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"Nuclear power is by its nature potentially dangerous.
Therefore, one must continually question whether the
safeguards already in place are sufficient to prevent major
accidents"
Report of the Presidents Commission on the Accident at Three
Mile Island, October 30, 1979

Svenska
kärnkraftanläggningar
Kokvattenreaktor eller BWR (Boiling Water Reactor)

Tryckvattenreaktor eder PWR (Pressurized Water Reactor)

För va/je reaktor anges nettoelef fek ten och årtal för kommersiell
¡drifttagning.

FORSMARKSVERKET
Forsmarks Kraftgrupp AB
Forsmark 1
970 MW 1980
Forsmark 2
963 MW 1981
Forsmark 3
1068 MW 1985

BRANSLEFABRIK - Västerås

SLUTFÖRVAR FÖR
RADIOAKTIVT
DRIFTAVFALL (SFR)

ABB ATOM
Här tillverkas bränsleelement och
andra hardkomponenter för svenska
och utländska reaktorer.

Svensk Karnbränslehantermg AB
Kärnkraftsindustrins slutförvar tor iag
och medeiaktivt avfall från reaktordrift. Även slutförvar för lágaktivt avfall från annan industri och sjukvård
1988

RINGHALSVERKET
Vattenfall
Ringhals 1
Ringhals 2
Ringhals 3
Ringhals 4

_L

750 MW 1976
800 MW 1975
915 MW 1981
915 MW 1983

STUDSVIK NUCLEAR
Studsvtk AB
Forskning, utveckling och demonstra
lion. Forskningsreaktor pä 50 MW
Förbränningsugn för lágaktrvt avfall
Irán industri, sjukvård och forskning
sedan 1976. Tillverkning av kompaktsimulatorer för utbildning och träning
av kraftverkspersonal.

UTBILDNINGSCENTRUM
I STUDSVIK
Kärnkraftsäkerhet och Utbildning AB
Kärnkraftverken driver här en gemensam skola för kontrollrumsoperatörers vidareutbildning och träning i simulatorer.

OSKARSHAMNSVERKET
OKGAB
Oskarshamn 1
Oskarshamn 2
Oskarshamn 3

442 MW 1972
60S MW 1975
1065 MW 1985

CLAB
BARSEBACKSVERKET
Sydkraft AB
Barsebäck 1
Barsebäck 2

600 MW 1975
585 MW 1977

Svensk Kårnbrånslehantering AB
Centrallager tör (mellanlagring av)
använt kärnbränsle. 1985

Summary
After the reactor accident at Three Mile Island, USA, the
Swedish nuclear power plants were equipped with filtered
venting of the containment. Many political decision makers
believe that this eliminates the risk for major releases of
radioactivity in case of a core melt accident in one of the
reactors.
It is obvious however from the official documents issued by
the Nuclear Power Inspectorate and the utilities that the risk
for major releases remains, even though the magnitude of the
release will be reduced for many types of accidents.
Several types of accidents can be identified where the
filtered venting has no effect on the radioactive release. The
probability for such accidents is hopefully very small. It is
not possible however to estimate the probability accurately.
Verification of the estimates by practical experience is not
possible and will not be possible within the lifetime of the
present nuclear power plants.
Experiences gained in the last years, which have been
documented in official reports from the Nuclear Power
Inspectorate indicate that the probability for core melt
accidents in Swedish reactors can be significantly larger than
estimated earlier. A probability up to one in a thousand
operating years can not be exluded.
There are so far no indications that aging of the plants has
contributed to an increased accident risk. Maintaining the
safety level with aging nuclear power plants can however be
expected to be increasingly difficult.
It is concluded that the 12 Swedish nuclear power plants
remain a major threat for severe radioactive pollution of the
Swedish environment despite measures taken since 1980 to
improve their safety. Closing of the nuclear power plants is
the only possibility to eliminate this threat.
It is recommended that until this is done, quantitative safety
goals, same for all the Swedish nuclear power plants, shall be
defined and strictly enforced. It is also recommended that
utilities distributing misleading information about nuclear
power risks shall have their operating licence withdrawn.
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The author is well aware that the time available for this
study was not sufficient for a complete independent review of
Swedish nuclear power plant safety. There are several issues
that had deserved a more rigourous treatment, either because
of their importance for assessment of the safety or in order
to give credit to the large efforts that have been done over
the years, and in particular after the Three Mile Island
accident in 1979, to improve the safety.
If we love nuclear power or not, we will have to live with it
for at least the next decade. The potential risks justify an
open debate about how long the nuclear era should be and what
should be done to minimize the risks. This report should be
considered as a contribution to this debate.

1.

INTRODUCTION

The consequences of a large release of radioactive fission
products from a nuclear power plant in Sweden are such that,
should such an accident happen, the introduction of nuclear
power would probably be regretted by most people, despite the
benefits that may have been gained from lower electricity
tariffs. It follows that the use of nuclear power in Sweden is
based on the assumption that no such accident will actually
happen before the nuclear power plants have been closed for
good.
The possibility for large accidents with nuclear power
reactors became obvious to the nuclear industry at an early
stage of the introduction of the technology. The industry and
the authorities reacted by introduction of detailed safety
regulations with the ambitious safety goal to make the
probability of large nuclear accidents so small that such
accidents in practice would never happen. Apparently convinced
that this goal could be achieved, nuclear power was introduced
at a high rate in many countries without any plans for
limitation of the nuclear power era.
Sweden is one of these countries. Sweden has, since 1985, 12
nuclear power plants in operation. Five of these have boiling
water reactors of an older type with external circulation
pumps, four have boiling water reactors of a newer design with
circulation pumps inside the reactor vessel and three have
pressurized water reactors. The locations of the Swedish
nuclear power plants are shown on the map included before this
page. The main data for the plants are given in table 1. All
these nuclear power plants were built and commissioned during
an intensive period from about 1965 to 1985.
It appears that the risk for a large release of radioactive
fission products after an accident in a nuclear power plant
was not subject to much public debate when the decision to
introduce nuclear power in Sweden was taken in the early
1950:s. The first nuclear power plant in Sweden, Agesta, was
located in a suburb to Stockholm, about 10 km from the city
center. The plant was in operation between 1964 and 1973. It
was closed because of the high costs for safety improvements
requested by the Nuclear Power Inspectorate.
Studies of nuclear power plant risks made in USA during the
late 1950:s and indicating possibilities for catastrophic
consequences led to initiation of a Swedish reactor safety
study in 1970. The results of the study /I / were reported in
1974. It was concluded that the probability for an accident
leading to core damage is very low, of the order of 10~ 5 per
operating year and that the consequences would be rather
limited even if such an accident would happen. No fatalities
because of radiation were expected at distances beyond 2 - 3
km from the plant. These findings are now considered as an
underestimation of the consequences and the needs for
emergency planning, see Baverstam /30/. In lack of better

information, the government in its energy bill of 1975
referred to this safety study and recommended expansion of the
nuclear capacity in Sweden to 12 units. Of those, 10 had then
already been ordered. The present nuclear program of 12 units
was therefore almost completed when the results of the first
Swedish risk study for nuclear power plants became available.
The decision to build the last two power plants was based on
safety assessments which today must be considered too
optimistic.
The debate about the future of nuclear power in Sweden which
started in the mid 1970:s focussed mainly on two issues,
namely the un-resolved problems of high level radioactive
waste disposal and the risk for catastrophic reactor
accidents. Both issues were studied by the 1976-1978 Energy
Commission. Three site specific risk studies for nuclear power
plants were carried out, one for unit 1 in Forsmark and two
for one of the twin units at Barseback. The Forsmark study was
carried out by the vendor, ASEA-Atom. The two Barseback
studies were intentionally biased, so that one was carried out
by nuclear power proponents and the other by a group of
engineers that had left the nuclear industry because of
concerns over reactor safety. The difference in predicted
probability for a core melting accident was not large and
within the uncertainty limits. The differences in predicted
consequences were larger but both studies predicted more
severe consequences than the earlier Swedish risk study.
These studies were made at a time when core melting accidents
were still considered as "hypothetical" by the nuclear
industry, its supporters and probably also many staff members
at the Nuclear Power Inspectorate. This attitude was reflected
in the report from the 1976-78 Energy Commission, where the
risk for a major nuclear accident was described as
"extraordinarily small" and not considered as limiting for the
utilization of nuclear power.
The accident at the Three Mile Island plant in USA in 1979
served as an eye-opener for many of those who had previously
ignored the risks associated with nuclear power. A new
official study was carried out, see /4 /, which concluded that
the 1976-78 Energy Commission had underestimated the
uncertainties associated with the risk assessments. An action
plan for improvement of the safety in the Swedish nuclear
power plants was recommended. Since the possibility of core
melting accidents apparently had to be accepted and the
containment buildings apparently were not designed to handle
such accidents, it was recommended to introduce the
possibility of releasing pressure from the containment through
a filter that would collect most of the fission products that
could cause severe land contamination after a core melting
accident.
Nine years after the Three Mile Island accident, in 1988, all
the Swedish nuclear power plants had been equipped with the
filtered venting proposed as an additional safety system. The
filters are designed to limit the release of radioactive

material, other than noble gases, to 0.1% of the core
inventory. The intention is to ensure that only "events with
an extremely low probability" shall lead to long lasting
radioactive contamination of large land areas.
The Three Mile Island accident put new fuel on the political
debate regarding the future of nuclear power in Sweden. This
led to the referendum in 1980, after which the Parliament
decided that the program of 12 units should be completed, but
also that all nuclear power plants in Sweden should have been
phased out before 2010. The year 2010 played an important role
in the referendum campaign. The socialdemocrats and the
liberals had for instance presented a "phase-out plan"
showing how these parties intended to phase out nuclear power
before this year without risking economic development or
welfare in Sweden.
Half the time period between the referendum in 1980 and the
final year of nuclear power in Sweden, according to the
Parliament decision, has now passed. The liberal party has
since long neglected their promises from the referendum
campaign. Leading politicians in the socialdemocratic party
are starting to express doubts about the possibilities to
achieve complete phase-out before 2010 without serious
economic consequences. The benefits of closing the nuclear
power plants in form of elimination of the risks for very
large reactor accidents in Sweden appears as completely
forgotten by many of the Swedish parliamentarians.
Possibly, many of them believe that the experiences gained
from the Three Mile Island accident and the introduction of
new safety features, like the filtered venting of the
containment, has made a large reactor catastrophy in Sweden
impossible.
The purpose of this report is to make the Swedish decision
makers and the Swedish people aware of the risks that remain
despite all the ambitious efforts made to reduce them. Some
may think that the risk of a nuclear accident is a price worth
paying for cheaper electricity during another few years 1 . Then
they shall at least be aware that the risk exists and openly
admit that they put less priority on safety than on short term
economic gains.
The public interest in the issue, which peaked after the
accidents in Three Mile Island and Chernobyl, may decline as
time goes by, even in the areas of Sweden where the effects of
the Chernobyl accident are still a concern. It will however
most probably reach new heights when the next nuclear accident
occurs.

According to the report of the Energy Commission /35/, closing the
Swedish nuclear power plants before 2010 would lead to electricity prices
that are about 5 6re/kWh higher than if the plants are allowed to operate
for 40 years. No difference in electricity price is estimated from 2007.

Table 1. Main data for the Swedish nuclear power plants
Site and unit

Type of reactor

Vendor

Power MW
electric

Oskarshamn
unit 1
unit 2
unit 3

BWR, external pumps
BWR, external pumps
BWR, internal pumps

ASEA-Atom
ASEA-Atom
ASEA-Atom

445
605
1160

Barseback
unit 1
unit 2

BWR, external pumps
BWR, external pumps

ASEA-Atom
ASEA-Atom

Ringhals
unit 1

BWR, external pumps

ASEA-Atom

unit 2
containment
unit 3
unit 4

PWR
1975
PWR
PWR

Forsmark
unit 1
unit 2
unit 3

BWR, internal pumps
BWR, internal pumps
BWR, internal pumps

Containment system

Start
year

Permit
until

PS-system,
>
filtered venting,}
Venturi scrubber.

1972
1975
1985

indef.
indef.
2010

600
600

PS-system,
filtered venting,
gravel bed filter

1975
1977

indef.
2010

835

PS-system,
filtered venting,
venturi scrubber

1976

indef.

Westinghouse

875

Dry

1997
Westinghouse
Westinghouse

915
915

filtered venting,
venturi scrubber

1981
1983

2010
2010

ASEA-Atom
ASEA-Atom
ASEA-Atom

968
969
1158

PS-system,
filtered venting,
Venturi scrubber

1980
1981
1985

2010
2010
2010

Explanations:
BWR
Boiling water reactor
PWR
Pressurized water reactor
PS
Pressure suppression system with water pool
indef. indefinite

2.

OVERVIEW OF PROBLEMS RELATED TO NUCLEAR REACTOR SAFETY

2.1 Basics of nuclear power technology
A nuclear power plant is a steam power plant where the steam
is raised by the heat generated when uranium atoms are split
(i.e fissioned) and not as in conventional steam power plants
by combustion of a fuel. The splitting of the uranium atoms is
achieved by bombardment with small particles, neutrons, which
form a part of the atom structure. Each splitting gives two
new atoms, commonly referred to as fission products, some
energy in form of heat and two or three new neutrons, which
can be used to split new uranium atoms. The fission products
are generally unstable forms of chemical elements which will
decay into other chemical elements by so called nuclear
reactions. Each such transformation is associated with
emission of nuclear radiation and some additional heat
generation.
The process can be controlled by maintaining the number of
neutrons available to cause fissions at a constant level.
In the types of nuclear power plants used in Sweden, the
nuclear fuel is in the form of ceramic uranium dioxide
pellets, i.e cylinders with a diameter of about 10 mm. The
cylinders are piled in tubes of about 4 m length, made out of
a special metallic material called zircalloy which will allow
most neutrons to pass without absorbtion. The tubes, called
fuel rods are fitted together in bundles with several fixtures
along the length to ensure that the fuel rods keep in
position. The fuel rod bundles are placed in the nuclear
reactor vessel, through which water at pressure is pumped to
pick up the heat generated from the fissions of uranium and
the subsequent nuclear reactions in the fission products.
The fuel rod bundles make up what is commonly referred to as
the reactor core.
Two principles are being used for utilizing the heat taken up
by the circulating water. One possibility is to use the heat
directly to boil the circulating water to generate steam which
is used to drive a steam turbine, see figure 1.
Alternatively, the hot water leaving the nuclear reactor may
be pumped through a heat exchanger, where it is used to boil
pressurized water flowing in a separate loop. The steam
generated can again be used to drive a steam turbine, see
figure 2. In order to avoid boiling in the water circulated
through the nuclear reactor, the pressure of the water in the
reactor coolant loop must be high, typically above 150 bar.

Hur fungerar en kokvatten reaktor (BWR)
f\)

I reaktor tanken finns reaktorns bränsle • uranet • i form av bränsleelement Värmeulvecklingen i bränslet kan regleras med hjälp av
styrstavar och huvudcirkulationspumpar. Bränslet kyls med vatten, som sirommar torbi bränsleelementen Kylmediet • vattnet •
blir sä varmt atl del Kokar Den ånga som bildas går ut genom
ledningar i reaklortankens övre del.
,

Reaktor med utrustning

) Huvudcirkuiationspumpar ser till alt man lår en cirkulation förbi
bränslet av en blandning av inkommande matarvatlen och vatten
som skiljts av från ångan. Vattnet tas Iran lallspalten och pumpas
m i tankens nedre del. Vid full effekt pumpas 7000-11 000 kg
(beroende pa reaktorstorlek) vatten genom härden per sekund. I
de senaste reaktorerna (Fl. F2. F3 och 03) har huvudcirkulationspumparna placerais i bollen på reaklortanken Därigenom har
iiiiiiorancie 'orsysiem enligt ovan tagits bort (se illustrationen sid
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Figure 1.

Elenergi

E l g e n e r a t o r , •••;:
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I Vattnet pumpas in 1 reaklorlanken igen och
kallas då matarvation. Sammanlagt Iran turbinanläggnmgen'arna tillförs reaktorn varie sekund lika myckel vnilnn 50m den ånga som
lamnnr don

BWR = Boiling Water Reactor

Eîektroteknisk utrustning

När ångan har passerat turbinen strömmar den m 1
kondensorn Där kyls ångan av kylvattnet. ca 20-40
m'/s (beroende på kondensorstorlek). som tas frän
havet. Ångan övergår då 1 välten Delta vallen kallas
kondensat.

• i . p r - •••• ••

Principle of a nuclear power plant with a boilinq
water reactor (BWR)

Hur fungerar entryckvatten reaktor (PWR)
I ånggeneratorn genereras ånga. Del varma
vattnet från reaktorn strömmar i flera tusen
tuber och lörångar vattnet på andra sidan.
Den ånga som då bildas är inte radioaktiv,
eftersom den inte kommit i direkt kontakt
med vattnet i reaktorkretsen. Det hör tre
ânggeneratorer till varje reaktor.

I Flödet av den 280°C hela ångan, ca 1400
kg/s.
delas upp pä de tvä turbinanläggningarna och avger sin energi till turbinens rotor.

Ångturbin med utrustning

Reaktor med utrustning

PWR= Pressurized Water Reactor

Elgeneratorn är sammankopplad med turbinen och roterar alltså med samma varvtal.
Här genereras elenergi med en spänning av
ca 20 000 voll. Av den producerade mängden tar anläggningen ca 3% i anspråk lili
egen drift. Resten förs ut på det svenska
slorkraftnätel via en huvudtransformator där
spänningen transformeras upp till 400 000
voll.

Det hör två turbingeneratoran läggningar till varje kärnkraftblock.
I/3 av den tillförda

Elenergi

varmeenergin omvandlas till elenergi.

Elektroteknik utrustning
Trycket i kreisen regleras
med hjälp av ett tryckhållningskärl med tillhörande avblåsningstank. Trycket höjs,
om man tillför värme via en
elpatron. Trycket sänks, om
man sprayar in vatten i ångan
i Iryckhållningskärlel.

Kondensor

I När ångan har passerat turbinen
Strömmar den in i kondensorn. Där
kyls ångan av kylvattnel. ca 20 m'/s.
som tas från havet. Ångan övergår
då i vatten. Detta vatten kallas kondensat.
I reaktortanken finns reaktorns bränsle - uranet i form av bränsleelement.
Värmeutvecklingen
i
bränslet kan regleras
med borsyrahallen i reaktorkylvattnet.
Snabba
regleringar görs med
hjälp
av
styrstavar.
Bränslet kyls med vatten,
som
strömmar
förbi
bränsleelementen.

Reaktorkylpumpen, del finns tre st,
pumpar in vattnet, ca 6 mVs, till
reaktorn igen.

Reaktortank

Figure 2.

I Vattnet pumpas in i ånggeneratorerna igen och kallas då matarvatten.
Frän de tvä turbinanläggningarna tillförs de tre ânggeneratorerna tillsammans varje sekund lika mycket vatten som den ånga som lämnar dem.
alltså ca 1 400 kg/s.

Principle of a nuclear power plant with a
pressurized water reactor (PWR)
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In both types of nuclear reactors the heat generation is
controlled by movement of "control rods" made out of neutron
absorbing material into and out of the reactor core. When the
rods are pushed in, less neutrons will be available to cause
nuclear fission and the heat generation will drop. Withdrawing
the control rods leads to increased heat generation. It is
also possible to control the heat generation by adding or
removing a neutron absorbing solution (containing boron as the
active agent) to the water circulating through the reactor
core.
2.2 The potential for nuclear accidents
As mentioned above, each fission of a uranium atom gives two
radioactive fission products which will decay into other
radioactive products. Eventually the chain of decay will give
stable elements, but for practical purposes, the amount of
radioactive fission products in fuel that has spent some time
in a nuclear reactor is so large still after many years that
release of even a fraction of these elements to the
surroundings can cause serious health effects and
environmental pollution.
The effects of a major release of radioactive fission products
were demonstrated in a frightening way by the Chernobyl
reactor accident in Ukraine. The radioactive release estimated
to 100% of the noble gases, 10 - 20% of volatile metals like
iodine and caesium and a few % of other elements in particular
form caused 31 acute deaths in radiation illness. There has
been a clear increase of thyroid cancer among children in
Ukraine and Belorussia. Some 40 000 additional fatal cancer
deaths can be expected as a consequence of this accident2. 300
of these are expected in Sweden /24/ during the next 50 years.
An area of about 3000 km2 in the vicinity of Chernobyl will be
evacuated for a very long time. An area of about 7200 km 2 is
subject to strict control of the land use. About 800 000
persons were engaged in sanitation activities /IB/. The health
status of these people is a concern to the World Health
Organization. In Sweden, the fall-out of in particular caesium
caused restrictions in use of game meat and berries in some
regions. High levels of radioactive caesium in fish and game
meat is still a problem locally in the regions of Gastrikland,
Uppland, Vastmanland, Vasterbotten, Vasternorrland and
Jamtland. About 10% of the reindeer slaughtered in
Vasterbotten and Jamtland show too high caesium levels and
must be discarded.
The theoretical possibility for catastrophic reactor accidents
was recognized at an early stage of nuclear power technology.

o

According to Baverstam /23/ the collective dose caused by the
accident can be estimated to 600 000 mansievert. The fatal cancer incidence
was given as 700 per 10 000 mansievert (which is an increase by a factor of
10 since 1965).

Therefore, strict safety requirements were introduced already
when the first nuclear power plants were built. The key
problem is to avoid that the heat generation in the fuel,
which will continue at a significant level long after the
fission process has been stopped, will lead to overheating and
melting of the fuel. If overheating of the fuel occurs in a
large part of the core, the power plant will certainly be
destroyed. A substantial release of radioactivity to the
surroundings would then be difficult to avoid.
In the western countries, with USA as a leader, the "defense
in depth" safety philosophy was introduced. This is based on
use of sound technical principles and adequate safety margins
to avoid situations that can lead to an accident, introduction
of safety systems that will prevent overheating of the fuel as
a result of a number of possible events and finally safety
systems that can serve to prevent that radioactive fission
products released from the core after overheating will be
released to the surroundings. Examples of the different safety
systems are shown in figure 3.
The ultimate barrier that is provided to prevent a major
release of radioactive fission products to the atmosphere in
nuclear power plants designed in USA and western Europe is the
so called containment building. The Chernobyl power plant was
not built with this type of safety feature. This certainly
aggravated the accident, but it is highly unlikely that a
large radioactive release could have been avoided if a
containment building had been installed. Containment buildings
are only designed to hold the pressure obtained after some
well specified "design basis accidents" like a major pipe
rupture and can not be expected to be intact after a core
explosion caused by a severe power excursion followed by a
major graphite fire.
Very severe loads on the containment like those to be expected
after core melting accidents, major reactor tank rupture and
some other very severe conditions were ignored when the design
criteria for containment buildings were formulated. Reasons
for this were probably partly economic and partly the notion
that such conditions would be so unlikely that they in
practice could be expected never to occur.
The probability for a core melting accident had been estimated
to be 10~ 4 to 10"5 per operating year, which indicated that
such an accident could be expexted to happen, on the average,
once in 10 000 to 100 000 operating years. When the Three Mile
Island accident, a partial core melt, occurred in 1979 about
1000 years of operating experience with nuclear power plants
with comparable safety features had been accumulated. The
accident therefore came as a big surprise to the nuclear
industry and its political supporters. The accident indicated
that the probability for a core melting accident could be 10
to 100 times larger than anticipated.

Sprinkling i

Sprinkling i

re.ikiorinncslmningen

rcakiorinncsluimngen

AvblAsrfmg av angn
Bonnsprutning

Hardstrilning
Hjalpmaurvanen

Nedblasning av Snga/Iuh
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Examples of safety systems for a boiling water
reactor
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In Sweden, unlike many other countries with nuclear power
plants, the government found reason after the Three Mile
Island accident to re-assess the needs for a safety system
that could mitigate the consequences of a major core melt.
Therefore the requirement to include filtered venting of the
containment was enforced in Sweden. The function of this new
safety system is discussed in more detail in section 5 of this
report. A major release of radioactive fission products from a
Swedish nuclear power reactor now requires that the following
events occur:
1. Overheating and melting of the reactor fuel.
This will be the consequence of insufficient cooling of
the fuel for a period of a few minutes to an hour
(depending on the operating conditions) after some
disturbance of the operation. A pipe rupture causing the
coolant to leak out of the reactor system is one possible
disturbance. Loss of internal supply of electric power,
interruption of the supply of feed water to the reactor or
a steam generator or even a trivial disturbance as a quick
shut-down of the steam turbine may be an event initiating
a major accident. Melting of the fuel will occur after a
relatively short time also if the fission process is
stopped. The residual heat generation caused by decay of
the radioactive fission products is quite sufficient for
this.
When the cladding temperature reaches 1100 - 1200°C, a
reaction between the cladding material (a zirconium alloy)
and steam will start. This reaction generates more heat
and hydrogen. The hydrogen may ignite later in the
accident and add to the pressure inside the containment.
When the fuel melts, radioactive gases are released into
the reactor vessel.
In order to avoid overheating and melting of the fuel, the
reactor vessel is equipped with several emergency cooling
systems. These are designed differently for different
reactor types. In the Swedish boiling water reactor power
plants there is for instance a number of spray nozzles
positioned above the reactor core. In case the regular
cooling is lost and the water level drops, water is
sprayed through these nozzles in order to restore the
cooling.
2. Penetration of the reactor vessel
In case the pipe system or reactor vessel has developed a
leak early in the accident, radioactive fission products
will be leaking into the containment building as soon as
they are released from the melting fuel.
Even if the fuel starts to melt, the further development
of the accident can be stopped if cooling of the fuel is
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restored before the reactor vessel is penetrated. This is
what fortunately happened in the Three Mile Island
accident3.
If cooling of the fuel can not be restored, the molten
fuel will eventually penetrate the pressure vessel bottom.
When this happens, the radioactive fission products will
flow into the containment.
3- Penetration of the containment building
When steam from the reactor vessel flows into the
containment, the pressure in that building will increase.
Heat generation in the fuel melt will contribute to
further increase of the pressure. If attempts to reduce
the pressure by cooling of the atmosphere in the
containment fail, the containment will eventually rupture
to release much of the radioactive fission products.
In the Swedish nuclear power plants, rupture of the
containment building can also be avoided by controlled
release of steam and gases from the containment when the
pressure approaches dangerous levels. The gases vented
from the containment are filtered in order to minimize the
release of radioactivity.
By-passing of the containment building is possible if a
pipe rupture happens outside of the containment. This
possibility is obvious for the boiling water reactor power
plants, where the reactor coolant is used to drive the
steam turbine (which is located outside of the containment
building, see figure 1 ) . To prevent such by-pass, all
pipes leading through the containment wall are equipped
with quick closing valves (so called isolation valves) on
each side of the walls. These valves shall close in case
the case of a major disturbance and their main function is
to prevent a direct pathway from the inside of the reactor
vessel to the environment if there is a leakage in the
pipe system outside of the containment building.
Everybody with basic understanding of nuclear reactor
technology agrees that the possibility for accidents leading
to a major release of radioactivity exists also for the
Swedish nuclear power plants. There are widely different
opinions however as regards the probability for such
accidents. This issue will be discussed in section 2.5.
2.3 Possible consequences of a reactor accident in Sweden
The most recent estimates of consequences of a nuclear reactor
accident in Sweden have been carried out for the 1994-95

The time margin to a very serious accident has however been
estimated to be very small, of the order of 30 minutes, see / 4 / .
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Energy Commission by Baverstam /30/ and /31/.
The results depend on the magnitude of the radioactive
release, the temperature of the released gases, the wind
direction and the weather situation. Low turbulence in the
atmosphere results in a concentrated radioactive plume,
whereas high turbulence leads to a wider and more diluted
plume. A local rain can wash out radioactive particles and
lead to fairly high land contamination within a limited area.
Baverstam /30/ studied three cases as regards the function of
the filter connected to the containment:
Well performing filter
Performance according to results from tests in limited
scale, see further section 5 of this report;
Filter performance according to specifications
The performance meets the requirement that not more than
0,1% of the core inventory of caesium, tellur and iodine
will pass the filter;
No filtering effect (residual risk accident)
10% of the core inventory of caesium, tellur and iodine
assumed to be released.
The estimates reported in /30/ were made for a reactor with a
thermal power of 1800 MW. This corresponds to the two reactors
in Barseback and the two oldest reactors in Oskarshamn. The
newer, larger reactors have thermal powers of up to 3000 MW. A
radioactive release from one of these leads to effects that
are 1 . 5 - 2 times larger, see /3l/.
No acute deaths in radiation sickness are expected in the
first two cases. A few hundred cancer deaths are expected
within a distance of 2000 km during 50 years after the
accident. If the filter just performs according to
specifications, extended evacuation can be necessary for those
living within 10 km from the plant. Restrictions on grassing
of cattle can be2 necessary during one season within an area of
5000 to 10000 km .
In case of a residual risk accident, i e if the filter does
not work or is by-passed, acute deaths are possible within a
few km among people staying indoors and within about 5 km
among people staying outdoors. The number of cancer cases can
amount to a few thousand up to about 10000 within 2000 km
during 50 years after the accident. This assumes
that
evacuation and decontamination is successful4. A planned

According to Baverstam /30/, evacuation and decontamination can
contribute to reduce the consequences in particular for very unfavourable
meteorological conditions, with probability less than 1%. In such cases
more than 40 000 cancer deaths are predicted after an accident in
Barseback. For more probable situations the effects are not large.
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extended evacuation can be necessary within an area of about
5000 km 2 out to about 50 km from the plant. In case of heavy
rain, limited areas out to 150 to 250 km from the plant may
need to be evacuated. Areas of 50 - 1000 km 2 might be
impossible to use for several decades. Agricultural
restrictions can effect very large regions (many thousand km 2 )
Figure 4 illustrates how large parts of southern Sweden are
included in the risk zones for extended evacuation. The areas
within the risk zones for evacuation during decades are
smaller but include important agricultural areas as well as
the large city areas of Malmo, Helsingborg, Goteborg and
Kopenhamn.
The estimates made by BSverstam /30/ indicate that impacts
outside of the power plant are fairly limited if the filter
works. In case the filter does not work or is by-passed, the
main effect is the extensive contamination of land and
probably also the large number of persons needed for
decontamination. According to the World Health Organization
/18/ about 800000 persons were engaged in decontamination
after the Chernobyl accident.
Baverstam /30/ has also estimated the consequences in Sweden
after nuclear power plant accidents in power plants located
outside of Sweden. The conclusion is that the land
contamination can be double or fourfold that obtained in
Sweden after the Chernobyl accident. The consequences in
Sweden are similar to those obtained for an accident in Sweden
with a filter that performs according to specifications.
Only under very unfortunate weather conditions will an
accident at the Ignalina plant in Lithuania cause long-lasting
restrictions for land use on Gotland. BSverstams /30/ study
shows that the twelve Swedish nuclear power plants have a
larger potential for causing severe land contamination in
Sweden than the foreign power plants in for instance Lithuania
and the Murmansk region of Russia, provided however that the
filtered venting of the containment may fail.
2.4 Goals for the nuclear safety work in Sweden
It is generally accepted that a nuclear reactor failure
leading to core melting can cause a catastrophic accident. It
is of common interest to minimize the probability for such
accidents. For this reason, the design and operation of
nuclear reactors must follow strict and detailed safety
regulations. The Swedish Nuclear Power Inspectorate supervises
the safety of the nuclear installations in Sweden and reports
to the government which has the authority to issue or withdraw
permits for operation of nuclear power reactors.
The objective of the safety work is obviously to avoid that
any nuclear accident occurs. Absolute guarantees that this
objective can be achieved can apparently not be given. A
realistic goal is therefore to reduce the probabilities for
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accidents to a very low level.
Precise statements from the government regarding acceptable
and non-acceptable probability levels for nuclear accidents
are lacking. The ultimate design goal for the safety systems,
formulated after the Three Mile Island accident, is as close
as the government has found it suitable to define a
quantitative safety goal. It is required that the release of
radioactive fission products shall be limited to radioactive
noble gases and less than 0,1% of the core inventory of
radioactive isotopes, like caesium, that can cause long
lasting land contamination for all types of accidents except
such with extremely low probability. It appears that
"extremely low probability" has been interpreted by the
Nuclear Power inspectorate as meaning a events that are
expected to occur more seldom than once in 10 6 to 10 7 operating
years.
The Nuclear Power Inspectorate uses the criteria formulated by
the International Atomic Energy Agency. For nuclear power
plants "built to earlier standards" a probability for core
melting of below 10~ 4 per reactor year is considered
acceptable, see /19/. For more recent designs a core melting
probability of below 10~ 5 is required, see / 7 / .
A guideline for the safety work, used by the Swedish utilities
is that the total probability of all types of event chains
leading to a core melting accident shall be so low that such
accidents can be expected to occur more seldom than once in
10 5 operating years. Single event chains are allowed to
contribute not more than 10% of the risk.
If these ambitions are achieved, the probability for nuclear
accidents will no doubt be very low. If it is low enough to be
acceptable is another issue that will be discussed in section
6 of this report.
Before dealing with this philosophical question, the basis for
the claims that the safety goals are in fact achieved will be
critically examined.
2.5 Estimated accident probabilities for Swedish reactors
Despite the fact that all predictions about the future are
associated with some uncertainties, experience collected over
the years makes it possible to estimate with reasonable
accuracy the number of road accidents, house fires and oil
spills that can be expected in a coming year. The experience
collected allows calculation of historical values for accident
frequencies and these data can be used to make predictions
about the future.
The situation is different when risks for future reactor
accidents in Sweden shall be predicted. The accumulated
operating experience in the Swedish nuclear power plants is
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only about 200 operating years. There has been no core melting
accident. Even if the statistical theory used for instance for
acceptance testing based on sampling can be used to estimate
confidence limits for the failure frequency based on such
information, the uncertainty band will be very large and
hardly useful for decision making.
Since many years, the nuclear industry tries to handle this
problem by use of logical modelling for estimation of accident
probabilities. The well known WASH-1400 study /2/ published in
1975 is the first in a series of very ambitious studies using
this approach, now commonly referred to as probabilistic
safety assessment (PSA).
The principle is simple and straightforward as illustrated by
figure 5. The accident is assumed to be started by some
"initiating event" which can be a minor or major disturbance
of the steady operation of the power plant. In the example
shown in figure 5, a major disturbance, a pipe rupture, is
assumed. The following evaluation is focussed on
identification of the safety systems that need to function in
order to avoid core melting and failure of the containment
buiding and to use estimated probabilities for success or
failure of these systems to calculate a probability for a
major accident as a consequence of the initial disturbance.
Based on operating experience or estimates, the probability
for the different types of initial events can be taken into
account and by adding the probabilities for a major accident
resulting from the different event chains, an overall accident
probability can be calculated.
In the example shown in figure 5, a large release of
radioactivity requires failure of the emergency core cooling
system (the probability of which depends on if electric power
fails or not) and failure of the containment integrity. The
magnitude of the release depends on if fission product removal
inside the containment fails or not.
Examples of initiating events considered in probabilistic
safety analysis are:
- pipe rupture (different sizes and positions) ;
- disturbances that require fast shut-down of the reactor;
pressure vessel rupture;
- fire;
- flooding;
- earthquake;
It is generally accepted that this method is of great value
for evaluation of different proposed modifications and
improvements of the safety systems as well as for studies of
possible safety implications of different types of
disturbances which are experienced in the practical operation.
Use of the method for comparisons with quantitative safety
goals or for comparisons with other types of risks, which was
the purpose of the WASH-1400 study, is now considered
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questionable by all except the more fanatic proponents of
nuclear power. The reason is the apparent weaknesses of the
method, discussed for instance in /ll/:
- difficulties to anticipate all possible event chains;
- uncertainties in probability data for rare events;
difficulties in modelling human errors;
- difficulties in modelling common cause failures;
- uncertainties regarding phenomena that influence the
course of events after core melting.
Since all possible event chains can hardly be anticipated, the
method might be expected to lead to an underestimation of
failure probabilities. This can be compensated for however by
use of conservative estimates for failure probabilities on the
component or system level and it is therefore in reality not
possible to know if the estimated accident probabilities are
over- or underestimated. It is reasonable to assume that those
making the safety assessments have the ambition to make
estimates on the safe side, i.e to overestimate the accident
probability. There is no assurance however, because of the
inherent weaknesses in the method, that this can be achieved.
Table 2 shows results of probabilistic safety assessments for
the nuclear power plants in Sweden. Only predicted frequencies
for core melting are shown since the uncertainties associated
with probability estimates for containment failure are very
uncertain.
Table 2.

Core melting frequencies for Swedish nuclear
power plants estimated with probabilistic safety
analysis

Unit

Study
year

Frequency per operating year
(Not including fire, flooding
and shut down reactor)

Oskarshamn 1 1995
Oskarshamn 2 1987
Oskarshamn 3 1986

2*10"5
0,l*10~5
0,3*10"5

Barseback 1
Barseback 2

1995
1995

0,4*10"5
0,4*10~5

Ringhals
Ringhals
Ringhals
Ringhals

1
2
3
4

1992
1992
1991
1991

0,3*10"5
2,l*10"5
2,l*10"5
2,l*10"5

Forsmark 1
Forsmark 2
Forsmark 3

1988
1988
1987

l,l*10"5
l,l*10"5
0,7*10~5
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Illustration of the method used for probabilistic
safety analysis
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Results from estimates where fire, flooding and shut-down
reactor was also considered show much higher core melting
frequencies than those presented in table 2. For Ringhals 2,
fire and flooding have been estimated to give a core melting
frequency of 18*1O~5, whereas accidents in shut-down reactor
has been estimated to contribute 5'10~5, see /14/. It has been
claimed by the owner of the plant, see /29/ that this analysis
is not realistic and that a total core melting frequency for
Ringhals 2 of 4,3*10~5 is a more reasonable estimate5. For
Oskarshamn 1, a core melting frequency of 3'10~5 has been
estimated when fires and external events are considered, see
/35/.
It should be observed that the data in table 2 refer to core
melting accidents and that the probability of a large release
of radioactivity can be expected to be less.
The present assessment of the Swedish Nuclear Power
Inspectorate as regards probabilities for reactor accidents of
different magnitudes, including major releases of
radioactivity, is illustrated in figure 6, presented by
Hogberg /26/. The assessment is apparently based on results
from probabilistic safety analysis despite the fact that the
Nuclear Power Inspectorate does not endorse the use of the
results from probabilistic safety assessments for estimation
of absolute risk levels. Figure 6 shows an estimated
probability for a core melting accident of 10~5 with an
uncertainty band reaching 10 . The probability for a large
release of radioactive fission products is estimated to 3 - 10~ 7
with an uncertainty band reaching 10~ 5 . The introduction of
filtered venting of the containment is estimated to lower the
probability for a large release by a factor of 4 - 10.
As illustrated by table 2, there are large differences between
the predicted probabilities for a core melting accident. It is
questionable if these differences justify a safety ranking of
the power plants and identification of plants which are less
safe or more safe than the rest. The possible systematic
differences between the studies and the general uncertainties
in the data used for the estimates may very well exceed the
differences between the results. The Nuclear Power
Inspectorate does not appear prepared to use these predictions
as a basis for a safety ranking because of the uncertainties
involved.
The estimated accident probabilities are very small indeed.
Even if the upper limit for the frequency of accidents with a
large release of radioactivity is used, i.e 10~5 per operating
year, will the accumulated probability for such an accident in
Sweden during the next 30 years, if all the twelve nuclear
power plants would be kept operating, be less than 0,4%. This
does not imply that the risk is acceptable, but it means that

It can be noticed that the estimate still exceeds the target
formulated by the utility, i.e a core melting frequency below 10"5.
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it is highly unlikely that such an accident will be
experienced if the probabilities are as low as indicated in
figure 6.
A crucial question is then if the estimates illustrated by
figure 6 are reliable. Most of the further discussion in this
report will focus on that issue. The possibility to verify the
estimates by use of operating experiences will be discussed in
section 2.6. Different aspects related to uncertainties in the
modelling used for probabilistic safety analysis will be
discussed in sections 3 - 5 .
2.6 Verification of the probability estimates by experience
As mentioned before, the accumulated operating experience in
Swedish nuclear power plants is about 200 operating years. No
core melting accidents has occurred, but the accumulated
experience is not sufficient for verification of core melting
frequencies of about 10~5 per operating year. A larger basis
for judgement of risks can be obtained if it is assumed that
the water cooled nuclear power plants designed in USA and
Western Europe are roughly similar as regards probabilities
for a major failure. This assumption is questionable but it is
not un-common that proponents of nuclear power refer to the
accumulated number of operating years as a verification of the
estimated low probabilities for accidents.
The total number of accumulated operating years in power
reactors by the end of 1994 was about 7200. The accumulated
operating years in power reactors of types similar to those
used in Sweden was about 4000. Three major accidents in power
reactors are well documented, see table 3.
None of these failed reactors was designed exactly like the
present Swedish nuclear power plants. The Three Mile Island
reactor is the one most similar and had been designed
according to safety regulations that correspond to those used
for the Swedish plants. It can therefore be argued that 1 core
melting and no major release of radioactivity in 4000
operating years represents the operating experience from power
plants that are similar to the Swedish ones.
This information can be used for computation of "best
estimates" for the accident frequencies. If the probability
distributions are assumed to follow the Poisson-distribution,
an upper 95% confidence limit6 can also be computed. The
results are shown in table 4.

A 95% confidence limit is often used as a basis for decisions based
un uncertain estimates. In this case, the possibility is less than 5% that
the actual core melting probability exceeds the value estimated as a 95%
confidence limit.
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Table 3 Power reactor accidents
Locationr size and type

Summary of events

Lucens, Switzerland 1969
30 MW(t) gas cooled
experimental power plant.
Sited in a rock cavern.

Accident during commissioning.
Serious core damage.
Reportedly small release of
radioactivity.

Three Mile Island. USA 1979
2700 MW(t) pressurized water
reactor.

Small loss-of-coolant accident.
Partial core melting. Pressure
vessel not penetrated.
2 - 9% of noble gases and
0,0002% of iodine released to
to the environment.

Chernobyl, USSR 1986
3000 MW(t) light water cooled
graphite moderated reactor,
type RBMK

Power excursion, steam
explosion, combustion of
hudrogen, carbon monoxide
and graphite.
100% of noble gases, 20% of
iodine, about 10% of cesium and
a few % of other fission
products and actinides released
to the environment

Table 4.

Estimation of accident frequencies for light
water cooled power reactors on basis of operating
experiences.

Type of accident

Core melt 7
Large release
after damage to
the containment

Estimated frequency per operating year
Best estimate
upper 95%
confidence limit
26*10-5

120-10"5
80-10"5

It can be observed that the frequency that can be estimated in 1995
is almost 4 times less than a similar estimate made directly after the
accident. This is because the accumulated operating experience was then
about 1100 years and is now almost 4000 years. The lower estimate in 1995
can be a result of real reductions of accident probabilities, caused by for
instance experience feed back. It is of course also possible that the
safety is about the same and that either the Three Mile Island was an unlycky case or that the absence of accidents in this type of reactors since
1979 is a matter of good luck.
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It is apparent that the accumulated operating experience can
not be used for verification of the estimates shown in figure
6 with reasonable requirements for precision. In fact the
additional operating experience without accidents required for
verification of the upper limit for the core melting
probability, shown in figure 6 as an upper 95% confidence
limit amounts to about 44000 operating years. With 300
reactors of this type in operation this will require 146 years
without core melting accidents. This experience can apparently
not be accumulated with the present reactors even if their
lifetimes will reach 40 years.
Practical verification of the accident probabilities shown in
figure 6 is therefore not possible.

3.

CREDIBILITY OF CORE MELT PROBABILITY ESTIMATES

3.1 Importance of core melt probability estimates for the
safety assessement
A large release of radioactivity from a nuclear power plant
requires overheating and melting of significant parts of the
reactor core. There is very little practical experience that
can be used to predict the course of events after a major core
melting. The attempts which have been made to estimate the
probability that the fission products can be contained within
the plant after a core melt accident are therefore associated
with large uncertainties. A reasonable conclusion is that
judgement of the risks associated with nuclear power plants
must to a large extent rely on the predictions of core melting
probabilities. If there is reasonable assurance that the core
melting probability is very low, the risk for a major
radioactive release is also very low. There are certainly
reasons to believe that the barriers provided to prevent or
reduce a large release of radioactivity after a core melt
accident, like the containment and the filtered venting, will
at least delay and therefore reduce the magnitude of the
release, but reliance on such effects for a significant
reduction of the probability for a release exceeding the
limits stipulated by the Swedish government can only be based
on theoretical estimates.

3.2 Uncertainties in predicted core melting probabilities
The uncertainties in the core melting probability estimates
obtained from the probabilistic safety assessment studies are
caused by methodological difficulties as well as uncertainties
in the data base for probabilities.
Consideration of the effect of the "human factor" on accident
initiation and failures to cope with an accident is one
example of methodological problems. Despite ambitious programs
within the utilities for quality assurance and continuous
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improvement of the safety culture, mistakes which have
significant implications for the safety are being made, see
section 3.6. The more serious mistakes are in some way unique,
which means that attempts to estimate their probability before
they happened would have given extremely low values.
Since the reliability of most engineered safety systems with
active components like valves and pumps is not sufficient to
meet the safety requirements, multiple systems are used for
important functions. If the failures occur randomly, the use
of multiple systems will reduce the probability drastically
that the function can not be performed. If on the other hand,
the failures have a common cause, the use of multiple systems
will not improve the safety. Accounting for possible common
cause failures in a complete way is in reality not possible,
simply because the reasons for the failures are unknown. If
they were not, efforts would have been made to eliminate them.
The effect of common cause failures on the predicted accident
probability can be large. The methodological difficulties
associated with accounting for such failures therefore
introduces significant uncertainties in the predictions.
As regards the data base for probabilities of initiating
events and component failure, the Nuclear Power Inspectorate
has made significant efforts to collect experiences from
Swedish nuclear power plants and present the results in a
systematic way which facilitates use of the data for
probabilistic safety assessments.
There are however obvious difficulties involved in estimation
of the probabilities of unlikely but potentially very serious
initiating events such as large pipe rupture or pressure
vessel rupture. In fact, the estimates used in the most recent
risk assessments for Swedish nuclear reactors, see /14/ and
/21/ use the same estimates for these particular events as
were used 20 years ago in the so called Rasmussen study / 2 / .
The basis for these probability estimates was weak in the
Rasmussen study / 2 / and it appears as if the estimates are
still very uncertain. The probabilities for these events are
important for the estimated probabilities for a large release
of radioactivity. The information about this weakness in the
data base, although known by those who make the calculations,
is somehow lost when the probabilities for different event
chains are added together to give an overall estimate for the
core melting probability.
Incomplete knowledge about phenomena that may be important for
the transients resulting from serious disturbances and the
performance of the safety systems also adds to the
uncertainties in the prediction of core melting probabilities.
This issue is discussed further in sections 3.4 and 3.5.
The uncertainties in the estimates of core melting
probabilities that are caused by these shortcomings in the
method and data used for making the estimates can not easily
be quantified. The Nuclear Power Inspectorate in its recent
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annual report /34/ estimates that the impacts of technical
shortcomings in the safety systems and human mistakes that can
not possibly be accounted for in the theoretical safety
analysis, may lead to probabilities for core melting that are
ten to hundred times higher than the predicted probabilities
of about 1 in 100 000 operating years. This estimate is based
on evaluations of actual experiences and consideration of
safety deficiences that were previously unknown. The Nuclear
Power Inspectorate is not excluding the possibility that
safety deficiencies of similar importance remain still
unidentified in the operating nuclear power plants.
The implication of this is that the possibility for core
melting probabilities into the range 10~3 to 10~ 4 per operating
year must be taken into account when the risks associated with
continued operation of the Swedish nuclear power plants are
evaluated.
3.3 Weaknesses in the safety analysis reports in view of
recent experiences
Recent predictions of core melting probabilities for Swedish
nuclear power plants were presented in section 2.5. The
predictions indicate low probabilities with accident
frequencies below the goal of 10~5 per operating year for six
of the twelwe units. Oskarshamn 1 and the three pressurized
water reactor plants at Ringhals show estimated probabilities
that exceed the goal by a factor of two or more. The
uncertainties in the predictions for core melting
probabilities were discussed in section 3.2. It must be
understood that there are also several omissions in the safety
assessment studies that in general can be expected to lead to
an underestimation of the risk.
Clearly, the omission of fires, flooding and other external
events as well as risks associated with shut-down periods
leads to an underestimation of the core melting probability.
The recent results presented in /14/ for Ringhals 2, and
discussed in section 2.5, show that the risk contribution can
be significant. The results shown in table 2 do not include
such events.
One type of common cause failures which appears to be ignored
in most safety assessments8 is what can be characterized as
"functionability failure". A functionability failure occurs
when the safety system operates as intended but fails to
achieve what is expected from it. Deficiencies in the design
or the design basis can obviously lead to such situations.
There is a lack of experimental verification of system

o
Emergency core cooling functionability failure was considered in
the Rasmussen-study /2/ and arbitrarily assigned a value of 0,01. This
failure mode has been ignored in later studies and is not included in the
studies made for Swedish nuclear power plants by the utilities.
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performance under realistic accident conditions for important
safety systems. The possibility for functionability failures
can therefore not be excluded. The containment sieve
experience in the Barseback plant, further discussed in
section 3.5, should serve as an eye-opener for those who
relaxe in confidence that everything of importance is known
about important phenomena that may occur during reactor
accidents.
3.4 Oversimplifications in modelling of system behaviour
Because of the experimental difficulties, costs and probably
also potential risks involved, experiments with severe
transients in actual power plants have not been made. Instead,
the expected response of the system under severe transients is
predicted with computerized theoretical models, based on basic
theory and experimental data obtained in smaller scale and
often under conditions where all the phenomena of importance
in the real situation are not included.
The theoretical models include simplifications for a number of
good reasons, one being incomplete knowledge about the
phenomena that are modelled. The situation is by no means
unique to reactor safety evaluations. It has probably bothered
engineers since ancient times and the conventional approach to
it is to make the simplifications in such a way that the
predictions are likely to give some safety margin, i.e a
"conservative" result. The approach often works well when the
phenomena involved are not too complex. The risk for failure
of a simplified model designed to be "conservative" increases
when complex phenomena are interacting, as is generally the
case in severe transients in nuclear reactors.
The necessary simplifications of the models used for analysis
of severe transients in nuclear reactors has implications both
for analysis of the effects of various disturbances on the
behaviour of the reactor and evaluation of the performance of
the safety systems. Issues related to the latter are discussed
under 3.5 below.
A type of transient which has gained increasing interest in
the recent years and where existing computer models do not
appear as adequate for prediction of the effects on the
reactivity in the core is "local dilution transients" in
PWR:s, see /27/. The matter of concern is that a volume of
water with low boron concentration would enter the core and
cause a severe reactivity transient. One possible scenario
discussed in /27/ is that a volume of boron free water is
introduced in the reactor coolant system due to mistakes
during steam generator maintenance, and that this water would
enter the core as a slug when the circulation pumps are
started. It is suggested in /27/ that the probability for such
events might be of the order of 10~3 - 10"*" per reactor year.
The problem is that the available computer models can not be
used to show that the volumes that might be injected will not
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lead to core damage. The main uncertainty is the mixing of the
diluted slug of water with borated water but there appears
also to be a lack of computer models for three dimensional
analysis of fast asymmetric reactivity transients considering
thermo-hydraulic feedback from the moderator.
3.5 Functionability failure of safety systems
In the theoretical safety evaluations made by the utilities
for the Swedish nuclear power plants, it is generally assumed
that the function of a safety system is assured if all the
components in the system perform as intended, i.e for instance
that emergency core cooling water is delivered with the design
flow rate at the proper time.
This would be a reasonable assumption if the function of the
safety systems had been verified by experience or by
experiments where accident conditions were closely simulated.
This is however not the case for severe and unlikely events
like large leakages leading to core uncovery. The practical
experience is limited to the accident at the Three Mile Island
plant and can hardly be used for assessment of the function of
emergency cooling systems in reactors designed quite
differently like the nine Swedish boiling water reactors.
Despite ambitious research programs, the experimental
verification in laboratory tests is far from complete.
Mechanisms which may lead to functionability failure of the
core spray system are:
- Re-distribution of the spray flow due to mechanical
displacement of spray nozzles or the steam flow pattern in
the space above the core;
- Flow blockage caused by core or fuel element distorsion;
- Multidimensional effects leading to extended periods of
stagnating flow in some channels;
The most recent fuel design used in Swedish boiling water
reactors (SVEA-fuel) is more sensitive to irregularities in
the spray distribution because of the sub-division of each
fuel channel into four separate channels.
For practical reasons, the experiments which have been made to
generate data for verification of the computer models which
are used for evaluation of the performance of this safety
system have been limited to use of simulated fuel rods with
stainless steel cladding in single fuel elements. Spray
distribution tests have been made with four parallel fuel
elements. This can be compared to the 400 - 700 parallel fuel
elements in the nuclear power reactors. The results from tests
with limited geometries confirm that the function of the
spray-cooling is adequate if sufficient water finds its way
into each separate channel. In the absence of tests with a
large number of parallel channels, some uncertainty about the
functionability of the spray system for emergency core cooling
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remains.
Another important safety function, where it appears as
justified to include functionability failure in the safety
assessment is isolation of the containment by closing of
valves in the pipes that penetrate the containment wall.
Concerns about the functionability of these "isolation valves"
were discussed already in the late 1970:s and a need for
verifying the function was established. Tests are reported to
have been done recently, see /34/, and indicating problems
with proper closing under some conditions. As a result, valves
have been replaced and modified but apparently not in all the
power plants where this is considered necessary. Consequently
some of the plants are now being operated with isolation
valves with questionable functionability. Most probably, this
has not been taken into account in the probabilistic safety
assessments for these plants.
The possibility for un-identified weaknesses in the design of
safety systems that can lead to functionability failure was
illustrated by the incident in the Barseback plant in July
1992, when the strainers in the condensation pool at the inlet
to the core spray and containment spray systems were clogged
by insulation material which was blown off by steam from an
opened safety valve. The problem had been anticipated in the
safety analysis, but the time to clogging of the strainer
turned out to be considerably shorter than anticipated. The
implication was that operator action to back-flush the
strainers would be required within 30 minutes after a large
pipe break. Since it is a requirement for Swedish nuclear
power plants that all necessary actions within 30 minutes
shall be automatic, the need for operator intervention for
back-flushing after such short time can not be accepted.
Reasons for the underestimation of the problem in the safety
analysis report are discussed by Moriz /20/. Two important
assumptions made in the previous safety analysis appear as too
optimistic in light of the experience from this incident
namely the amount of insulation washed into the pool and the
shape of the steam jet that blew off the insulation. In
addition, the used insulation material was found to behave
less favourably than the new material used in the clogging
tests carried out to generate a design basis for the
strainers. Modifications of all the plants affected has now
been implemented, but the experience highlights the problem of
the lacking verification of the numerous assumptions based on
"engineering judgement" forming the basis for the safety
analysis.
In this case, the false assumptions could be identified in a
benign situation where the consequences could easily be
handled, but there is no guarantee that false assumptions will
not remain unknown until their effect turns out to be
catastrophic. It appears that the Nuclear Power Inspectorate
is concerned about this. Re-reviews of the safety analysis
reports for all the Swedish power plants have therefore been

30
initiated. The
effort of more
present plans,
for Ringhals 3
later.

task is formidable and estimated to require an
than 500 person years /34/. According to the
the re-reviews will be completed by 1998 except
and 4 where completion is scheduled two years

This re-review is certainly justified. It will hopefully help
identifying additional overly optimistic assumptions. The size
of the task makes it difficult to believe that all important
deficiences in the design basis can be identified in this way.
The difficulties can be illustrated by the strainer clogging
analysis. It appears as highly unlikely that a re-review could
have identified all the three weaknesses in this, if the rereview had been started before the incident occurred in the
Barseback plant.
3.6 Operator performance and utility attitudes
The performance of the plant operators and the attitudes of
the utility management are of large importance for nuclear
power plant safety. It is clear that these factors contributed
significantly to the events leading to the accidents at Three
Mile Island and Chernobyl. In the case of the Three Mile
Island accident, the skill of the operators and the plant
management was also of large importance for the recovery, even
if good luck can have contributed a great deal to this 9 .
An important problem with nuclear power plant safety is the
mindset that easily seems to develop among those working in
the nuclear industry. This has been expressed in an excellent
way by the "Kemeny Commission" /3/ investigating the accident
at Three Mile Island. The following observation was made:
"After many years of operation of nuclear power plants, with no
evidence that any member of the public had been hurt, the belief that
nuclear power plants are sufficiently safe grew into a conviction. One
must recognize this to understand why many key steps that could have
prevented the accident at Three Mile Island were never taken. The
Commission is convinced that this attitude must be changed to one that
says nuclear power is by its nature potentially dangerous, and,
therefore, one must continually question whether the safeguards
already in place are sufficient to prevent major accidents. A
comprehensive system is required in which equipment and human beings
are treated with equal importance."

Whether the attitude of those working in the Swedish nuclear
industry is generally characterized by the humbleness towards
the task of mastering the nuclear fission process requested by
the Kemeny Commission, is difficult to assess. The attitude

q

An important action required to stop the loss of coolant accident
was to close the block valve in the relief line from the pressurizer.
According to one of the three versions of the course of events, the valve
was closed at the suggestion of a shift supervisor coining onto the next
shift /3/. An evaluation presented in /4/ indicates that the time margin to
more severe core damage was of the order of 10 - 30 minutes.
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public, shows little difference between now and before the
Three Mile Island accident. Hopefully, those outside the
information department, who actually influence the safety of
the operation now have a more serious attitude towards the
risks than that shown in the general brochures10.
It is clear that the organization of the operation and utility
management attitudes are matters of concern to the Nuclear
Power Inspectorate after the Three Mile Island accident.
Organization and "safety culture" are discussed in some detail
for instance in the periodic reports to the Swedish
government, see /10, 16, 34/. Overall, the Nuclear Power
Inspectorate appears satisfied with the recent efforts made by
the utilities in the man-machine-organization field 11 , but
sees needs for further improvements. The latter is not
surprising when observed deficiencies in the organization at
some plants are considered. Out of the six events classified
on the INES-scale during 1993/94, four were related to
operator errors or organizational deficiencies. For 1994/95,
three out of five events classified on the INES-scale12 are
of this type, see table 5. This experience illustrates the
importance of the organizational and human factors for the
safety of nuclear power plants.
One example of such an event is the erroneous calibration of a
device for adjustment of the opening pressure of safety valves
in the Ringhals plant that was found in 1994 after it had been
observed that the safety valves had not opened during a
shutdown transient despite the pressure exceeding the
prescribed level. The error affected all the three PWR:s at
Ringhals and had been there since operation started. An
investigation concluded that the error should have been
noticed earlier if the personnel had had a more "problem
searching attitude" /34/.
To what extent the Nuclear Power Inspectorate evaluates
operator performance on an individual level in addition to the
evaluation of the organizational performance, is not clear
from the "As operated safety analysis reports" for the units
or the summary reports to the Swedish government. Such
evaluations appear as justified in view of the important role
of the operators and the large number of reported incidents
that are caused by human errors. Reports for 1994 include
about 450 incidents, out of which about 280 where explained by
"the human factor". For improvement of the safety it is
obviously important to investigate if certain individuals or
groups are more frequently involved in such incidents than

An interesting example of biased information is given in footnote
16 on page 46.
MTO-verksamhet (Manniska Teknik Organisation)
See appendix 1 for definition of levels on the international
nuclear event scale.
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other.
The number of incidents has gradually been increasing from
1985, when all the present 12 units had come into operation.
According to /17/, which discusses the development between
1992 and 1994, there is a tendency for an increasing share of
incidents related to "the human factor".
Table 5 Events classified on the INES-scale and related to
operator performance or organizational deficiences
Year

Class

1993/94

1994/95

Unit and event

1

Ringhals 2. Missing fuel rods in two fuel
assemblies. Lack in quality assurance.

1

Barseback 2. Mistake in fitting of valves
for emergency core cooling pumps

1

Barseback 1. Incomplete service of emergency
core cooling pumps.

1

Barseback 1. Blow-down system blocked.

2

Ringhals 2, 3, 4. Erroneous calibration of a
device for adjustment of the opening
pressure of safety valves.
Barseback 1. Draining of a small amount of
of radioactive water and release of this
water to the sea.
Forsmark 2. Shut-off valves in the
containment venting line closed during
operation

4.

EFFECTS OF AGING ON THE SAFETY OF SWEDISH NUCLEAR POWER
PLANTS

4.1 Aging of designs and components
The effects of aging on nuclear power plant safety are
naturally associated with the inevitable deterioration of
plant components as time passes. The discussion in the
following sections will focus almost entirely on this aspect.
Aging can obviously lead to increased probabilities for major
coolant leaks, an increased frequency of operational
disturbances with safety implications and reduced reliability
of the safety systems. The operating experience from the
Swedish nuclear power plants will be examined for indications
of such effects. Possible measures to counteract these effects
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of such effects. Possible measures to counteract these effects
of aging will also be discussed.
Quite another aspect of aging is the aging of design criteria
and the regulatory framework applied when a particular nuclear
plant was originally approved for operation. The safety goals
have been made more ambitious since the first Swedish nuclear
power plants were commissioned as mentioned in section 2.4. It
is obvious from table 2 that several of the Swedish nuclear
power plants do not have acceptable safety if the present
criterion for new reactors, i.e a predicted core melting
probability of below 10~5 per operating year, is strictly
applied. When comparing the data in table 2 with the criterion
it must be remembered that the predictions shown in the table
do not include fires and external events and that the
predicted core melting probabilities can become significantly
larger when such events are included, as has been illustrated
by recent predictions for Ringhals 2 /14/ and Oskarshamn 1
/35/.
The situation has been presented to the government by the
Nuclear Power Inspectorate in a way that might be
characterized as misleading. In its most recent annual report
/34/ states:
"The probabilistic safety assessments give generally
estimates for the probability of a core damage accident of
the order of magnitude 10~5 per operating year. This
probability corresponds to an internationally accepted
goal for design of new reactors".
The reality is that several of the Swedish nuclear power
plants have not been shown to reach the current safety goal
and must therefore be considered as potentially outdated.
The situation can be improved at some cost by plant
modifications but can also be further aggravated by component
deterioration.
4.2 Expected effects of aging on component reliability
The general experience regarding component failure rates is
that failure rates drop during the first period of operation,
stay more or less constant and then increase as an effect of
aging. Various phenomena contribute to aging. Mechanical
components age as result of wear, corrosion, fatigue and
embrittlement. Electrical components age due to embrittlement
of insulation materials and changing of dielectric properties,
The operating environment characterized by the chemical
atmosphere, temperature, radiation, vibrations and load
variations can be quite important for how quickly aging
effects appear.
Known aging effects have been taken into account when the
design and materials for the components in nuclear power

34
plants were specified. The reactor pressure vessel for
instance has been designed to survive the expected number of
transients during a 40 year operating period.
If unexpected phenomena do not appear and if the actual
operating conditions are not more severe than expected, the
possible effects on plant safety of increased failure rates
caused by aging can be avoided by scheduled preventive
maintenance, i.e by re-conditioning or replacement of
components before the failure rate increases as a consequence
of aging. This approach can be used for components of
standardized design used in large numbers where operating
experiences give sufficient basis for estimation of the time
to aging.
For other components, periodic inspection and testing is being
used as a means to determine when repairs or replacement is
necessary. The requirements for such periodic inspections and
tests are documented in the "Sakerhetstekniska foreskrifter"
issued by the Nuclear Power Inspectorate, individually for
each unit. An important example of a component subject to
periodic inspections is the reactor pressure vessel and the
primary coolant system. When indications of deterioration of
the component have been found through an inspection, a
judgement must be made if the deterioration will progress
slowly enough to allow safe operation until the next
inspection. If this is the case, the repair or replacement
will be postponed.
New, more stringent requirements for inspections of mechanical
components and dealing with indications of deterioration have
been issued by the Swedish Nuclear Inspectorate. The new
requirements are gradually being introduced during a three
year period.
Aging will have no implications for safety if preventive
maintenance succeeds to replace or renovate aging components
before the failure rate increases significantly1 . Indicators
of success in this respect could be:
- No increase in component failure rates;
- No increase in frequency of events requiring automatic or
manual action to bring the plant to a safe and stable
condition;
- No increase in number of faults that were not found by
scheduled inspections and tests;
The operating experience from the Swedish nuclear power plants
will be examined from these aspects in the following sections.

For some components (like for instance the reactor pressure
vessel) replacement or major renovation may not be a realistic option.
Aging of such components will lead to gradually deteriorating safety.
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4.3 Frequency of component failure
In order to maintain an updated data base for component
failure frequencies to be used for the probabilistic safety
analysis, the Nuclear Power Inspectorate keeps and evaluates
records of component failures which prevent function of the
system where the component is part. The records are documented
in the "T-book". The most recent update covers the periods
1974 - 1987 and 1988 - 1992.
The number of component failures are given for each unit
separately. Using these data and the number of operating years
for each unit during the two periods, the component failure
frequencies can be calculated for each period. The results are
illustrated in figure 7.
It is clear that the component failure frequencies differ
considerably between the plants and that the frequencies in
the second period are generally somewhat lower than in the
first period. The three units in Oskarshamn, with Oskarshamn 2
standing out in particular, are exceptions and show an
increase in failure frequencies.
The general impression is that failure frequencies have not
been increasing and that the experiences from Oskarshamn may
justify a special investigation.
4.4 Frequency of initiating events with safety implications
Initiating events with safety implications14 are defined as:
"a disturbance of the operation which reguires automatic
and/or manual actions to bring the plant to a safe and stable
condition and where lack of such action involves a significant
risk for a development leading to core damage". The frequency
of such events is obviously of importance for the probability
of accidents leading to core damage. Records of such events
are therefore evaluated on a regular basis by the Nuclear
Power Inspectorate with the purpose of determining if
frequencies tend to increase or decrease. The results of the
most recent evaluation are collected in the "I-book" /15/.
The evaluation is based on experiences from 215 operating
years in eleven BWR:s 15 and the three Swedish PWR:s. Six
types of initiating events for BWR:s and eight types for PWR:s
are included.

Often referred to simply as "initiating events" (inledande
handelser)
15

i.e the 9 Swedish and the 2 Finnish delivered by ABB Atom
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Trends in frequencies have been estimated for each unit and
each type of initiating event. The number of trends estimated
is therefore 90. The results can be summarized as follows:
Increasing frequency
No significant change
Decreasing frequency

2 trends
53 trends
35 trends

Even if the limited number of data makes interpretation of the
trends difficult, it appears that there is no indication yet
of significant increases in frequencies of safety related
initiating events.
4.5 Faults not found by scheduled inspections and tests
Scheduled inspections and tests focus on what is expected to
be "weak spots" in the plant and are carried out with such
intervals that damage resulting from aging shall be identified
before the damage has progressed far enough to compromise the
safety.
It is unavoidable that faults will appear before being found
by the scheduled inspections and tests. This should be taken
into account when the failure frequencies are quantified in
probabilistic safety analysis. If however such incidences are
becoming more frequent, the aging of the plant is probably
more rapid than expected. Of particular interest in this
context are faults in the form of cracks in pipes, connections
and vessels which may progress to a major leakage from the
reactor coolant system. The time available for this study has
not allowed an evaluation of the experiences regarding this.
4.6 Unexpected aging phenomena observed in Swedish nuclear
power plants
The accumulated international operating experience from
nuclear power plants shows that some aging phenomena turned
out to be more serious than originally anticipated. Stress
corrosion and thermal fatigue are such phenomena which have
also been observed in Swedish nuclear power plants. Table 6
gives an overview of the situation as regards the observations
by the end of 1995.
Stress corrosion and thermal fatigue lead to a degradation of
safety through progressive cracking of the material affected.
The consequence may either be loss of reactor coolant, opening
of unexpected internal flow paths or modifications of the
internal geometry of the reactor. When cracks are found, an
evaluation of the safety implications are made, using the
theoretical methods of fracture mechanics.
Most of the damage was found during scheduled inspections. It
is clear however that the vessel head penetration cracks were
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Table 6.

Observed stress corrosion and thermal fatigue in Swedish nuclear power plants

Unit

Year

Age

Damage description

01

1986

14

1993
1993
1993

21
21
21

Stress corrosion of
core support
Cracks in moderator
Cracks in moderator
Stress corrosion in

1985
1986

10
11

02

Bl

B2

1985
1989
1986
1988

10
14
9
11

Action taken
feed water distributor and
tank wall
tank lid
pipe bends

Stress corrosion of moderator tank lid
Stress corrosion of feed water distributor and
core support

Replaced
Repaired or left
To be replaced
Replaced
Replaced

Stress corrosion of moderator tank lid
Stress corrosion of feed water distributor and
core support

Replaced

Stress corrosion of moderator tank lid
Stress corrosion of feed water distributor and
core support

Replaced

Replaced

Replaced

Rl

1992

16

Thermal fatigue cracks in feed water nozzle

Repaired

R2

1989

14

Steam generator
replaced

1992

17

Gradual development of steam generator tube
damage
Stress corrosion cracks at vessel head
penetrations

Repaired or left

R3

1995

14

Gradual development of steam generator tube
damage

Steam generator
replaced

R4

1992

11

1995

12

Stress corrosion cracks at vessel head
penetrations
Some steam generator tube damage

Left
None so far
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found during a special inspection requested by the Nuclear
Power Inspectorate after a leakage had been observed at the
nuclear power plant Bugey 3 in France, see Hammar /12/.
Aging of mineral wool insulation material contributed to
acceleration of strainer clogging as observed in the incident
at the Barseback plant discussed in section 3.5. The effect
was not anticipated before the incident occurred.
4.7 Safety implications
If knowledge about aging phenomena in nuclear power plants was
complete and if aging can be managed in the right way, aging
of a nuclear power plant should not lead to increased risk. It
should be possible to maintain the original safety level by
replacement or repair of components which approach their
expected lifetime or show signs of excessive deterioration as
found during the scheduled inspections and tests. Aging will
of course lead to increasing maintenance costs. At some stage,
the owner of the plant will not find it justifiable to pay the
increasing costs and will close the plant. Aging would then be
an economic problem but not a safety problem.
This appears to be the official position of the Swedish
Nuclear Power Inspectorate, even if the formulations in the
1995 annual report /34/ are more cautious than in the annual
report from 1994. In the 1995 report it is said that the
"experiences indicate that the inspection programmes
essentially lead to identification of damage at an early
stage", whereas in the previous report /16/ it is said that
the "experiences indicate that the inspection programmes lead
to identification of damage at an early stage". In both annual
reports it is said that the more rigorous inspection
requirements should maintain margins to leakages and ruptures
with significant safety implications at an acceptable level
despite increasing age of the units. The slight change in
wording can only be interpreted as preparation for a defense
position if a serious fault would occur.
Maintaining the safety level as the units grow older requires
that the Nuclear Power Inspectorate succeeds in its ambition
to identify damage at an early stage by the inspection
programmes and also that the Nuclear Power Inspectorate
manages to enforce safety related preventive maintenance even
during the last years of operation when economic incentives to
spend money for preventive maintenance are diminishing. It is
obviously not possible to predict if the Nuclear Power
Inspectorate will be able to accomplish these two things. It
appears however that the difficulties will increase with
increasing age of the units.
The present experience shows that the scheduled inspections
have not succeeded to find all the faults that have developed
as a result of aging. The vessel head penetration cracking in
PWR:s is the most recent example of this. In that case, faults
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found in a foreign plant of similar design initiated an
inspection also of the Swedish plants. As a result, cracks
were found also in two of these.
For the PWR:s, continued utilization of international
experiences from similar plants of the same age or older will
be possible. This should improve the chances of finding damage
at an early stage. Unfortunately, the nine Swedish BWR:s are
to some extent unique designs which makes it less likely that
foreign experiences can be used to identify earlier unknown
weak spots. The more rigorous inspection programme that has
been introduced by the Nuclear Power Inspectorate is likely to
increase the probability that damage is identified at an early
stage. However, the number of spots where faults can appear
will also increase with age. Even if further amplifications of
the inspection programmes are possible, the task to find all
damage at an early stage may become overwhelming as the plants
grow older.
Enforcing safety related preventive maintenance may also
become increasingly difficult as the plants grow older. With a
short remaining operating time, the cost of the maintenance
per generated unit of electricity will be high. At the same
time, the costs for maintenance required to keep the plant
operating can also be expected to increase, as a result of
progressive aging. When the costs approach the limit for
profitable operation, the willingness to spend on preventive
maintenance which is mainly safety related can be expected to
drop. It is an open question how the Nuclear Power
Inspectorate will act under such circumstances. There may be
no reasons to question the present integrity of the Nuclear
Power Inspectorate, but increased sensitivity to economic
arguments as a result of changes in the Board and considerable
pressure from the nuclear community can not be excluded.
From the previous discussion it should be obvious that
accepting 40 years operating time for the nuclear power plants
in Sweden instead of the 25 years assumed by the social
democratic party and the liberal party in their "nuclear
phase-out plan" published before the nuclear referendum in
1980, has some safety implications related to aging. There are
two major issues, namely a)for how long time plants which do
not meet current safety goals should be operated and b)if the
integrity of the Nuclear Power Inspectorate and the resources
provided to it can keep pace with the progressive aging of the
nuclear power plants.
Both issues are fundamentally political and the responsibility
rests with the Swedish government.
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Figure 8

Arrangement of the filtered venting at the
Barseback plant
ro
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5.

EFFECTS OF FILTERED CONTAINMENT VENTING ON THE RISK FOR
MAJOR RADIOACTIVE RELEASES

5.1 Background and performance requirements
Filtered venting of the containment was suggested in /4/ as an
additional safety system when the Three Mile Island accident
made it apparent that core melting is a real threat and not
only a hypothetical consequence of failures of the safety
systems in a nuclear power plant. The purpose of the filtered
venting is to avoid an uncontrolled release of radioactive
material from the containment in situations when the
containment integrity is threatened and to separate most of
the radioactive material that can cause long-lasting land
contamination.
The requirement for installation of filtered venting of the
containment at the Barseback nuclear power plants was issued
by the Swedish government in 1981. This was followed in 1986
by a requirement to install filtered venting at all the
Swedish nuclear power plants. The work was completed in 1988.
It is required that venting shall be carried out if the
containment integrity is threatened. With the filter at least
99,9% of the radioactive isotopes in the core shall be
retained with the exception for noble gases which may be
released to the atmosphere. The intention is that only events
"with extremely low probability" shall lead to extensive
radioactive land contamination. As mentioned in section 2.4
"extremely low probability" has been interpreted by the
Nuclear Power inspectorate as meaning events that are
expected to occur more seldom than once in a million to once
in 10 million operating years.
5.2 Stone bed condenser/filter at Barseback
Figure 8 illustrates the arrangement of the filtered venting
at the Barseback plant, which was the first to be equipped
with this safety system, obviously because of its location in
an important agricultural region close to the large cities of
Copenhagen, Malmo and Lund.
Each of the two containment buildings is connected by a large
diameter pipe to a stone bed condensor (height 40 m, diameter
20 m, volume 10 000 m 3 ) . The venting is to be done when the
containment pressure exceeds 650 kPa and is achieved either by
bursting of a rupture disc or by opening of valves in a pipe
of smaller diameter which connects the containment with the
stone bed condensor.
If the venting is brought into function, steam and gases
carrying radioactive material from the containment will flow
downwards through the condensor. Steam will condense to water
on the cold surfaces of the stones. Most of the volatile
radioactive matter is also expected to condense to be carried
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with the condensate to the bottom of the condensor.
Valves in the pipe between the containment and the stone bed
condensor can be closed to isolate the containment when the
pressure has been brought down to a safe level.
The performance of the stone bed condensor has been tested in
limited scale (height 7,5 m, diameter 0,5 m) , see Erikson et
al. /5/. On basis of these tests the performance of the full
scale condensor was estimated according to table 7.
Table 7.

Estimated performance of the stone bed
condensor/filter

Accident type

Penetration factors
Elementary iodine

Late venting of
containment
(after 12-48 h)
Early venting of
containment

4'10"10
< 10" 10

Particulates

8-10"8
2'10"4

With such low penetration, a substantial reduction of the
radioactive release will obviously be obtained.

5.3 Multi venturi scrubber system at other power plants
The filtered venting arrangements installed at the nuclear
power plants at Forsmark, Oskarshamn and Ringhals are similar
to that in Barseback except for the filter, which is designed
as a multi venturi scrubber in Forsmark, Oskarshamn and
Ringhals. Figure 9 shows a sketch of the scrubber filter which
consists of 864 venturi nozzles submerged in a water pool. A
moisture separator, designed as a gravel bed filter, is used
to separate water droplets brought with the gas or steam flow
leaving the pool surface. Most of the separation effect is
expected to be achieved in the venturi where particles brought
with the gas flowing at high velocity, due to inertia effects
are picked up by water droplets generated from water sucked
into the venturi through the openings at the venturi throat.
Separation of iodine is expected to be achieved by absorbtion
in the water phase. Sodiumtiosulphate is added to the water to
increase the solubility of iodine.
The performance requirements on the system with respect to
released fractions of radioactivity contained in the reactor
core are the same as for the Barseback plant. Retention in the
containment is however expected to be less in the pressurized

Till ventilationsskorstenen
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j Fran inneslutningen
Fuktavskiljande
stenfilter

Anga/gas tranger in i filtret (1). Den kolliderar med vattendroppari venturidysorna (2), som ar nedsankta i en vattenbassang (3). Pa vagen ut fran detta bubbelbad passerar
den renade gasen en fuktavskiljare (4) in nan den slutligen
slapps ut till atmosfaren (5) genom ventilationsskorstenen.
Figure 9

Multi-venturi scrubber filter
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water reactor units, Ringhals 2 - 4 . In order to meet the
requirements, the separation factor of the filter (defined as
amount released divided by amount entering the filter) must
therefore be at least 100 for the boiling water reactor units
and 500 for the units with a pressurized water reactor.
Scrubbers are used in various industrial applications for gas
cleaning. The design of the scrubbers installed here is
however different. The main differences are:
- Gas flows differ between the Venturis and is determined by
the pressure in the vent line and the individual inlet
levels of the Venturis;
- The liquid flows into the Venturis is determined by the
gas flows;
- A small gas flow will pass without normal cleaning when
the individual Venturis are becoming operational or
ceasing to operate;
- The water level in the pool varies;
- The temperature of the water increases to boiling;
- The gas composition varies (inert gas fraction is
gradually reduced).
Since previous industrial experience could not be used for
assessment of the performance, special efforts were necessary
to verify the performance. The work done for verification has
been reported by Hamner /8/. Full scale commissioning tests,
normally used for industrial installations, could not be
carried out to verify the performance. The verification is
based on theoretical calculations, experiments with a single
nozzle and experiments with a group of four nozzles. The
experiments were carried out with a particle size distribution
shifted towards smaller sizes than the expected with a
lognormal mean diameter 1,5 /xm. Water temperatures up to 80°C
were covered in the tests. The tests showed a margin against
the performance requirements of at least a factor of 5.
The verification report has been reviewed by consultants to
SKI, see Brandberg and Rasmusson /9/. The conclusion from this
review is that the design appears to meet the requirements,
except as regards absorbtion of elementary iodine. The
consultants therefore recommend use of a higher concentration
of sodiumtiosulphate in the pool water.
5.4 Residual risk for large radioactive release
It appears to be a widely spread misunderstanding among less
well informed supporters of continued use of nuclear power in
Sweden that the introduction of filtered venting of the
containment has eliminated the risk for very large releases of
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radioactivity after a core melt accident16.
The fact is that the probability for such catastrophes may
have been reduced but still exists. As illustrated by figure
6, the Nuclear Power Inspectorate estimates the probability
for a very large release to about 3*10~7 with an uncertainty
band reaching 10~ 5 . The introduction of filtered venting of the
containment is estimated to lower the probability for a large
release by a factor of four to ten.
Direct verification of such low probabilities by accumulated
operating experiences is not possible and will not be possible
within reasonable time, as shown in section 2.6. The
credibility of the estimated probabilities for very large
radioactive releases, must therefore be assessed by
examination of the basis for the theoretical risk estimates.
Accidents leading to a large release of radioactivity fall
into four cathegories:
- Accidents where the containment remains intact and the
release path by-passes the filter;
- Accidents where the pressure increase in the containment
is so rapid that the venting can not save containment
integrity;
- Accidents where the containment is damaged mechanically by
flying objects or external forces;
- Accidents where the filtered venting is expected to be
effective but fails nevertheless.
Event chains leading to such accidents are discussed for
pressurized water reactors in /14/, for boiling water reactors
with external circulation pumps in /21/ and for boiling water
reactors of the later type with internal circulation pumps in
/13/. Probability estimates for releases of different
magnitudes are also presented.
According to the estimates for Ringhals 2, the containment
will remain intact for almost 80% of the core melt accidents
included in the analysis. A very large release, amounting to
about 10% of the inventory of Cs and I is expected to occur
for 1% of the core melt accidents, with a frequency of about
2*10"7. In the remaining cases, the estimated release of Cs and
I is just above 1% of the core inventory. The frequency of

This misunderstanding remains not the least because of misleading
information distributed by the information departments of the nuclear
utilities, see for instance /32/ where it is claimed that the worst case of
nuclear contamination after a reactor accident in Sweden would be
comparable to the contamination caused in Sweden by the Chernobyl accident
and be limited to a distance of about 10 km from the failed reactor. This
should be compared with the recent predictions presented by the Swedish
Radiation Protection Agency /30/.
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releases exceeding the goal formulated by the government, see
section 2.4 is estimated to 4,5"10"6.
The estimates for one of the units at Barseback, see /21/
predict that the containment will be intact for about 85% of
the core melt accidents considered. A very large release
including more than 10% of the core inventory of Cs and I is
estimated as result of 4% of the accidents, with a frequency
of l,4*10~7. The frequency of releases exceeding the goal
formulated by the government is estimated to 6*10~7 which
corresponds to about 15% of the core melting accidents.
According to the estimates for Forsmark 3 /13/, 10% of the
core melt accidents will give a release exceeding the
government goal. The frequency of such accidents is estimated
to 5,8'10"7.
Whereas it is reasonable to assume that all core melting
accidents will not lead to a very large release of
radioactivity, the quantifications of release probabilities
made in these studies must be considered as very uncertain.
Many of the estimates used for probabilities of important
phenomena can at best be characterized as educated guesses.
Typical for the present state of knowledge is the method
described in /21/ for quantification of the probability for
contanment rupture caused by so called dynamic phenomena 17 .
Four engineers from the Sydkraft group were asked to
independently give their opinions about the probabilities of
containment rupture due to different dynamic phenomena under
different conditions. The predictions in /21/ were then based
on the averaged results from this exercise and lead to an
estimated 10% probability for containment damage after a core
melting accident. It is mentioned in /21/ that there were
considerable differences between the opinions in a number of
cases. Unfortunately the ranges of the estimates are not
presented in /21/ It is evident that the approach used to
quantify the probabilities can only be justified when
knowledge about important phenomena is limited and that the
results must be considered as very uncertain. This is
important since dynamic effects came out as one of the
dominating reasons for a large release of radioactivity.
Successful restoration of core cooling after core melting was
assumed in 25% of the core melt accidents in the Barseback
study /21/ It is recognized in the study that this could lead
to criticality (which might develop into an un-controllable
situation) but the probability was assumed to be very low. The
computer model available for the analysis did not allow
simulation of this situation.

This includes damaging hydrogen explosions in the reactor vessel
or containment, damaging steam explosions in reactor vessel or containment,
direct containment heating and global reactor vessel melt-through
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5.5 Remaining uncertainties about stone bed filter performance
Unfortunately, the experimental verification of the low
penetration factors estimated for a full scale stone bed
filter is questionable. The lowest penetration factor
actually measured is 2 x 10~3, see Erikson et al /5/. The low
penetration factors shown in table 7 have been questioned by
the independent reviewers, see Bracht et al /6/, pointing out
several reasons why the penetration may exceed the values
presented in the safety report, such as:
- Methyl Iodine will probably be formed and is very
difficult to retain;
- Hydrogen combustion in the filter bed may lead to an
appreciable re-suspension of aerosols collected on the
rock surfaces;
- Inadequacies in the experiments and the theoretical
modelling used for prediction of the full scale retention.
Inhomogenous flow in the filter bed appears as another
possibility for lower performance than estimated from tests in
limited scale.
The possibility of failed function of the filtered venting is
discussed in the study for Barseback /21/ but only from the
point of view of system function faults, i.e erroneous valve
positions. The possibility for functionability faults of the
filter which must be considered a reality as long as realistic
full scale performance have not been made, is ignored.
5.6 Remaining uncertainties about multi venturi scrubber
performance
The lack of full scale performance tests under realistic
conditions leaves an uncertainty about the actual performance
of the filter as compared to the predicted performance based
on the laboratory experiments and theoretical estimates.
Possible reasons why the radioactive release would exceed the
limit defined by the government are:
- More radioactive material than expected leaves the
containment;
- Particles are smaller than expected;
- Water flow into Venturis reduced due to blockage by
insulation material brought with the gas flow;
- Foaming in the pool leads to impaired performance of the
moisture separating stone bed;
- Reduced particle capture due to boiling;
- Carry-under of gas and steam bubbles in the pool leads to
reduced water flow into the venturi nozzles;
- Reduced scrubbing effect during initial transient;
- Mechanical failure of the design caused for instance by
initial shock.

49
Most of these possibilities have been considered and studied
by the utilities or the Nuclear Power Inspectorate. A review
of the situation as regards the effects listed above has been
made by Frid /37/. His conclusion on basis of the tests and
theoretical studies is that the performance will be
acceptable. It should be noticed that effects should increase
the penetration by a factor of 5 in order to lead to a release
that exceeds the goal defined by the Swedish government.
Concerns that remain after the review made by Frid /37/ are
discussed in Appendix 2. It appears that effects that have
been less thoroughly studied and might lead to a reduction of
the performance are the effects of boiling and the effects of
carry-under of bubbles in the pool. The conclusion in Appendix
2 is that further studies and probably also tests are
desirable to verify that these effects do not lead to a
significant increase of the penetration of radioactive
particles.
5.7 Critical assessment of filter functionability
There should be no doubt that the filters installed at the
Swedish nuclear power plants will reduce the release of
radioactive iodine and particles if venting of the containment
is done through the filter.
The experimental verification that filter performance meets
the requirements stipulated by the Swedish government can
however be questioned. Both the stone bed filter design, used
in Barseback and the multi venturi scrubber filter design,
used in the other nuclear power plants were performance tested
in limited scale. There seem to be reasons to question the
performance predictions for the full scale filters from the
results of these tests.
Despite the margins between predicted and required
performance, further experimental studies of the filter
performance appear as justified.
5.8 Results of probabilistic risk assessment with and without
filtered venting.
As illustrated by figure 6, the Nuclear Power Inspectorate
estimates that the effect of the filtered venting is a
reduction of the probability for a large radioactive release
by a factor of 4 - 10.
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6.

CONCLUDING DISCUSSION

It is difficult to deny that the use of nuclear power is based
on the assumption that the probability of major accidents is
extremely small - so small in fact that such accidents will
never happen. There is no reason to doubt that the ambitious
safety work of the nuclear industry and regulatory authorities
are focussed on achieving this goal. Apparently convinced that
the goal can in fact be achieved, most countries using nuclear
power have not bothered to set an end to the use of this
energy source.
In Sweden, the accident in the Three Mile Island power plant
in 1979 served as an eye-opener to the general public and the
political decision-makers. It lead to a decision in the
Swedish Parliament to close all the nuclear power plants in
Sweden before 2010. This decision is now being questioned. The
review of the safety of nuclear power plants in Sweden
reported here has resulted in the following findings that
should be of interest in the discussion of a possible
extension of the period when nuclear power generation is
allowed in Sweden.
1. Recent studies made by the Swedish Radiation Protection
Agency indicate that the consequences of a large release
of radioactive fission products including isotopes like
iodine and caesium can still be considered as
catastrophic. The experiences from the Chernobyl accident
show that caesium will remain a problem for a much longer
time than expected earlier.
2. Contrary to what many supporters of nuclear power appear
to believe, the introduction of filtered venting at the
Swedish nuclear power plants has not eliminated the
possibility for a major radioactive release. The estimated
effect of this new safety system is a reduction of the
probability for a major release of radioaactivity by a
factor of 4 - 10 but not elimination of the risk. Because
of the uncertainties about phenomena following a core
melting accident, the estimates of the risk reduction
obtained by the filtered venting are also quite uncertain.
3. The recent report from the Swedish Nuclear Power
Inspectorate to the government can be interpreted as if
the Swedish nuclear power plants satisfy the
internationally defined quantitative safety goal for core
damage probability of below 10~5 per reactor year. Four of
the plants have however reported predicted probabilities
that are at least twice as high. These plants satisfy the
previous goal of 10" 4 per reactor year which applies for
older plants. Many of the safety assessments are still
incomplete since effects of fires and flooding and
accidents at low power level are not included in the
results presented.
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4. The Swedish Nuclear Power Inspectorate recognises the
large uncertainties associated with the probabilistic risk
assessments used by the utilities for verification of the
safety of the nuclear power plants. In a recent report to
the Swedish government the possibility that the core
damage probability is as high as 10" 3 for some of the
Swedish nuclear power plants is not excluded. Predictions
presented by the utilities range from 0,3'ICT5 to 4*10~5.
5. Reasons given by the Swedish Nuclear Power Inspectorate
for possible underestimation of the core damage
probability in the present predictions are unknown
technical deficiencies and human errors which are not
possible to incorporate in the probabilistic models.
6. Functionability failure of safety systems is a type of
technical deficiencies which is not taken into account in
the probabilistic safety assessments. The lack of full
scale verification of safety systems performance under
realistic conditions which remains despite the ambitious
safety research programs makes the neglection of such
failures in the models highly questionable. The incident
in the Barseback 2 plant in July 1992 when the strainers
at the inlet to the pipes supplying water from the
condensation pool to the emergency core cooling system
were blocked by insulation material much more rapidly than
predicted in the safety analysis report, illustrates that
weaknesses in safety system design can remain unnoticed
until the system is used under realistic conditions.
7. The possibility for functionability failure should also be
considered for the filtered venting of the containment.
Since performance tests with the two filter types being
used have only been made in limited scale, the possibility
of lower than expected filtering performance can not be
excluded. The implication of this is that the effect of
the filtered venting arrangement on the probability for a
large release may be less than estimated by the Nuclear
Power Inspectorate (see finding 3 ) .
8. It appears that nuclear power plants in Sweden are being
operated with isolation valves of questionable
functionability. It is not clear if this has been taken
into account in the probabilistic safety assessment for
these plants and if the praxis to allow operation with
relaxed safety for limited time periods is more generally
applied.
9. The present probabilistic safety assessments lead to
prediction of overall probabilities for core melting and a
release of radioactive fission products. The predictions
are partly based on reasonably well verified experience
from operation and partly on very uncertain assumptions.
A better understanding of the risks might be obtained if
the predictions based on more reliable data were presented
separately from those that are based on more uncertain
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assumptions.
10. Aging of the nuclear power plants can lead to increased
probability for events that may initiate an accident and
also to increased probability for functionability failure
of the safety systems. Aging can however be compensated
for by more frequent and detailed inspections and
adaptation of the scheduled maintenance programmes to the
experiences. Unexpected aging effects have been observed
in Swedish nuclear power plants, but there is so far no
indication that the aging effects have caused or will
cause a deterioration of the safety.
11. The risk for human errors leading to significant reduction
of the safety is closely related to the attitudes of the
operators and the utility management towards the safety
issue. Human error appears as a dominating reason for
events of safety significance reported for Swedish Nuclear
Power plants to the International Atomic Energy Agency in
the recent years.
12. Misleading information about the safety of the nuclear
power plants is still being distributed from the
information department of at least one nuclear utility.
This is serious if it reflects the attitudes of the
management, in particular since the attitude of the
operators of the nuclear power plants may also be
influenced.
13. The position of the Nuclear Power Inspectorate as regards
unidentified technical deficiencies and aging effects
appears to be that the present experience has shown that
the safety work has led to identification of such
deficiencies and effects so that corrective measures have
been possible before serious accidents have occurred. This
is true so far for the Swedish nuclear power plants. With
progressive aging of the power plants, reliance on
continued similar experiences requires that the inspection
programmes and the safety authority are gradually
strengthened to keep pace with the aging.
14. It can be established that faults in the pressure boundary
have developed without being noticed in the routine
inspections. The faults were found after a special
inspection made after appearance of faults in foreign
pressurized water reactors of similar design. This
justifies particularly detailed inspections of the boiling
water reactors of Swedish design because experiences from
foreign plants can not be relied upon to the same extent
for identification of weak points in the design.
The main conclusion from this evaluation of Swedish reactor
safety is that meaningful predictions of the increased risk
caused by extension of the operation of the Swedish nuclear
power plants for 10 - 15 years beyond 2010 can not be made. It
is obvious that the risk will be eliminated 2010 if the power
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plants are then closed. It is also obvious that any further
operation leads to some increased risk. Much improvement in
the accuracy of the risk estimates can not be expected during
the period of interest.

7.

RECOHHENDATIONS

Given the large share of nuclear power in the present Swedish
electricity supply system, continued use of nuclear power in
Sweden, at least during the next 10 years, is not possible to
avoid. Regardless of if a small risk for a nuclear accident is
considered acceptable or not, it seems reasonable to make
further efforts to minimize the risks caused by the nuclear
power plants during the remaining years of operation.
Implementation of the following recommendations will
contribute to this.
1. Quantitative safety goals should be applied in order to
facilitate objective and fair treatment of the nuclear
utilities as regards permissions to operate or decisions
to stop operation. These goals shall be selected so that
the probability for a nuclear reactor accident with a
large releas of radioactivity is extremely low. Since it
is not in reality possible to demonstrate that the goals
have been achieved, the nuclear power plants should be
phased out as soon as this can be done without serious
environmental consequences.
2. The safety goals should be the same for all the nuclear
power plants in Sweden. Because of the uncertainties
associated with estimates for very unlikely initiating
events, an absolute goal for the core damage frequency
shall only be used for initiating events where the
frequency can be estimated from operating experience. This
goal shall be lower than the present "internationally
accepted level" for the predicted frequency for major core
damage i.e lower than 10~ 5 per operating year.
For other initiating events, like for instance large pipe
breaks, the goal shall be defined as a conditional
probability for core damage. A reasonable goal is less
than 10" 3 per event 18 .
An additional goal shall be defined for predicted
frequency of a release exceeding 0,1% of the core
inventory for other nuclides than noble gases. This shall
18
This is based on the upper 95% confidence limit for the
probability of events that have not yet been experienced in light water
cooled nuclear power plants after about 4000 accumulated operating years is
about 10 . With a similar level for the conditional probability for core
melting after such an event, the resulting predicted core melting
probability would be less than 10"^.
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inventory for other nuclides than noble gases. This shall
also be defined as a conditional probability, assuming
that core melting has occurred. A reasonable goal is 10~ 3
per core melt.
3. Probabilistic safety assessments shall be used as a basis
for comparison with the safety goals despite the generally
recognized uncertainties in the results. The assessment
shall include all operational conditions and external
events such as fires and flooding. They shall be made
using methods and data approved by the Nuclear Power
Inspectorate. Plants which fail to meet the goals shall be
closed until the modifications required to meet the goals
have been implemented.
4. Operation with temporary relaxed safety requirements, for
instance after identification of safety problems that were
not considered in the safety analysis shall not be
allowed, unless it can be shown by a new analysis that the
predicted probability for core damage or a large release
still meet with the safety goals.
5. Since the uncertainties in the theoretical risk
assessments are too large to allow ranking of the Swedish
nuclear power plants with respect to accident probability,
the location of the power plants and the possible
consequences of a major radioactive release shall be used
to determine which nuclear power plants shall be closed
first.
6. Utilities who distribute misleading information to the
general public about the possibilities for catastrophic
reactor accidents shall have their operating licences
withdrawn, because of the indirect effects of such
information on the attitudes of management and operators.
7. Research focussed on improvement of the understanding of
complex phenomena that are important for analysis of
severe transients and the functionability of safety
systems should be strengthened with the purpose of
providing a better basis for definition of limiting
operating conditions and amendments to safety systems.
8. Inspection programmes for boiling water reactors of
Swedish design shall take into account that experience
from foreign reactors can only be of limited use for
identification of weak points in the design.
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APPENDIX 1

THE INTERNATIONAL NUCLEAR EVENT SCALE
for pramm communication of sataty significance

LEVEL
ACCIDENTS
7

DESCRIPTION |
CRITERIA
External release or a targe traction oi the radioactive material in a large taciiiry
MAJOR
ACCIDENTS
(e.g. the core of a power reactor). This would typically involve a mixture of
short and long-iived radioactive fission products (in quantities radioiogicaiiy
equivalent to more than tens of thousands terabecquereis of iodine- i 31). Such a
release would result in the possibility of acute health effects: delayed health
effects over a wide area, possibly involving more than one country; long-term
environmental conseouences.
SERIOUS
External release oi radioactive material (in quantities ramologicaiiy equvaient to
ACCIDENTS
the order of thousands of tens of thousands of terabecquerd of iodine-131).
Such a release-would be likely to result in full implementation of
countermeasures covered by local emergency plans to limit serious health
effects.
ACCIDENTS
External release ot radioactive material (in quantities raoiologicaiiy equivalent
WITH OFFto the order hundreds to thousands of terabecquereis of iodine-131). Such a
SITE RISK
release wouid be likely to resuit in partial implementation of countermeasures
covered by emergency plans to lessen the likelihood of health effects.

EXAMPLES
1 Chernobyl
NPP,

ACCIDENT
WITHOUT
SIGNIFICANT
OFF-SITE
RISK

Severe damage to the nuclear facility. This may involve severe damage to a
largefracnon of the core of a power reactor, a major crmcalhy accident or a
major fire or explosion releasing large quamaties of radioactivity within the
installation.
External release of radioactivity resulting in a dose to tne most exposed
individual off-site of the order of a few miiisievens.* With such a release the
need for off-site protective actions would be generally unlike ly except possibly
for local food comroL

USSR (now in
Russia), 1986

Kyshtym
Reprocessing plant
USSR (now in
Russia), 1957
Windscaie Pile. UK,
1957

Three Mile Island.
USA. 1979

Windscaie
Reprocessing Plant.
UK, 1973
Saint Laurent NPP,
France, 1980

Significant damage to the nuclear facility. Such an accident might include
damage to nuclear plant leading to major on-site recovery problems such as
partial core melt in a power reactor and comparable events at non-reactor
installations.
Irradiation of one or more workers which result in an over exposure where a
high probability of early death occur. INCIDENTS

3

SERIOUS.
INCIDENT

Buenos Aires
Critical Assembly,
Argentina. 1983

External release of radiacnvity above aumonsed limits, resulting in a dose to the
most exposed individual off site of the order of tenths of milliaevert." With >
such a release, off-site protective measures my not be needed.
On-site events resulting in doses to workers sufficient to cause acute health
effects and/or an event resulting in a severe spread of contamination for
examples a few thousand terabecquereis of activity released in a secondary
containment where the material can be returned" to a satisfactory storage area.

INCIDENT

ANOMALY

Incidents in which a further failure of safety systems could lead to accident
conditions, or a situation in which safety systems would be unable to prevent an
accident if certain initiators were to occur.
| Incidents with significant taiiure in safety provisions but with sufficient defence
| in depth remaining to cope with additional failures.
An event resulting in a dose to a worker exceeding a statutory annual dose limit
and/or an event which leads to the presence of significant quantities of
radioactivity in the installation in areas not expected by design and which
require corrective action.
Anomaly beyond the authorised operating regime. This may be due to
equipment failure, human error or procedural inadequacies. (Such anomalies
should be distinguished from situations where operational limits and conditions
are not exceeded and which are properly managed in accordance with adequate
procedures. These are typically "below scale").
NO SAFETY SIGNIFICANCE

VandeUosNPP,
Spain. 1989

DEVIATION
BELOW
SCALE/
ZERO
• The doses are expressed in terms of effective aose equivalent (whole body dose). Those cruena where appropriate can aiso be expressed
in terms of corresponding annual effluent discharge limits authorised by National authorities.

APPENDIX 2
PHENOMENA THAT CAN REDUCE THE EFFICIENCY
OF THE MDLTI-VENTURI SCRUBBER FILTER
The lack of full scale performance tests under realistic
conditions leaves an uncertainty about the actual performance
of the filter as compared to the predicted performance based
on the laboratory experiments and theoretical estimates.
Possible reasons why the radioactive release would exceed the
limit defined by the government are:

-

More radioactive material than expected leaves the
containment;
Particles are smaller than expected;
Water flow into Venturis reduced due to blockage by
insulation material brought with the gas flow;
Foaming in the pool leads to impaired performance of the
moisture separating stone bed;
Reduced particle capture due to boiling;
Carry-under of gas and steam bubbles in the pool leads to
reduced water flow into the venturi nozzles;
Reduced scrubbing effect during initial transient;
Mechanical failure of the design caused for instance by
initial shock.

Most of these possibilities have been considered and studied
by the utilities or the Nuclear Power Inspectorate. Their
conclusion on basis of the tests and theoretical studies is
that the performance will be acceptable. It should be noticed
that effects should increase the penetration by a factor of 5
in order to lead to a release that exceeds the goal defined by
the Swedish government.
It appears that two phenomena have been studied less
thoroughly or at least documented less thoroughly, namely the
effect of boiling and the effect of possible carry under of
gas and steam bubbles.
Effect of boiling
Most of the particle separation is believed to take place by
inertial effects in the venturi nozzle, where particles will
collide with the water droplets obtained when water from the
pool is sucked into the venturi.
A steam flow from the drops can be expected to counter-act the
inertial forces. This possibility is discussed in the
verification report. The conclusion based on theoretical
considerations is that the steam velocity is much smaller than
the relative velocity between the particles in the gas stream
and the water drops.
Experiments showed no reduction of the separation when the
filter was operated with hot water (80°C) and dry air (at 20
°C) under conditions that would lead to a steam flow from the

droplets by evaporation.
The theoretical considerations and the experiments appear not
to have taken into account that the mass and heat transfer
conditions are different when hot water is evaporated into
cooler air (test condition) and when water at saturation
temperature is evaporated into a gas/steam flow at higher
temperature (operational condition). In the former case, heat
needed for evaporation is supplied to the drop surface by
conduction in the droplet, whereas in the latter heat will be
supplied from the hot gas.
Without further studies it seems not possible to conclude that
the evaporation rate would not be larger under operating
conditions.
Effect of void in the pool
The venturi separators work on the principle that water is
sucked in through holes in the nozzle wall by a high velocity
gas flow with particles coming from the containment. If there
is a void at the level of the water inlets to the Venturis, a
gas/steam/water mixture will be sucked in. The droplet flow
through the venturi would then be lowered, probably roughly
proportional to the void at the water inlet level.
A void at the water inlet level can be caused by carry-under
of bubbles by the recirculation flow in the pool. This flow is
determined a) by the water flow into the Venturis b) by the
water flow created by the void in the pool above the venturi
nozzles.
The water flow into the Venturis is not large enough to cause
any appreciable carry under. The water flow created by the
void above the Venturis is more difficult to estimate. It
seems difficult to rule out the possibility that this flow
could lead to sufficient down-wards velocities to cause some
carry-under.
The documentation of the tests done is does not give much
information about this issue. According to Viktor Frid at the
Nuclear Power Inspectorate, no carry-under was observed during
the tests with four Venturis. It is not clear if the modelling
of the full scale arrangement from this respect was taken into
account when the dimensions of the experimental set-up were
selected. The matter deserves further investigation.
Conclusion
It appears that further studies and probably also experiments
are desirable to verify that the effects discussed above do
not lead to a significant increase of the penetration of
radioactive particles.
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