs et les installations de re
traitement ou de stockage. Le transport de matières radioactives esi 
soumis aux règlements nationaux qui s'inspirent généralement du 
règlement type de l'Agence Internationale de l'Energie Atomique [7]. 
Les envois se font par route, rail ou mer, le nombre de voyages et 
les distances parcourues -variant dans de larges proportions d'un 
pays à l'autre. Les estimations de l'engagement d'équivalent de 
dose effectif collectif lié au transport du combustible irradié sonl 
de l'ordre de 10~3 à 10~^ homme.Sv/(GW(e).a).

3.6.2. - Déchets de haute activité
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Les résultats des évaluations des engagements d'équivalent de 
dose effectif collectif normalisés sont présentés au tableau XVI, 
de sorte que les différentes étapes du cycle d.u combustible nuclé
aire puissent être comparées entre elles. La composante à court 
terme de l'engagement d'équivalent de dose effectif collectif nor
malisé est estimé être environ 6 homme.Sv/(GW(e).a), à raison de 
90 % au cours de l'année où les effluents sont rejetés et quelque 
98 % dans les cinq premières années. Cette évaluation a été faite 
en utilisant les rejets correspondant au modèle d'usine de retrai
tement. Les rejets des usines de retraitement existantes peuvent 
conduire à des engagements d'équivalent de dose effectif collectif 
normalisés environ 10 à 20 fois plus élevés ; cependant, étant 
donné que moins de 10 % du combustible est retraité, la contribu
tion pondérée donnerait des résultats similaires à ceux présentés 
au tableau XVI. Pour chaque étape du cycle du combustible nucléaire, 
sont également indiqués dans le tableau XVI, les équivalents de dose 
effectifs collectifs normalisés relatifs aux travailleurs ; l'expo
sition professionnelle totale s'élèverait à environ 20 homme.Sv/ 
(GW(e).a).

Pour les nucléides de longue période qui se dispersent dans le 
monde entier ainsi que pour le radon qui émane des résidus de concen
tration, on a également porté au tableau XVI les engagements d'équi
valent de dose collectif tronqués. Les engagements de dose tronqués 
donnent une indication de la répartition dans le temps des engage
ments de dose et, en les divisant par le chiffre moyen de la popula
tion, on peut aussi obtenir les équivalents de dose annuels maximaux 
par habitant dans le cas où la production d'électricité d'origine 
nucléaire se poursuivrait pendant toute la période choisie pour 
l'intégrale et où les taux de rejet demeureraient constants. Pour 
les valeurs tronquées à 100, 500 et 10000 ans, on trouve 15, 25 et 
300 homme.Sv/(GW(e).a), respectivement. L'engagement d'équivalent 
de dose effectif collectif normalisé complet, qui est délivré sur 
des millions d'années, est d'environ 3000 homme.Sv/(GW(e).a). Il 
convient de faire preuve de la plus grande prudence quand on extra
pole des doses pour l'avenir, car au cours des cinq dernières années 
les rejets des réacteurs dans le milieu ont eu tendance à diminuer 
malgré l'accroissement de la production d'électricité. Cela tient 
à la fois aux améliorations apportées aux techniques de contrôle et 
à la mise au point de nouveaux concepts de radioprotection. En outre, 
les doses collectives dues à la diffusion mondiale de radionucléides 
ne sont probablement pas caractéristiques des pratiques futures ; 
par exemple, dans les modèles de réacteur et d'usine de retraitement 
adoptés ici pour l'évaluation des doses dues aux LWR, on a admis que 
des nucléides de longue période comme et *^c étaient rejetés
dans l'atmosphère non traités alors qu'ils peuvent être retenus et 
immobilisés. Enfin, quand on extrapole sur des milliers ou des

k. RECAPITULATION
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millions d'années, il est difficile de prévoir le chiffre de la po
pulation mondiale et les habitudes alimentaires ou autres, de même 
que la nature des services médicaux, de sorte que toute évaluation 
des engagements d'équivalent de dose collectifs mondiaux doit être 
considérée comme très conjecturale.

Les résultats du tableau XVI montrent que les contributions 
les plus importantes aux engagements d'équivalent de dose effectifs 
collectifs normalisés sont dus aux résidus de l'extraction et du 
traitement du minerai. Les engagements de dose dépendent entièrement 
des valeurs supposées quant à l'épaisseur ét à la nature de la cou
verture des résidus et à la période qui s'écoule avant que l'activiti 
pénètre dans le sol et se perde, ou soit entraînée par érosion vers 
les milieux aquatiques. Si l'on immobilise les résidus par une cou
verture de PVC ou d'asphalte, on peut réduire le dégagement de radon 
aux niveaux ambiants et la contribution à l'engagement de dose est 
pratiquement nulle. Il ne faut aussi pas oublier que si l'on décide 
d'adopter les réacteurs surgénérateurs rapides, les ressources 
d'uranium seront utilisées avec un bien meilleur rendement, ce qui 
permettra de réduire de deux ordres de grandeur l'engagement de 
dose collectif normalisé dû aux résidus.

Le tableau XVII présente les équivalents de dose effectifs 
annuels, collectifs et par tête, estimés pour un programme nucléaire 
projeté jusqu'à l'an 2500 ; on suppose que les niveaux de rejet 
actuels se maintiendront et que la production annuelle d'énergie 
électrique atteindra 1 kW.a par tête en 2500 (ce qui correspond à 
environ 10 GW(e).a). Ces hypothèses conduisent à surestimer les
doses, mais, malgré cela, l'équivalent de dose effectif annuel per 
caput s'élève seulement à 1 % de l'exposition due au bruit de fond 
naturel. Cette valeur diminuerait ensuite quand l'énergie de fis
sion ne serait plus utilisée et serait d'environ 0,01 % du bruit 
de fond naturel au bout de 100 ans.
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Abstract

HEALTH AND ENVIRONMENTAL HAZARDS OF DIFFERENT ENERGY SYSTEMS.
The health risks from different energy systems are compared and the methods of risk 

analysis assessed. Emphasis is placed on comparison of the coal and nuclear fuel cycles 
but oil, gas and renewables are also considered. Increases in acid rain are examined as an 
example of the excruciatingly painful choices that must be faced. Risk assessment seeks to 
improve decision making for policy makers and the public. Analysis of health risks from 
energy recognizes the huge gaps in current knowledge and tries to assess their importance. 
Decisions about future supplies must be made despite uncertainties over effects; risk 
assessment helps make good choices. The results of a recently completed study of trans
boundary pollution between the United States of America and Canada are given in terms of 
population exposure to sulphate. The contributions of each country to  the other are similar 
(94 million man /ig/m3 from the US to Canada and 62 million m an^g/m 3 from Canada to 
the US). A comparison of nuclear and coal-electric systems is made on the Reference Energy 
System (RES) basis. Coal-mining accidents and occupational disease, transport accidents 
and air pollution health effects are emphasized. The latter dominate uncertainty ranges in 
the health effects of coal (0 to 77 deaths per GW(e)-a). A realistically attainable emission 
rate of 0.4 lb S 02 per 106 Btu input was used, which is a factor of 3 lower than in previous 
work. The median nation-wide population exposure to sulphate from coal plants in the US 
is 22 man-/ig/m3 per tonne S 0 2 annual emission, of which the long-range exposure (greater 
than 80 km) is five times that of local exposure. Models developed earlier to predict 
coal-mining accidents are validated against actual 1980 statistics. For nuclear fuel cycles, 
the National Academy of Sciences Committee on the Biological Effects of Ionizing Radiation 
(BEIR) III Unear model was chosen as an upper boundary estimate of the health effects of 
low LET radiation exposure. Estimates of the effects of catastrophic accidents in the 
nuclear fuel cycle are discussed. Reactors account for most of this risk. An estimate of 
0.1 deaths per GW(e) • a for reactor accidents is derived. This is in line with the suggestions 
of the United States Nuclear Regulatory Commission and the Electric Power Research 
Institute review groups, although it is lower than the 2.4 death per reactor-year estimate of 
the Union of Concerned Scientists. Uncertainty in the numbers of man-years worked per 
GW(e)-a and its contribution to occupational cancer are examined. For comparison with 
renewable energy systems, indirect effects associated with materials supply must be included. 
Extensions to the RES-type analysis have a problem of where to draw systems boundaries.
This is overcome by the use of a technique based on economic input-output models.
Caveats on the use of such techniques are discussed and the results are presented for the
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occupational health effects in several energy technologies. The risk per worker is currently 
similar for coal, nuclear and most renewables. Indirect effects range from one-third to two 
times direct effects. None of the renewable technologies has a lower total impact than 
nuclear. Renewables are generally small scale and at an early stage of development. Their 
impacts per unit production are expected to decrease as the technologies mature. No single 
method of comparative risk assessment is fully satisfactory; each has its limitations. Through 

■ use of several methods, progress has been made in understanding the relative impacts of 
energy technologies.

1. INTRODUCTION

Politicians and other citizens, notably scientists, face excruciatingly painful 
choices on energy-environment problems, or rather they would be excruciating 
if  they were publicly and explicitly faced up to. Evidence is unmistakable 
that the acidity o f  rain has increased noticeably in the eastern United States of 
America and southeastern Canada during the past 20 years (F ig .l) [1]. There 
have been similar findings in Scandinavia. The pH of normal rainfall is ~5.7; 
rainfall o f pH 4.7 is ten times more acidic because the scale is decade-logarithmic. 
The area with a rainfall pH less than 4.6 has expanded from a limited one in 
1945 to 1956 to include almost of the eastern US and southeastern Canada in 
1975 to 1976 (F ig.l). Since most acidity in rain is contributed by acid sulphates 
(~60%), the distribution o f acidic rainfall unsurprisingly parallels ambient 
suspended sulphates.

On top o f the contribution by sulphates, an increasing proportion of the 
acidity of rain is contributed by hydrogen ions from nitrates (~30%) from 
increased emissions o f  nitrogen oxides and sulphur dioxide from fossil-fuel 
combustion. Although large quantities o f NOx are emitted by transportation 
activity (Table I), such emissions are less likely to be carried long distances 
than are emissions from the tall smoke stacks o f public utilities. US emissions 
of S 0 2 from utilities rose from 4.9 t in 1950 to 16.7 t in 1975. At the same time, 
US NOx emissions from the same source increased from 1.1 to 6 t — roughly 
a sixfold increase as compared with a threefold increase in NOx emissions 
from transportation [1]. Similarly, since sulphate aerosols noticeably — 
sometimes strongly -  impair visibility , as do nitrate particles, these acid 
rains correspond to areas where visibility is decreased (Fig.2) [2].

Acid fallout (commonly referred to as ‘acid rain’) and ozone result from 
the chemical transformation of three pollutants (sulphur dioxide, nitrogen 
oxides and hydrocarbons) and are carried long distances. They are an important 
cause o f  damage to lakes and streams, forests and soils, agricultural crops, 
materials and health [3].
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FIG. 1. Isop le th s show ing  th e  annual average p H  o f  p re c ip ita tio n  in the eastern U nited  
S ta tes o f  A m erica  [7].

TABLE I. US ATMOSPHERIC EMISSIONS OF SULPHUR DIOXIDE AND 
NITROGEN OXIDES (in 106 t/a)

so2 N0X

1950 1975 1950 1975

Utility Combustion 4.9 16.7 1 .1 6 .1

Other Combustion 1 2 .2 4.0 3.7 5.5

Non-Ferrous Smelters 3.1 2.5 neg¿ neg.

Industrial Process 1 .0 1.7 0.3 0.7

Transportation 0 .8 0 .8 3.0 9.9

TOTAL 2 2 .0 25.7 8 .1 2 2 .2
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1948 52 60 64 70 74

b e x l ( K r V ')  >3.6 3.0-3.6 2A-3.0 1.8-2.4 <1.8

v i , (m iles) <6.6 6.6 8 8 - 1 0  10-13.3 >13.3

FIG.2. Decreases in visibility in the eastern United States o f  America, 1948 to 1974. 
Contour maps o f  the 5-year average extinction coefficients by season (about 1950, 1962 and 
1972). The eastern US average extinction coefficient is indicated above each map [2].

2. ASSESSMENTS OF HEALTH RISK

2.1. International problems

Brookhaven National Laboratory (BNL) recently compiled an estimate of 
health effects for the United States Congress, Office o f Technology Assessment [3]. 
Sulphate exposure and the sulphate dose-response function [4] were used as an 
index for the health effects o f the sulphur-particulate pollution mix.
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TABLE II. ESTIMATES OF THE MORTALITY RATES ASSOCIATED WITH 
S 0 2 EMISSION COMPARED WITH COMMON CAUSES OF DEATH 
(1978 and the year 2000)

(Deaths/100 000 population) 3

Source Expected Range

All SO2 Emissions, U.S. and Canada,
1978 20 0-61

1978 SO2 Emissions, 2000 population,
U.S. and Canada 20 0-61

70% 197 8 Emissions, 2000 population,
U.S. and Canada 14 0-41

All Causes, U.S., 1977b 878
Cardiovascular disease 444
Cancers 179
Accidents 48
Influenza and pneumonia 24
Bronchitis, emphysema, and asthma 10

Suicides 13

aDetailed emissions projections for 2000 exist only for utilities. If 
non-utility emissions change proportionally with utility emissions, the 
total mortality rate attributable to SO2 emissions is estimated to be 16 
excess deaths/100 000 population. If non-utility emissions remain 
unchanged or emissions increase in proportion to the increase in 
population, then excess deaths are estimated to be 17 and 18 per 100 000 
population, respectively. The 90% confidence range on these estimates 
attributable to uncertainty in the dose-response function is about 0-50.

'’Source: Statistical Abstracts of the United States, 1979. Bureau of the
Census, U.S. Department of Commerce.

An important international problem is the distribution o f health impacts 
transferred between the US and Canada. A BNL analysis shows that the total 
sulphur exposure exported from the US to Canada in 1978 was 94 million 
man-jug/m3; the total exposure imported from Canada to the US in 1978 was 
62 million man/ug/m3. This represents about 2000 to 3000 excess deaths exported 
from each country every year, or an imported mortality rate o f 14 excess
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FIG.3. Proportion o f  Americans dying o f  various causes in 1979 (data from  Ref. [5]j, as 
presented by H. Fischer, Fractions linked to smoking and alcohol (from Ref. [6]) are for  
1967 but were proportionally assigned here to 1979 data.

deaths per 100 000 population in Canada and 1.0 excess deaths per 100 000 
in the US (Table II). Canada contributes to 5% of the total excess deaths 
attributable to sulphates in the US, and the US contributes to 85% o f the 
total excess deaths attributable to sulphates in Canada [3].

Figure 3 gives a perspective of the causes o f death in the US [5, 6] and 
shows the proportion of Americans dying o f various causes in 1979, including 
the estimated fractions o f  each linked to smoking and alcohol. The estimate 
o f deaths linked to air pollution from fossil-fuel combustion by all sources 
(utility and industrial) in 1978 throughout Canada and the US is 51 000; there 
is a 90% confidence range, attributable to uncertainties in the dose-response 
function, o f  0 to 150 000 excess deaths [3].
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Risk assessment seeks to improve decision making for policy makers and 
the public. It provides information that is immediately useful for decisions on 
energy policy, on specific proposed facilities and on guides for health and 
environmental research. Risk assessment organizes information from diverse 
sources into a framework that treats all forms o f energy consistently. Analysis 
of health risks from energy sources recognizes the huge gaps in current 
knowledge and tries to assess their importance. Decisions on future energy 
supplies must be made despite the uncertainties over effects; risk assessment 
helps make good choices.

No single method provides full answers. Energy impacts have myriad 
effects, from public health damage from pollution through hazards of 
occupational disease to potential catastrophes. Selection of appropriate 
methods requires accurate identification o f specific questions being asked by 
the analysis as well as an understanding of the models used in assessment.

Quantitative assessment o f  the health risks from different energy systems 
requires system-wide evaluation o f all steps in a fuel cycle, starting with 
extraction o f raw resources and concluding with the final consumption o f energy, 
or a comparison o f equivalent steps. For valid inter-technology comparisons 
to be made, methods, data and end-use demands must be similar and specified [7 -9 ].

The most general approach, the Reference Energy System (RES), provides 
a common, simple framework for defining energy flows and related data used 
for risk assessment. The RES (Fig.4) is a network representation o f the main 
components o f an energy system for a given year, specifying resource consumption, 
fuel transportation, conversion processes and end uses, thereby compactly 
incorporating the salient features o f  the energy system while providing a 
framework for assessment o f  major resource, environmental, health and 
economic effects that can result from new technologies or policies [10, 11].
The RES is the basis o f  much technology and risk assessment o f energy systems 
in the US and throughout the world. The estimates o f BNL are generally 
derived through a RES-type approach.

2 .2 . R isk assessm ent m ethod s

3. COMPARISON OF THE COAL AND NUCLEAR FUEL CYCLES 
STANDARDIZED TO A GW(e) ■ a BASIS

Tables III and IV summarize BNL’s estimates o f the health effects o f the 
coal and nuclear fuel cycles on a GW(e) • a basis, assuming currently mandated 
environmental controls [1, 12, 13].
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RESOURCE

NUCLEAR FUELS

Ц235 y2J6

RENEWABLES
HYOROPOWER

GEOTHERMAL

SOLAR

FOSSIL FUELS 
COAL

CRUDE OIL

NATURAL GAS

TOTAL ENERGY, 

78.10 X 10'5

EXTRACTION
REFINING & 

CONVERSION
TRANSPORT 
& STORAGE

CENTRAL
STATION

CONVERSION

TRANSMISSION 
DISTRIBUTION 
& STORAGE

Solid Elentsnf dsnotes a re a l activ ity .
Energy flows are indicated in  !0 'gB tu above each 
element. Conversion e ffic ienc ies  ore indicated in 
parenthesis.
industria l process heat demand includes agriculture  
and mining os well as a ll other industria l 
requirements.

Wood and waste not included in  Total Energy.

Some numbers on th is  ch a rt are derived from  
engineering analysis.

1979
BTU 57.82 *IOlsBtu

FIG.4. Reference Energy System for the United States o f  America (1979).



IAEA-CN-42/504 807

DECENTRALIZED UTILIZING ENERGY DEMAND
CONVERSION DEVICE SERVICES SECTOR

« 1.0» 2.00
AC INO MTR (1 0 ) '  I

(10l LIGHTING 1 Z4»

”  ELECTRONIC DEVICES

0.23 L57» a o

ELECTROLYTIC CELLS ' PRIMARY 5.0X10 TONS
SCRAP 1.7 X 10* TONS

a i3 d . o i  . 0.63

IRON: 67.0 UO* TONS

RESIDENTIAL a  COMMERCIAL.
MISCELLANEOUS ELECTRIC

INDUSTRIAL,
ELECTRIC ORIVE

INDUSTRIAL.
ALUMINUM

INDUSTRIAL.
IRON f t  STEEL

■ J  'f c  ЯОО LOO I Л .^  ----------- V
&  \  ft87 (.64 ) ^v — \ ----------------* - v -V  4---

ELECTRIFIED MASS 
TRANSPORTATION

RESIDENTIAL 8  COMMERCIAL.
AIR CONDITIONING

RESIDENTIAL &  COMMERCIAL.
SPACE MEAT 

Ю* 8TU/UNIT: 50 к Ю*
IO*FT* 0TU /SQ FT 26,000

RESIDENTIAL ft COMMERCIAL,
MISCELLANEOUS THERMAL

INDUSTRIAL.
PROCESS HEAT в  MISCELLANEOUS

INDUSTRIAL,
PETROCHEMICALS

, TRANSPORTATION,
PIPELINES

GASOLINE ENGINE (1-C>
TRANSPORTATION.
AUTOMOBILE

0.23__________________ TRANSPORTATION.
^  AIRTRANSPORT 

PASSENGER Mi 27 0X 10 * PASS MPG 22.2 
TON-Mi 8X10» TON MPG 3.9

as* TRANSPORTATION,
BUS,TRUCK a  RAIL

TRANSPORTATION.
s h ip

30.12 xlOe Btu



8 0 8 HAMILTON

TABLE III. SUMMARY OF US HEALTH IMPACTS FROM COAL AND 
NUCLEAR FUEL CYCLES: MORBIDITY (cases/GW(e) a)

COAL NUCLEAR

Occupational (Mining)

(Underground)

Accidents : 170
Disease : 22

(Surface)

Accidents: 16

EXTRACTION

Occupational (Mine) Accidents

Surface : 4.0
Underground: 13.8

Occupational Disease

Radiation induced: 0.03
Other : NA

Public Disease

North Anerica: 0.01

Occupational accidents : 3-5 PROCESSING
Occupational accidents: 1.6
Occupational disease: ■ 0.05
Public disease: 0.003

Occupational Public

Rail 1.1 0.87
Truck 20.0 20.0
Barge 1.6 0.15
Pipeline 0.26 0

TRANSTORT

Routine Operation

Occupational: 5.5xl0- 4
Public: 4.6xl0-4 '

Accident

Radiological : < 10-4
Non-radiological: 0.1

Occupational accidents: 5 

Public air pollution: 77(0-385)
GENERATION

Occupational

Rad-induced cancer: 0.16
Non-rad accidents: 1.31

Public
Rad-induced cancer: 0.02

Not Tabulated WASTE
MANAGEMENT

Rad-Induced Cancer

Occupational: 5.4xl0-4
Public : 7x НГ 6

Decomnissioning (Occupational)
Radiological : 5x10" ̂
Non-radiological: 0.07
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TABLE IV. SUMMARY OF US HEALTH IMPACTS FROM COAL AND 
NUCLEAR FUEL CYCLES: MORTALITY (deaths/GW(e) a)

COAL NUCLEAR

Mine Accidents

Surface : 0.1
Underground : 1.4

Occupational Disease

Underground: 0.3

Occupational Accidents: 0.07

Occupational Public
Rail 0.01 0.4
Truck 1.2 1.2
Barge 0.5 0.14
Pipeline 0.16 0

Occupational 

Power plant accidents: 0.13

Public

Air pollution: 15 (0-77)

Not Tabulated WASTE
MANAGEMENT

GENERATION

PROCESSING

TRANSPORT

EXTRACTION

Occupational (Mine) Accidents

Surface : 
Underground :

0.11
0.36

Occupational Disease

Radiation Induced: 
Other :

0.15
0.06

Public

North America: 0.05

Occupational accidents: 0.006
Occupational disease: 0.05
Public disease: 0.013

Routine Operation

Occupational: 4.5xl0-4*
Public: 4.5xl0'4

Accident

Radiological: 0.001
Non-radiological: 0.01

Occupational

Rad-induced cancer: 0.13
Non-rad accidents: 0.013

Public

Rad-induced cancer: 0.02
Catastrophic accident: 0.1

Rad-Induced Cancer

Occupational: 4.6xl0_¿t
Public: 8x10-6

Decommissioning (Occupational)
Radiological: 5x1O-^
Non-radiological: 8xlO-Zf
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Table III shows BNL’s current estimates o f morbidity. Most attention 
was directed to quantifying coal-mining accidents and occupational disease [14], 
coal transport accidents [15] and air pollution from coal combustion [4].
More recent analyses by BNL o f the health effects o f air pollution from coal- 
fired electricity generating plants [7, 12, 13] have assumed 3 million people 
within a 50-mile radius and a sulphur oxide emission rate of 0.12 lb S 0 2 per 
106 Btu input (low sulphur coal combined with 90% removal o f sulphur in 
flue gas). The present analysis assumes a more realistically attainable sulphur 
oxide emission rate o f  0.4 lb S 0 2 per 106 Btu input [16]. Preliminary results 
o f modelling studies at BNL suggested that the health impact from long-range 
transport o f  sulphates beyond 50 miles may average one order of magnitude 
higher than the impact within the 50-mile radius [17]. More recent analyses 
by BNL o f the health effects o f air pollution thus assumed that the total effect 
on the US population would be ten times the health effects within the 50-mile 
radius [7, 12, 13]. In the present analysis a matrix developed from the BNL 
long-range model was used which gives the estimated population exposure 
to atmospheric sulphates from S 0 2 emissions as a function of source location 
for the entire US [18]. This gives a median sulphate exposure o f  22 mari'/ng/m3 
per tonne S 0 2 emissions for the US. This figure is now used from the matrix 
which covers the entire US. From this figure the ratio of the air pollution 
effects over the the total population to the population within a 50-mile radius 
is —5:1, rather than the ten times figure which was based on preliminary 
estimates made from only ten different sites in the US [16].

Cancer risk estimates derived from the National Academy o f Sciences, 
National Research Council Committee on the Biological Effects o f Ionizing 
Radiation (BEIR) III Report were used [19]. With the exception o f the 
estimates o f radiation-induced cancer in uranium miners, one can appreciate 
that these represent upper boundary estimates and that the actual numbers 
o f cancers induced by these very low doses from the nuclear fuel cycle, given 
at very low dose rates, will be lower and may be zero. The collective dose 
from the nuclear fuel cycle to the US and foreign populations reflects a 
situation in which many people receive an infinitesimal dose. A review of 
literature on radiation dose response as part of the Reactor Safety Study 
(RSS) [20] led to use of a dose and dose-rate effectiveness factor which 
reduces the BEIR I Report (1972) [21] estimates by a factor o f five for doses 
of low linear energy transfer (LET) radiation under 10 rem received to under 
1 rem/d. BEIR III makes no statements for doses below 10 rad or rates 
below 1 rad/a. It suggests that the dose-response function may be 
quadratic at low dose rates for low LET radiation, but recommends use of 
linear dose-response functions as a conservative method in estimating risks.

3 .1 . M orbidity
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The results o f the absolute risk model for BEIR III were used. Since, except in 
the case o f a possible accident, exposure from the stages in the nuclear fuel 
cycle is continuous, the BEIR III numbers reflecting continuous exposure to 
1 rad/a were chosen rather than a single exposure of 10 rad. The model for 
which the low level, low LET radiation dose response is linear with no threshold 
(as opposed to the quadratic and linear-quadratic models) was chosen since it 
was considered conservative on the high side by the BEIR III Committee. Two 
distinct populations were considered: the general public consisting o f all ages 
and both sexes, and an occupational population consisting o f essentially all 
males between the ages o f 20 and 65.

3.2. Mortality

Table IV summarizes mortality in the coal and nuclear fuel cycles. Only 
LWRs have been evaluated in some detail for risk associated with catastrophic 
accidents. Reactors probably account for most o f  the potential impact o f  
major nuclear accidents in the uranium fuel cycle since they represent, in the 
absence of reprocessing, 80% of the facilities and, were an accident to occur, 
the health impact o f an accident at a reactor is likely to be much larger than 
that o f an accident at other types o f facilities in the uranium fuel cycle.

On an actuarial basis, the RSS estimated that reactor accidents contribute
0.02 deaths per GW(e) a (3 X 10-5 prompt fatalities, all of the people residing 
within 25 miles o f a reactor; and 0.021 total cancer fatalities, spread over 
30 years and a much larger area 25 to 100 miles from the reactor). Correction 
o f a programming error discovered later resulted in increasing by 15% the 
latent cancer fatality estimate [22]. Since almost all of the health effects 
calculated from even the worst hypothesized accident are attributable to low 
doses over a large population, the RSS applied dose and dose-rate factors. 
Recalculating the RSS cancer risk estimate back to the upper boundary estimate 
on the basis o f the BEIR 1972 dose-response function yields 0.06 total latent 
cancer deaths per GW(e)-a. If one uses the linear-quadratic dose-response 
function for low dose rate, low LET radiation from BEIR III 1980, the resulting 
estimate is 0.0033 cancer deaths; if one uses the linear BEIR III dose-response 
function, 0.05 cancer deaths per reactor-year occur. Use o f 0.1 deaths per 
G W (e)a in Table IV goes some way towards meeting the greater uncertainty 
in the estimates suggested by the Ad Hoc Risk Assessment Review Group [23] 
and is in line with the ‘upper bound’ estimate o f the Electric Power Research 
Institute review [24]. The figure is lower than the upper boundary estimate 
o f 2.4 fatalities per reactor-year o f the Union o f Concerned Scientists [25], 
and o f the estimates given, without explanation, by the Ford-Mitre Study [26].

How good are these estimates? Table V compares underground and 
surface coal-mining effects estimates per GW(e)-a for 1980 based on the



812 HAMILTON

TABLE V. COMPARISON OF ESTIMATED AND ACTUAL COAL-MINING 
EFFECTS PER GW(e) a (1980)

1980 Estimated3 1980 Actual

Underground Mining

Accidental Deaths: 1.4 1.1
Accidental Injuries: 170 159
Disease Deaths: 0.25 0.2b
Disease Morbidity: 0.6 0.4b

Surface Mining

Accidental Deaths : 0.12 0.16
Accidental Injuries: 16 16.9

aFrom 1965-79 U.S. Injury 
^Actual productivity; risk

and 1971-78 Productivity Data, 
per man-h same as estimated.

TABLE VI. SUMMARY OF OCCUPATIONAL HEALTH RISKS IN POWER 
PLANTS PER GW(e)-a

Labor Disease/Injury Fatalities
Man-years Per Per
per Per man- Per man-

GW(e)a GW(e)a year GW(e)a year

Coal 322 490 (662) 7.6 0.015 0 .2 2 0.00044

Nuclear 125 298 (300) 1.7 0.0056 0 0

Oil 278 271 (834) 3.0 0 .0 1 1 0.031 0 .00011

Gas - 323 (540) 3.6 0 .011 0.036 0.00011



IAEA-CN-42/S04 81 3

TABLE VII. DRILLING INJURIES AND ILLNESSES PER 100 FULL-TIME 
WORKERS IN OIL AND GAS EXPLORATION

Incidence3 
(cases) Lost Workdays

Source^ Process Description 1979 1980 1979 1980

BLS Extraction 7.0 6.7 151.2 152.7
NSC Extraction 1.79 1.56 49 50
LDL Extraction 7.5 194.0
'BLS Exploration & production 3.2 1.7 53 31.5
LDL Exploration & production 1.9 51.4
API Exploration & production 1.44 1.19 36.53 23.4

BLS Field services 9.5 9.8 215.7 227.6
LDL Field services 10.0 257.2
CGa Field services 6.9 6.6
CGa Field services 2.0 —
API Drilling 9.58 10.65 295.15 347.9
CGa Drilling 9.4 9.7
CGa Drilling 9.1 8.2
IADCa Drilling 11.62
IADCa Drilling 9.13

aInjury rate only. Illness not included.
^BLS = Bureau of Labor Statistics, NSC = National Safety Council, LDL = Louisian 
Dept, of Labor, API = American Petroleum Institute, CG = U.S. Coast Guard, and 
IADC = International Association of Drilling Contractors.

TABLE VIII. US OCCUPATIONAL HEALTH RISKS FROM NATURAL GAS 
FUEL CYCLE

Labor Disease/injury Fatalities
Man-years Per Per 102 Per Per 102
per GW(e)-a GW(e)a man-years GW(e)a man-years

Gas

Extraction accidents 941-1080 63-76 6.7-7.0 0.12-2.8 0.12-2.6xl0-1

Processing accidents 23.1-31.3 0.34-0.47 1.5 0.0027-0.011 1.2-3.6x10-2

Gas power plant accidents 323 3.6 1.1 0.036 l.lxlO"2
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TABLE IX. US OCCUPATIONAL HEALTH RISKS FROM OIL FUEL CYCLE

Labor D is e a s e /in ju ry F a t a l i t i e s

M an-years Per Per 102 Per Per 102
per GW(e)-a GW(e)a man-years GW(e)a man-years

Oil

Extraction accidents 300 14 4.7 0.16 5x10-2
933-1070 62-75 6.7-7.0 0.12-2.8 0.12-2.6x10-1

Refining accidents 246 5.7 2.3 0.01 4x10-3
486 13 2.7 0.044-0.097 0.90-2.0x10-2

Oil power plant accidents 278 5.05 1.8 0.05 2x10-2
271 3.0 1.1 0.031 1.1x10-2

regression analysis o f 1965 to 1979 US injury and 1971 to 1978 US productivity 
data with the more recently available actual 1980 data. The 1980 actual disease 
deaths and morbidity in underground mining were based on actual 1980 
productivity with the risk per man-hour the same as estimated. Table VI shows 
the difficulty in making estimates o f occupational health risks in power plants 
on a GW(e) a basis. Some uncertainty surrounds the correct figure o f  man-years 
per GW(e) • a. Thus, the first column gives the numbers used by the author 
at the 3rd Life Sciences Symposium held in 1980 [16], the second column is 
the mean o f all plants o f 400 MW(e) and greater and the numbers in parentheses 
are the means o f all plants in the US given by the US Department of Energy’s 
Energy Information Administration for 1978 [21]. One notes that the figures 
for nuclear plants are much lower than the numbers given by the US Nuclear 
Regulatory Commission in their reports on the numbers o f persons exposed 
to radiation at nuclear plants, for example, Ref.[28].

3.3. Oil and gas fuel cycles

Table VII shows some o f the similarities and some o f the differences in 
oil and gas exploration drilling injuries and illnesses in reports from the Bureau 
o f Labor Statistics [29, 30], the National Safety Council [31 ], the Louisiana 
Department o f Labor [32], the American Petroleum Institute [33], the US 
Coast Guard [34] and the International Association of Drilling Contractors [35]. 
Table VIII summarizes the occupational health risks o f  the gas fuel cycle per 
GW(e) a and Table IX those of the oil fuel cycle per GW(e) - a; the upper 
figures at each step in the fuel cycle are the numbers used by the author at the 
3rd Life Sciences Symposium held in 1980 [16]. The lower figures are based
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FIG.5. Comparison o f  aggregated risk from  nuclear and coal fuel cycles, normalized to a 
1000 MW(e) power plant with a 65% capacity factor. The shaded areas are proportional 
to deaths per year in the United States o f  America for each component o f  the two fuel 
cycles [8, 1 6 \

on Bureau o f Labor statistics and other reports, and the power plant figure 
on the 1978 Energy Information Administration report [27]. The figures of 
man-years per GW(e) a are obviously changing.

3.4. Comparisons, boundaries and uncertainty

Figure 5 compares two power plants, each capable o f producing 1000 MW 
o f electricity with a 65% capacity factor. One is a typical nuclear power plant, 
the other a coal-fired plant [8]. The areas in the figures are proportional to 
deaths per year in the US for each component o f  the two fuel cycles. Uncertainty 
is not indicated in the figure but can be found in the original references.

Figure 5 raises several questions that need further consideration. It covers 
direct fuel cycle effects only: mining, transport, processing and electricity 
generation. This immediately raises the question o f the appropriate boundary 
o f study and how to assess indirect effects, a topic dealt with in sub-section 4.1. 
Comparisons between energy sources must use consistent boundaries. Figure 5, 
as a summary, necessarily aggregates occupational and public deaths. This 
ignores any differences in loss o f life expectancy associated with different 
causes o f  death. It also necessarily aggregates on an actuarial basis the effects 
of rare catastrophic accidents. All these require separate definition and, 
some might argue, separate treatment and consideration. As already indicated, 
the figure gives no indication o f uncertainty.
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FIG. 6. Comparison o f  occupational and public health risks from  nuclear and coal fuel 
cycles, normalized to a GW( e) a  o f  electricity generation. The shaded areas are proportional 
to deaths per year in the United States o f  America for each component o f  the two fuel 
cycles. Uncertainty in air pollution effects on public health from coal power generation 
is indicated by the unshaded area, the most likely estimate being 15 deaths with a range 
o f  0 to 77 deaths.

Figure 6 is a similar comparison o f the impacts o f coal and nuclear technologies 
given on the basis o f  deaths per GW(e) • a with the occupational and public health 
effects disaggregated. This figure gives an idea o f the uncertainty o f the 
air pollution effect on public health associated with the coal power plant. The 
mean and most likely estimate gives a total o f  15 deaths, with a range of 
0 to 77 deaths. To put these numbers in perspective, if  one takes 3 million 
people as the average population within 50 miles o f a GW(e) plant — and this 
is the actual average population for all power plants in the US — then from 
the BNL air pollution matrix one-fifth o f the 15 deaths would be in this 
population, i.e. three deaths. Since roughly 1% o f the population dies each 
year one would expect a total o f 30 000 deaths annually from all causes, so 
one is talking about a possible three deaths attributable to this coal plant out 
o f 30 000.
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4. USE OF INPUT-OUTPUT ANALYSIS FOR COMPARATIVE
RISK ASSESSMENT

4.1. Background

For comparison o f conventional fossil and nuclear technologies, where 
most o f  the health damage is associated with fuel supply and conversion, 
the RES approach was satisfactory. For comparisons o f some renewable 
technologies not having direct fuel impacts (e.g. photovoltaics) it is necessary 
that the analysis includes the health impacts associated with materials supply, 
construction, etc. Extensions o f  the RES to the materials supply systems have 
been developed [13, 36—39].

As long as analysis relies on tracing sequential activities, an explicit cut-off 
point must be chosen as a boundary beyond which further activities are 
assumed to be related so indirectly to the actual process o f  supplying energy 
that they can be ignored. Choice o f an appropriate boundary for analysis is 
necessarily somewhat arbitrary. One can avoid this dilemma largely but not 
entirely by use o f  input-output risk accounting, which is a method o f assessing 
system-wide economic impacts o f technologies and converting these economic 
impacts into estimates o f  occupational and public health damage. It expands 
analyses to the entire economic system, but at some loss o f the detail needed 
to assess health damage; it was developed in response to criticisms that many 
risk-accounting methods include only part o f the total impacts attributable to 
a technology and many times treat different technologies inconsistently. The 
method is based on economic input-output models which trace throughout 
the economic system total dollar flows created by demands from energy 
technologies for goods and services. The technologies are assumed to purchase 
goods and services for component fabrication, plant construction, lifetime 
operation and maintenance, and decommissioning. These purchases generate 
inter-industry flows o f  dollars for goods and services (the input-output model) 
as required to produce the necessary end products. Dollar flows are converted 
by industry first to labour requirements and then to occupational accidents 
and fatalities using national statistics (Fig.7). Similarly, public health impacts 
are estimated using national statistics on the pollutants emitted by industry.

4.2. Method

Details o f  this approach have been described [7, 13, 40, 41 ]. To generate 
system-wide impacts o f producing and operating energy technologies easily 
and well, some sacrifices in other capabilities o f the method have been made by 
BNL. One such sacrifice is in the specificity o f the data used. The BNL 
input-output model has 110 sectors, many o f which are much more aggregated
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than one would prefer for health risk analysis. Also, the occupational health 
statistics compiled by the Bureau o f Labor Statistics are aggregated in ways 
that are less than ideal for our purposes; their statistics on coal-mining, for 
example, disaggregate anthracite, bituminous and lignite mining, but do not 
distinguish between surface and deep mining, the variable most significant for 
health impact. Similarly, all other mining is aggregated so that health impact 
statistics for uranium mining are the industry average for all non-coal-mining.

Because o f the way in which the risk-accounting method is designed, and 
because o f  limitations imposed by the level o f  aggregation o f the BNL input- 
output model, what are called ‘direct’ impacts o f an energy technology differ 
from those produced by other estimation methods. ‘Direct’ impacts estimated 
by this method include not only those of operating the technology but also 
those o f  fabricating technology components and constructing and decommissioning 
the facility. The extent to which technology fabrication requirements extend 
back into the supply system depends on the level o f  disaggregation o f the 
input data used and the nature o f the fabrication and construction process.
The data used at BNL for coal and nuclear fuel cycles are disaggregated to the 
same level for all stages o f  the fuel cycle. Each, for example, contains primary 
iron and steel products and fabricated structural steel products. Other data 
sets, however, are not always disaggregated to this level. Some may assume 
that no steel fabrication is done during construction and that all steel components 
are bought ready to use. For some technologies this may be the case, for 
others this may be a simplifying assumption. The result is that it is not always 
clear exactly how far back into the materials and component supply system the 
analysis o f ‘direct’ impacts has gone. For this reason, caution is recommended 
in comparing estimates o f ‘direct’ impacts estimated by the risk-accounting 
method with those o f other methods. The risk-accounting method was 
specifically designed to estimate system-wide impacts; it incidentally can 
estimate the direct impacts o f the input data (not the technology) which may 
or may not be in a form yielding results comparable to other methods. The 
primary value of the ‘direct’ impact estimate is to illustrate the relative importance 
of indirect impacts throughout the economic system which are not normally 
included in other methods.

Indirect health and. environmental impacts are those produced throughout 
the economy in meeting demands for goods and services from energy technology.
If the technology requires a generator, then the industry producing the generator 
must procure insulated copper wire, the wire company must buy plastic for 
insulation, the plastic company must buy petroleum feedstock, etc. Several o f  
these industries may well require generators, and so the cycle is repeated. 
Input-output models are specifically designed to describe such cost pyramids of 
industrial support.
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Even components that must be specially made during construction are 
assumed to be ‘bought’ from the existing system. On this assumption, the 
input-output model generates the total flow of dollars generated by fabrication, 
construction, operation, maintenance and decommissioning o f any energy 
technology. The total dollar flow by industry is then converted to estimates 
o f system-wide occupational health and environmental impacts.

4.3. Caveats

An inescapable yet shaky assumption in the analysis is that inter-technology 
demand coefficients stay constant. These coefficients do not remain constant 
over the long term, of course, but usually change slowly enough to justify use 
o f the method in the short term. The coefficients in the BNL input-output 
model were estimated by projecting current trends to 1985.

Given the present rapid change in the cost o f energy and likely responses 
to that cost in industry, extrapolation o f trends over the last 10 years or so 
is probably inaccurate. Analysis o f renewable energy technologies using these 
extrapolations is especially questionable, since emergence o f these technologies 
will affect the technology mix o f both the energy system and industry. All 
is not befogged, however. The purpose o f the risk-accounting method is to 
provide a way to compare different technologies under similar conditions and

TABLE X. SYSTEM-WIDE OCCUPATIONAL HEALTH AND SAFETY RISKS 
OF A REPRESENTATIVE COAL FUEL CYCLE

Technology

Labor
Accidents & 

Illness Fatalities Net Riska

(100 MY/ 
1012 Btu)b

(WDL/
1012 Btu)c

(WDL/ 
100 MY)

(Deaths/ 
1012 Btu)

(Deaths/ 
100 MY)

(WDL/ 
100 MY)

(Deaths/ 
100 MY)

Eastern Strip Mine 0.20 17. 87. 0.0028 0.014 23. 0.0063

Mixed Coal Train 0.24 21. 88. 0.0033 0.014 24. 0.0063

Coal-fired Power Plant 0.51 48. 93. 0.0068 0.013 29. 0.0053

Wellman-Lord Scrubber 0.25 22. 88. 0.0032 0.013 24. 0.0053

TOTAL 1.20 108. 90. 0.0160 0.013 26. 0.0053

8 Com pared w ith J978  industry-w ide averages o f  64  W DL/100 MY and 0 .0077  dea th s/1 0 0  MY. 

b MY = man-years. 

c WDL = w orker-days lost.
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TABLE XI. SYSTEM-WIDE OCCUPATIONAL HEALTH AND SAFETY RISKS 
OF A REPRESENTATIVE NUCLEAR FUEL CYCLE

Technology

Labor
Accidents & 

Illness Fatalities Net Risk3

(100 MY/ 
1012 Btu)f

(WDL/
1012 Btu)c

(WDL/ 
100 MY)

(Deaths/ 
1012 Btu)

(Deaths/ 
100 MY)

(WDL/ 
100 MY)

(Deaths/ 
100 MY)

Surface Uranium Mine 0.041 3.1 75. 0.00038 -0.0092 , И 0.0015

Uranium Mill 0.028 2.3 83. 0.00045 0.016 19 0.0083

Uranium Conversion 0.0089 0.79 89. 0.00014 0.016 25 0.0083

Uranium Enrichment 0.11 11. 94. 0.0020 0.018 30 0.010

LWR Fuel Fabrication 0.022 2.1 95. 0.00022 0.0099 31 0.0022

LWR Power Plant 0.39 37. 94. 0.0052 0.013 30 0.0053

Spent Fuel Reprocess. 0.013 1.2 89. 0.00017 0.013 25 0.0053

Waste Disposal 0.045 4.3 96. 0.00044 0.0097 32 0.0020

TOTAL 0.66 62. 94. 0.0090 0.014 30 0.0063

a Com pared w ith 1978 industry-w ide averages o f  64  W D L/100 MY and 0 .0077  dea ths/100  MY. 

b MY = m an-years. 

c WDL = w orker-days lost.

assumptions. However, the input-output model, accurate or inaccurate, 
provides a consistent economic model in which to examine inter-technology 
differences and, for that matter, long-term trends. While the absolute magnitudes 
o f impact estimates may be affected by the specifics o f  the input-output model, 
the differences among technologies are less likely to be affected in magnitude 
and are unlikely to change in direction.

The figures do not include health effects to the public or occupational 
diseases with long latent periods which are not well covered in the Bureau of 
Labor Statistics rates.

4.4. Applications: coal, nuclear and renewable energy technologies

The coal fuel cycle analysed in Table X includes an eastern surface mine, 
a mixed coal train, a standard coal-steam electric plant, and an S 0 2 scrubber.
The scrubber is separate from the plant because that is the way the input data 
were presented. The nuclear fuel cycle includes surface mining, milling, conversion,
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TABLE XII. OCCUPATIONAL HEALTH RISKS OF RENEWABLE AND 
CONVENTIONAL ENERGY TECHNOLOGIES (per 1012 Btu ( 109 J) output)

Technology 100 MYa WDLb 100 MY Cases 100 MY

Direct

Central station photovoltaics 1.5 n o 75 0.013 0.0086
Central station wind 1.1 120 110 0.0097 0.0090
Anaerobic sludge digestion 0.58 58 100 0.014 0.024
Wood pyrolysis 0.25 44 180 0.0018 0.0072
Passive solar heating 0.72 64 89 0.0080 0.011
Active solar heating 1.8 170 95 0.024 0.014
Active solar hot water 1.6 150 97 0.034 0 .021
Active solar heating & cooling 2.5 220 88 0.031 0 .0 1 2
Active solar process heat 1.6 150 94 0.021 0.013
Residential photovoltaics 8 .1 610 75 0 .1 0 0.013
Residential wind 5.3 630 120 0.046 0.0087
Residential wind with

battery storage 6 .6 610 93 0.054 0.0083

Coal-steam electric fuel cycle 0.70 64 91 0.011 0.015

Nuclear fuel cycle 0.36 35 97 0.0054 0.015

Systemwide

Central station photovoltaics 2.7 210 79 0.023 0.0086
Central station wind 2 .0 200 100 0.018 0.0089
Anaerobic sludge digestion 0.83 78 94 0.017 0 .0 2 0
Wood pyrolysis 0.55 78 140 0.0047 0.0085
Passive solar heating 1.4 110 83 0.015 0.011
Active solar heating 3.7 330 89 0.044 0 .0 1 2
Active solar hot water 2 .2 210 92 0.041 0.018
Active solar heating & cooling 5.2 440 85 . 0.057 0.011
Active solar process heat 2 .8 250 88 0.033 0 .0 1 2
Residential photovoltaics 15 1200 78 0.17 0 .0 1 2
Residential wind 10 1000 100 0.087 0.0086
Residential wind with

battery storage 13 1200 88 0.11 0.0084

Coal-steam electric fuel cycle 1 .2 110 90 0.016 0.013

Nuclear fuel cycle 0.67 61 92 0.009 0.014

Labor Illness & accidents Fatalities
WDL/ Cases/

3 MY = man-years. 

b W DL= worker-days lost.
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enrichment, fuel fabrication, LWRs, reprocessing and high-level waste disposal 
(Table XI) [42]. The output required from each stage to produce 1012 Btu o f  
electricity was calculated back through the cycle by applying energy transfer 
efficiencies.

Table XII and Figs 8 [43] and 9 summarize the direct and system-wide 
occupational health and safety impacts of 12 renewable energy technologies 
and o f the coal-steam electric and nuclear fuel cycles. Indirect impacts range 
from one-third to two times direct impacts. Both total effects and risks to 
individual workers are included. The direct occupational effects o f the coal-steam 
electric fuel cycle and nuclear fuel cycle are very similar, although the total 
occupational impacts are lower in the nuclear cycle. This reflects the fact that 
these two technologies are well developed and usually large scale. In contrast, 
the renewable energy technologies are small scale and at an early stage in 
development. One could reasonably expect the occupational impacts of 
renewable energy technologies to decrease as their deployment matures. Although 
wood pyrolysis is the least costly in terms o f total occupational health impacts, 
it is the most risky with respect to individual worker safety. The safest technology 
for individual workers is residential photovoltaics, which has high total impacts 
because o f a large work force.

Only three o f the renewable technologies have fewer occupational impacts 
per unit output than the representative coal fuel cycle, and only one has a 
lower individual risk. Only one o f the renewable technologies has fewer 
occupational impacts system-wide than the nuclear fuel cycle. In general, 
renewable technologies have higher total occupational impacts because they 
are more materials and labour intensive per unit output. The renewable 
technologies included in this assessment fall into three categories o f occupational 
health impact. The lowest category contains wood pyrolysis, anaerobic sludge 
digestion and passive solar domestic heating. Impact estimates for the first two 
are probably artificially low because they do not include end-use devices. Passive 
solar heat thus stands alone as the safest with respect to total occupational 
health impacts. The highest impact category includes residential photovoltaics 
and wind systems. These technologies are highly labour and materials intensive 
per unit energy delivered. The remaining technologies comprise a middle 
category. With respect to total occupational health impacts, this middle 
category is about twice as risky as the representative coal fuel cycle.

Centralized systems in general have fewer impacts than decentralized 
systems. An obvious explanation is that decentralized technologies are materials 
intensive. The exception is passive solar, whose low risk reflects the small 
increase in materials required for passive solar structures. These systems principally 
involve improvements in building design rather than use o f specialized or 
additional materials. Thus, both total risk and individual risk are low.



824 HAMILTON

о
S

t- 5O UJ UJ H-q: 
о

00 if) 0 - 5
°. °, b  W IÍ) о  о 

о  о о  о 
о  о

оо
?

ш о > 2
(Л <  ^  о  <ш. zr
0- X < о

« 2  З е
1 J  О 1  ° ш  J О со<л
__ШШ *£>о к к > о > 5tr о

2 2 2 О i- О . .UJ— UJI иСС О Ои ?  о  а. < о. < х

FI
G

. 8
. 

D
ire

ct
 

ve
rs

us
 

sy
st

em
-w

id
e 

oc
cu

pa
tio

na
l 

.fa
ta

lit
y 

ris
k 

fro
m 

re
ne

wa
bl

e 
en

er
gy

 
te

ch
no

lo
gi

es
 

[1
6,

 4
1,

 4
3]

.



IAEA-CN-42/504 825

¡ ¡ ¡ ¡ ш
¡DIRECT
%%%%%?

SYSTEM-WIDE

A___________ A__________ A--------------------A
0  0 .0 0 5  0.01 0 .015

DEATHS PER I0 12 BTU

FIG. 9. Direct versus system-wide occupational fatality risk from  nuclear and coal fuel cycles.

Some care must be used when using the data presented here, since not all 
o f the technologies produce energy in similar form. Wood pyrolysis and sludge 
digestion produce gas, and end-use devices to burn gas are not included here. 
This undoubtedly explains why these technologies show such low impacts.
Many solar technologies produce relatively low-grade heat which is used 
directly. The remainder produce electricity which must be converted in an 
end-use device.

Direct impacts tend to be dominated by operation and maintenance, 
especially labour. System-wide impacts show the same pattern but to a lesser 
degree. Material requirements are also important to system-wide impacts.
The only consistent pattern o f impacts by the economic sector is the uniformly 
high importance o f  the primary energy supply sectors (coal-mining and crude 
oil and gas extraction) in total occupational health impacts. For the renewable 
technologies included in this assessment 24% of these impacts are in primary 
energy supply sectors. This agrees well with Whipple [44], who finds that the 
total energy requirements for producing solar energy devices are a significant 
portion of their direct energy production. Much o f this primary energy con
sumption is use of coal by the steel industry. In any event, it is crucial to 
bear in mind that at this stage in the development o f the risk-accounting method 
for analysis o f health and environmental effects in the energy industry one is 
comparing only occupational health impacts. Public health and important 
environmental effects remain to be analysed. Moreover, even though there 
is much variation in the total occupational impacts, depending mainly on 
variations in labour intensity o f the technology, the risk to the individual 
worker o f  illnesses, accidents and fatalities does not vary much. The individual
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FIG. 10. System-wide occupational health and safety risks o f  renewable energy technologies 
and the coal and nuclear fuel cycles; system-wide total risk compared with risk per 
worker (WDL = worker-days lost, M Y = man-years).

worker would rather be gainfully employed than unemployed and is concerned 
primarily with his own risk, not total societal risk [16].

Figure 10 shows the relationship between system-wide occupational risk 
o f the renewable energy technologies compared with those of a representative 
coal-steam electric and a nuclear fuel cycle. None o f the renewable energy 
technologies has a lower system-wide total risk (i.e. worker-days lost per 
1012 Btu) than nuclear; the risk per worker (i.e. worker-days lost per 
100 man-years) are all similar for nuclear, coal and the renewable energy 
technologies.

5. FUEL-WOOD

Clearly, the health effects o f different energy sources depend directly on 
the quantity and type o f use, which varies greatly according to geography.
Figure 11 shows the share o f fuel-wood in the total energy consumption of 
various countries and global regions. Fuel-wood is the fourth largest contributor 
to the world’s energy supplies after petroleum, coal and natural gas. Close to 
half the world’s population, especially those living in both rural and urban
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FIG. 12. Comparison o f  health effects o f  wood, oil and coal supplying space heat for  
1 million dwelling-years (6 X 101 GJ heat or 8.8 X lCP GJ wood input at 69% efficiency) [46].
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FIG.13. Equivalent individual risk o f  death, by cause, from  40 years’ operation o f  a 
residential wood stove [5, 4 6 \

areas o f developing countries, depend for cooking and heating on fuel-wood, 
its derivative charcoal or, in the absence o f  either o f these, on agricultural 
residues or dung. Fuel-wood constitutes more than half o f the world’s con
sumption o f wood, rising to 86% in developing countries and 91% in Africa [45].

Studies by BNL o f the health effects o f fuel-wood use in the US were 
based on the health effects o f supplying a unit amount o f energy (e.g. that 
needed to provide heat for 106 dwelling-years). Health effects were estimated 
in gathering, transport and combustion stages [46]. Oil and coal alternatives 
were scaled from earlier work (Fig. 12) [8]. Nuclear fuel cycles would have 
approximately one-tenth the impact of coal-steam electric cycles. Figure 13 
brings these rather abstract estimates down to the level o f an individual. BNL 
calculated the total risk for a single dwelling unit as though faced by a single 
individual. The risk o f death to this individual associated with the gathering, 
transport and burning o f wood as the sole source of heat for his home over 
40 years is expressed graphically as the volume of a cluster o f  cubes. The 
total risk for the whole period is ~0.2%. This can be compared with the risk 
o f death in an automobile accident during the same period o f ~1% [8].
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Risk assessment seeks to improve decision making for policy makers and 
the public. Analysis o f health risks from energy recognizes the huge gaps in 
current knowledge and tries to assess their importance. Decisions about 
future energy supplies must be made despite uncertainties over effects; risk 
assessment helps make good choices.

The results of a recently .completed study o f trans-boundary pollution 
between the US and Canada in terms of population exposure to sulphate 
indicate that the contributions o f each country to the other are similar 
(94 million гпап'/ig/m3 from the US to Canada and 62 million man -jug/m3 
from Canada to the US).

The median nation-wide population exposure to sulphate from coal plants 
in the US is 22 man-/ug/m3 per tonne S 0 2 annual emission, o f which the 
long-range exposure (greater than 80 km) is five times that o f local exposure. 
Models developed earlier to predict coal-mining accidents are validated by 
actual 1980 statistics.

An estimate o f 0.1 deaths per GW(e) a for reactor accidents is derived. 
This is in line with the suggestion o f the United States Nuclear Regulatory 
Commission and the Electric Power Research Institute review groups, 
although it is lower than the 2.4 deaths per reactor-year estimate o f the 
Union o f Concerned Scientists.

Health damage to the individual from both coal and nuclear energy is 
extremely small when they are well controlled.

From input-output analysis, the risk per worker is currently similar for 
coal, nuclear and most renewables. Indirect effects range from one-third 
to two times direct effects. None o f the renewable technologies has a lower 
total impact than nuclear. Renewables are generally small scale and at an early 
stage o f  development; their impacts per unit production are expected to 
decrease as the technologies mature.

No single method o f comparative risk assessment in the energy industry 
is fully satisfactory by itself; each has its limitations. One needs to compare 
several methods if one is to improve the decision-making base for policy 
makers and the public.

Energy risk analysis has not yet progressed to the point that biological 
damage mechanisms are well enough understood, but by statistical associations 
degrees o f impacts can be estimated. Progress has been made in understanding 
how to compare multiple alternatives for energy generation and use. As these 
efforts continue, it becomes increasingly likely that the fruits o f this discipline, 
entering into the public consciousness, will influence decision makers.

6. C ONCLUSIONS
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SUMMARY OF DISCUSSION

(Summary o f Panel discussion and of discussion on the papers in the 
preceding Plenary Session)

A question arose regarding justification for the very large efforts being 
expended today to reduce radon emanations and other effluents from uranium 
mill tailings. Although the major contribution to the collective dose is from 
mining and milling in the nuclear fuel cycle, it is still quite small compared with 
the effects of coal and also in relation to other harms faced by mankind 
(paper IAEA-CN-42/504). The answer to this question was that rationally there 
is no justification other than intervening when mill tailings are used to build a 
house. One should calculate the risk o f these long-lived radionuclides by calculating 
the risk of any individual accumulating 70 years o f dose to a target organ and then 
estimate the chance o f his getting cancer as a result of this exposure. The risk is 
10“  times smaller than the risk o f  getting cancer from natural background 
radiation during the same period of exposure. The difficulty is that the general 
perception o f mill tailings is totally unrealistic and has no relation to the risk.

Regarding the significance of small risk, the key point is that if  it is small 
enough to be acceptable to any single individual now or in the future then it could 
be considered as acceptable to all. This may or may not be so, depending on how  
it .is considered. For example, someone may say that he has bought a television 
set for US $2 million. Everyone who hears this will say that it is unjustified. 
However, the person may say that he had been able to buy it by collecting one 
cent from each American citizen. This is certainly an insignificant sum and thus 
acceptable to every citizen but it would still not make the price justifiable or
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acceptable. It would be acceptable to every individual but the overall impact 
would not be justifiable. UNSCEAR calculations take into account the overall 
impact, which is a much more reasonable approach.

Concerning the probability of health detriments, WASH-1400 estimates the 
number of cancer deaths per GW a as 0.02. This estimate was derived by multi
plying the consequence with the probability. Rasmussen was criticized for not 
having paid enough attention to uncertainties. The approach used in paper 
IAEA-CN-42/504 was to increase the uncertainties by an order o f magnitude and 
multiply the 0.02 by 5 up or 5 down. It could be five times less, which is what 
the Lewis committee reported; it was a very conservative estimate. After the 
Rasmussen report the BEIR-III report appeared in which it was made clear that 
the numbers obtained using the linear quadratic function would be very much 
lower than 0.02.

In estimating the detriment there is no point in calculating the risks of any 
form of activity over periods that are greater than that of a single human lifespan,
i.e. an average of 70 years. A misleading impression would be formed if  integration 
were carried out over greater periods as people do not accumulate doses when they 
are dead. The estimates need to be realistic. The question still remains: what 
about other generations who accumulate radiation doses?

Regarding the probability of accidents, WASH-1400 considered the reactors 
of today. A distinction must be made between present reactors and reactors of 
the future. Current thinking is that the probability o f accident according to 
Rasmussen is rather optimistic. There are other studies that seem to show that 
a factor of 5 to 10 is justified (paper IAEA-CN-42/504). Keeping in view future 
nuclear power plants, which will be well controlled, there is an agreement that the 
consequences considered in WASH-1400 are probably overestimates for the 
sequences for given probabilities, i.e. sequences for the most probable accidents.
If one considers in a realistic manner the consequences that will develop slowly, 
releases of iodine and caesium will be lower than those taken into consideration 
in WASH-1400. It is important to note that it is quite likely that the source 
term in these accidents would be smaller than the source terms that were 
estimated at that time. It is also quite likely that the formation of Csl, which is 
soluble, would reduce the liberation of both caesium and iodine.

On the issue of considering reprocessing and fast breeder reactors as opposed 
to no recycling, it is clear that if  the need for uranium mining is reduced then the 
dose contributions from mill tailings will also be reduced. In this respect 
reprocessing and fast breeder reactors would very clearly reduce enormously the 
dose contributions from mill tailings. If short-term contributions only are 
considered then the impact is o f the same order of magnitude in both options.
If long-term doses are considered, as in the UNSCEAR approach, it would be an 
enormous advantage to go over to fast breeder reactors as far as the reduction of 
doses is concerned. The net risk of underground uranium mining is greater than
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other average occupational risks. An underground coal-miner in the United States 
of America (working for 30 years) has a 2% probability of death. The average 
US citizen who does not drive his car very many hours over the same period has 
just slightly less than half that probability o f death. If he should drive his car for 
the equivalent period the probability o f death would be very much greater than 
in underground mining. When taking policy actions one must be a little cautious 
that miners are overly exposed to hazards.

In the USSR the total electricity production at present is 1.4 X 1012 kW-h. 
Nuclear energy represents 10% of this figure and the remaining 90% is produced 
by thermal and hydroelectric power stations. Regarding radiation and non
radiation effects, releases from thermal power stations are much greater than those 
fiom nuclear power stations. One may think that hydroelectric or solar power 
stations are free from environmental disadvantages, but this is not true. Large 
water reservoirs have to be constructed for hydroelectric power stations; for 
example, the Kujbishevskaya hydroelectric power station has a reservoir with 
a volume of 58 X 109 m 3. This reservoir uses up a great deal o f agricultural land, 
forests and populated areas. In addition, there is a shallow water area of 17 000 km2 
which produces algae and seaweed, reduces the self-cleaning mechanism and reduces 
fish breeding even in areas connected to the shallow water areas. So to produce 
hydroelectricity many resources are used up. Even more serious problems arise in 
producing electricity from solar energy. Calculations have shown that in the USSR 
the total solar energy capacity would be 1000 MW, i.e. the equivalent of one 
nuclear power station. This would require 60 000 to 70 000 km2 of mirrors in 
order to capture solar energy. From the viewpoint o f capacity and labour, solar 
power is worse by a factor of two than conventional energy sources. Moreover, 
solar power plants will require a considerable amount of raw materials, enrichment, 
manufacture of equipment, etc. Therefore, o f the four ways o f  obtaining 
electricity the best for man and the environment in the USSR is nuclear power.

A controlled thermal power plant or a controlled nuclear power plant 
presents practically no environmental effects, but there are very serious environ
mental problems with existing thermal power plants. A most disturbing matter 
is the tendency to retain these old plants. In new plants it is possible to avoid the 
problems and this can be used as an argument for building new plants rather than 
retaining the old ones. Of course, there is the C 02 problem, on which more 
work has still to be done.

The heat releases from nuclear and conventional power plants are almost 
the same. One-third of the heat is used for electricity production and work is 
being carried out in different countries as to how to use the remaining two-thirds 
in various economical ways. Regarding wastes and the release o f  chemicals, 
conventional power plants present more problems than do nuclear power plants.

The effects of radioactive releases are known in nuclear power plants, but 
there is very little knowledge o f  the effects o f chemical pollutants released from
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thermal power plants. Given certain margins o f uncertainties detriments can be 
estimated and on average will be in agreement with the results given in paper 
IAEA-CN-42/504. The results of health impacts, deaths in particular, can be 
considered comparable whatever the source may be. One may even consider that 
producing electricity is no greater a risk than consuming it. Matters should be put 
into proper perspective.

Uncertainties exist in all calculations o f the effects o f radioactive or chemical 
releases. There are different opinions as to which area has more uncertainties.
Some are o f the opinion that uncertainties in the area o f non-radioactive pollutants 
are greater than those o f radioactive pollutants. Mankind has evolved in the 
framework of natural background radiation which can vary substantially. It is well 
known that there is a repair mechanism in the cell that could take care of some of 
the effects o f  variations in the levels o f radiation in the background range. In 
any event, there are uncertainties about the health effects of radiation-induced 
lesions, and these may even be greater than those o f  the effects of chemical 
pollutants from thermal power stations.

Environmental impact assessment o f the development of any energy programme 
is now a growing interest in many parts o f the world, particularly in Asia, Latin 
America and Africa. Sometimes countries, mainly in the developing world, do not 
use the best source of energy but rather the most readily available. The World 
Health Organization has received many requests to help develop guidelines on 
environmental impact assessment and how to carry it out economically, i.e. not by 
producing big reports but by outlining the kind o f factors necessary in such 
assessments. A number of workshops have been and are being organized to deal 
with this.

Radiation doses that people are receiving now or will receive in the future 
as a result o f present actions, as mentioned in papers IAEA-CN-42/503 and 504 will, 
in total, be of the order o f 300 man-Sv/GW-a. This means, again with the linear, 
non-threshold hypothesis implying 10 '2 cancers per man-sievert, that three cancers 
will occur over a period o f 10 000 years. The genetic damage over the same period 
may be of the same order. These assessments are based on very thorough calcula
tions. The figures may have uncertainties, but at least they give an estimate of the 
overall damage that can result from producing 1 GW a of electricity. It should 
also be made clear that induction of cancer from natural background radiation 
over the same period could be extensive. It is also fairly well known what damage 
is caused by not producing 1 G W a of electricity. Judgement should be made 
more reasonable by taking into account all such points.
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The following conversion table is provided for the convenience o f readers

FACTORS FOR CONVERTING SOME OF THE MORE COMMON UNITS 
TO INTERNATIONAL SYSTEM OF UNITS (SI) EQUIVALENTS

NOTES:
(1) SI base units are the metre (m), kilogram (kg), second Ы, ampere (A), kelvin (К), candela (cd) and mole (mol).
(2) ^  indicates SI derived units and those accepted for use with SI;

^  indicates additional units accepted for use with SI for a limited time.
[F or fu r th e r  in fo rm a tio n  see  th e  c u r r e n t  e d it io n  o f  T h e  In te rn a tio n a l S y s te m  o f  U n its  (S I), p u b l is h e d  in  E n g lish  b y  H M SO , 
L o n d o n , a n d  N a tio n a l B u rea u  o f  S ta n d a rd s , W a sh in g to n , D C . a n d  In te rn a tio n a l S ta n d a rd s  ISO -IOO O a n d  th e  
sev era l p a r ts  o f  IS O -3 1 , p u b l is h e d  b y  ISO , G eneva . ]

(3) The correct symbol for the unit in column 1 is given in column 2.
(4) <£ indicates conversion factors given exactly; other factors are given rounded, mostly to 4 significant figures:

=  indicates a definition of an SI derived unit: [ ] in columns 3+4 enclose factors given for the sake of completeness.

C o lu m n  1

Multiply data given in:
C o lu m n  2 C o lu m n  3

by:
C o lu m n  4

to obtain data in:

Radiation units 
^  becquerel 

disintegrations per second (= dis/s)
1 Bq
1 s_I

(has dimensions o f s" 1 ) 
1.00 X 10° Bq *

>  curie 1 Ci = 3.70 X 1010 Bq *
>  roentgen 1 R [= 2.58 X 10 -4 C/kg] *
►  gray 1 Gy 1= 1.00 X 10° J/kg ] *
>  rad 1 rad = 1.00 X 10-2 Gy *
►  sievert (radiation protection only} 1 Sv I * 1.00 X 10° J/kg ] *
>  rem (radiation protection only) 1 rem = 1.00 X 10 ' 2 Sv *

Mass
►  unified atom ic mass u n it ( i i  o f the mass o f 12C) 1 u [= 1.660 57 X 10 ' 27 kg, a pprox .]

^  tonne (*  m etric ton) 1 t 1= 1.00 X 103 kg] *

pound mass (avoirdupois) 1 Ibm = 4.536 X 10_l kg

ounce mass (avoirdupois) 1 ozm = 2.835 X 101 g
ton (long) (= 2240 Ibm) 1 ton = 1.016 X 103 kg

ton (short) (= 2 0 0 0  Ibm) 1 short to r1 = 9.072 X 102 kg

Length
statute mile 1 mile = 1.609 X 10° km

>  nautical mile (international) 1 n mile = 1.852 X 10° km *

yard 1 yd = 9.144 X 10 ' 1 m *
fo o t 1 f t = 3.048 X 10‘ ‘ m *
inch 1 in 2.54 X 10' mm *
mil (= 1 0 '3 in) 1 m il - 2.54 X 10 ' 2 mm *

Area
>  hectare 1 ha 1 = 1.00 X 104 m 2] *

>  barn (effective cross-section, nuclear physics) 1 b [ - 1.00 X 10 ' 28 m 2 ] *

square m ile, (statute m ile ) 2 1 m ile2 = 2.590 X 10° km 2

acre 1 acre = 4.047 X 103 m 2

square yard 1 yd 2 = 8.361 X 10" 1 m 2
square fo o t 1 f t 2 = 9.290 X 10-2 m2

square inch 1 in 2 = 6.452 X 102 m m 2

Volume
►  litre 1 1 or 1 L [ = 1.00 X 10 ' 3 m3] *

cubic yard 1 yd 3 = 7.646 X 10~' m 3

cubic fo o t 1 f t 3 = 2.832 X 10 -2 m 3

cubic inch 1 in 3 = 1.639 X 10" m m 3
gallon (imperial) 1 gal (UK) = 4.546 X 10 -3 m 3

gallon (US liqu id) 1 gal (US) = 3.785 X 10 -3 m 3

T h is  ta b le  has been p re p a re d  b y  E. R .A . Beck fo r  use b y  th e  D iv is io n  o f  P u b lic a tio n s  o f  th e  IA E A .  W h ile  eve ry  e f f o r t  has 
been m ade  to  ensure  a c c u ra c y , th e  A g e n c y  c a n n o t be  he ld  re s p o n s ib le  fo r  e rro rs  a ris in g  f r o m  th e  use o f  th is  ta b le .



C o lu m n  1

Multiply data given in:
C o lu m n  2 C o lu m n  3

by:
C o lu m n  4

to obtain data in:

Velocity, acceleration
foot per second (= fps) 1 ft/s = 3.048 X 10"1 m/s *
foot per minute 1 ft/min = 5.08 X 10'3 m/s *

Í4.470 X 10~‘ m/s
mile per hour (= mph) 1 mile/h

[1-609 X 10° km/h
>  knot (international) 1 knot = 1.852 X 10° km/h *

free fall, standard, g = 9.807 X 10° m/s2
foot per second squared 1 ft/s2 = 3.048 X 10"1 m/s2 *

Density, volumetric rate
pound mass per cubic inch 1 lbm/in3 = 2.768 X 104 kg/m3
pound mass per cubic foot 1 lbm/ft3 = 1.602 X 101 kg/m3
cubic feet per second 1 f t3/s = 2.832 X 10-2 m3/s
cubic feet per minute 1 f t3/min = 4.719 X 10"4 m3/s

Force
^  newton 1 N .= 1.00 X 10° m -kgs '1]#

dyne 1 dyn = 1.00 X 10"s N *
kilogram force (= kilopond (kp)) 1 kgf = 9.807 X 10° N
poundal 1 pdl = 1.383 X 10'1 N
pound force (avoirdupois) 1 Ibf = 4.448 X 10° N
ounce force (avoirdupois) 1 ozf = 2.780 X 10'1

Pressure, stress
^  pascal* 1 Pa [= 1.00 X 10° N/m2] *

atmosphere^, standard 1 atm = 1.013 25 X 10s Pa *
>  bar 1 bar = 1.00 X 10s Pa *

centimetres of mercury (0°C) 1 cmHg = 1.333 X 103 Pa
dyne per square centimetre 1 dyn/cm2 = 1.00 X 10~‘ Pa *
feet of water (4°C) 1 ftH20 = 2.989 X 103 Pa
inches of mercury (0°C) 1 inHg = 3.386 X 103 Pa
inches of water (4°C) 1 inHjO = 2.491 X 102 Pa
kilogram force per square centimetre 1 kgf/cm2 = 9.807 X 10“ Pa
pound force per square foot 1 Ib f/ft2 = 4.788 X 10‘ Pa
pound force per square inch <= psi)c 1 Ibf/in2 = 6.895 X 103 Pa
torr (0°C) (= mmHg) 1 torr = 1.333 X 102 Pa

Energy, work, quantity of heat
^  joule (= W*s) 1 J III © о X О

о N m ] *
►  electronvolt 1 eV [= 1.602 19 X 10' 19 J, approx.]

British thermal unit (International Table) 1 Btu = 1.055 X 103 J
calorie (thermochemical) 1 cal = 4.184 X 10° J *
calorie (International Table) 1 cal i t = 4.187 X 10° J
erg 1 erg = 1.00 X 10'1 J *
foot-pound force 1 ft - Ibf = 1.356 X 10° J
kilowatt-hour 1 kW h = 3.60 X 106 J *
kiloton explosive yield (PNE) (s  1012 g-cal) 1 kt yield =“ 4.2 X Ю12 J

3 Pa (g): pascals gauge *  atm (g) (= atü): atmospheres gauge 0 Ibf/in2 (g) (= psig): gauge pressure
Pa abs: pascals absolute atm abs (= ata): atmospheres absolute Ibf/in2 abs (= psia): absolute pressure



C o lu m n  1

Multiply data given in:
Column 2 Column 3 Column 4

by: to obtain data in:

Power, radiant flux
^  watt 1 W [=  1.00 X 10° J/s]

British thermal unit (International Table) per second 1 Btu/s = 1.055 X 103 W
calorie (International Table) per second 1 cal it/s = 4.187 X 10° W
foot-pound force/second 1 f t -Ibf/s = 1.356 X 10° W
horsepower (electric) 1 hp = 7.46 X 102 W
horsepower (metric) (= ps) 1 ps = 7.355 X 102 W
horsepower (550 ft - Ibf/s) 1 hp = 7.457 X 102 w

Temperature
►  kelvin
►  degrees Celsius, t

where T Is the thermodynamic temperature In kelvin 
and T„ Is defined as 273.15 К 

degree Fahrenheit 
degree Rankine 
temperature difference^

_K_____
t = T -  TÔ

t„F -  32 

T=r
ДТ.0 (=,

X I g I gives
t tin degrees Celsius) *  
T (in kelvin) *

ДТ (= At) *

Thermal conductivitŷ
1 B tu in /(ft2 s°F)
1 B tu /(fts °F )
1 calrr/(cm s°C )

(International Table Btu) 
IInternational Table Btu)

Miscellaneous quantities
litre per mole per centimetre (1 M/cm =) 1 L-mof* cm '1
(m o ta r  e x t in c t io n  c o e f f i c ie n t  o r  m o la r  a b so r p tio n  c o e f f i c ie n tt  

G-value, traditionally quoted per 100 eV
of energy absorbed 1 X 10-2 eV_1 =

(ra d ia tio n  y ie ld  o f  a  c h e m ic a l su b s ta n c e )

mass per unit area 1 g/cm2 [=
(a b so rb e r  th ic k n e s s  a n d  m e a n  m a ss  range)

5.192 X 102 W m "1 K"1
6.231 X 103 Wm~‘ ■ K"1
4.187 X 102 W-гтГ1 K"1

1.00 X 10~' m2/mol *

6.24 X 1016 J -

1.00 X 101 kg/m2] *

d  A temperature Interval or a Celsius temperature difference can be expressed In degrees Celsius as well as In kelvins.
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