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Abstract:

Most studies of decommissioning in BWRs only briefly consider, that the plant might be af-
fected by different degrees of fuel failures. Furthermore, recent BWR experience has re-
vealed a somewhat new leakage behaviour with an increased dissolution of uranium, which
results in contamination of system with transuranium activity. Such contamination has in
some plants resulted in radiation protection concerns during outage periods, and one can
expect a more complicated and expensive decommissioning of the plant if such a contami-
nation has to be considered. A hypothetical more severe fuel accident during the lifetime of
the plant would of course render in a more difficult decommissioning and increased costs.

The theme of the present study is to quantify the amount of transuranium activity in different
parts of the plant after different degrees of fuel accidents, and which impact such contami-
nation has on the radiation exposures and costs for decommissioning the plant. The conse-
quences of four different degrees of fuel accidents have been treated:

1. "Ordinary" fuel failures, i.e. in line with recent experience from Swedish BWRs.

2. Fuel channel obstruction resulting in partial melting of one fuel assembly.

3. Total loss of electric power (station blackout) resulting in partial meltdown of the core. The
primary circuit is, however, left intact which prevents a massive contamination of the
containment.

4. A major pipe break (LOCA) followed by a core meltdown and melting and penetration of
the reactor pressure vessel.

The amount of transuranium activity being distributed, the form of this activity and which
parts of the plant being contaminated are evaluated for the above four different degrees of
fuel failures. Resulting amounts, expressed as amount of uranium in different waste catego-
ries, are summarised in Figure A below. The figure shows, that the amounts vary between 1
kg for ordinary fuel failures up to more than 10 tonnes for the LOCA case. The more severe
fuel accident, the more of the activity is to be found in form of fragmented fuel. The amounts
are compared in the figure with the amount which the SFR1 facility for final storage of low
and intermediate level waste is licensed for (total amount and per reactor). It is shown, that
fragmented fuel must always be separately treated and transported to the SFL facility for fi-
nal storage of high level waste. The same is true for ion exchange resins for the two most
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severe accident scenarios, and for waste from the containment in the LOCA case. All other
waste categories should be possible to store in the SFR facility.
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Figure A: Amount of transuranium activity in different waste categories
after four different degrees of fuel accidents

The resulting decommissioning costs and radiation exposures for the four different accident
scenarios have been estimated. The costs and exposures have been split up on cleanup ac-
tivities after the accident, and the actual decommissioning, and the results are summarised
in Figure B and C below. Presented data are to be regarded as rather rough estimates,
however, the cases fuel channel obstruction and station blackout have been possible to
benchmark against two real accidents; a channel obstruction in the Slovakian reactor A1 in
Bohunice, and the partial core meltdown in the American Three Mile Island 2. The LOCA
case, however, lacks relevant benchmark data, and the estimate is therefore to be regarded
as more uncertain.
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Figure B: Estimated costs for decommissioning after
four different degrees of fuel accidents
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Figure C Estimated radiation exposures for decommissioning after
four different degrees of fuel accidents

It can be concluded, that the fuel channel obstruction case means only a marginally increase
of the cost and exposure compared to the ordinary fuel failure case, while the two more se-
vere fuel accident scenarios mean an increase with one to two orders of magnitude. How-
ever, such high exposures would probably not be accepted, and even more sophisticated
methods which reduces the exposure but eventually increases the costs would be de-
manded.
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Sammanfattning:

Flertalet rivningsstudier för BWR tar endast begränsad hänsyn till att anläggningen under sin
drifttid kan ha varit utsatt för varierande grad av bränsleskador. Senare tids drifterfarenhet av
bränsleskador har dessutom uppvisat ett delvis nytt beteende med betydande upplösning av
bränsle och därav resulterande kontaminering av systemytor med transuranaktivitet. Denna
kontaminering har under reaktoravställning inneburit vissa strålskyddsmässiga problem i
drabbade anläggningar, och en försvårad och därmed dyrare rivning kan dessutom misstän-
kas ifall sådan kontaminering föreligger. Ett hypotetisk större bränslemissöde i anläggningen
under dess drifttid skulle naturligtvis innebära ytterligare försvårande och fördyrande av riv-
ningen.

Att kvantifiera mängden transuranaktivitet i olika delar av anläggningen efter olika grad av
bränslemissöde och vilken inverkan en sådan kontaminering har på stråldoser och kostnader
för rivning av anläggningen är temat för föreliggande utredning. Konsekvenserna av fyra oli-
ka grader av bränslemissöde har studerats:

1. "Normala" bränsleskador, dvs. med frekvens och omfattning i enlighet med senaste erfa-
renhet från svenska BWR.

2. Blockerad kylkanal resulterande i partiell smältning av en bränslepatron.

3. Elbortfall resulterande i överhettning och partiell smältning av reaktorhärden. Primärsys-
temet är dock intakt vilket förhindrar en massiv kontaminering av reaktorinneslutningen.

4. Större rörbrott (LOCA) med åtföljande överhettning och smältning av reaktorhärden följt
av en genomsmältning av reaktortanken.
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Figur A: Mängd transuranaktivitet i olika typer av avfallskategorier
efter fyra olika fall av bränslemissöden

För ovanstående fyra fall uppskattas vilken mängd transuranaktivitet som sprids, i vilken
form denna aktivitet sprids, och till vilka anläggningsdelar som aktiviteten sprids. Resulteran-
de mängder, uttryckt som mängd uran i olika avfallskategorier, sammanfattas i ovanstående
Figur A. Av figuren framgår, att mängderna varierar mellan storleksordningen 1 kg uran för
fallet "normala" bränsleskador till mer än 10 ton uran för LOCA-fallet. Ju svårare bränsleska-
da, ju större andel av den frigjorda mängden uran återfinns i form av fragmenterat bränsle. I
figuren jämförs de resulterande mängderna med den mängd som svarar mot den transu-
ranaktivitet som slutförvaret för medelaktivt avfall SFR1 är licensierat för (total mängd samt
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per reaktor). Figuren visar, att i fall med fragmenterat bränsle måste detta avfall särbehand-
las och transporteras till lager för högaktivt avfall (SFL). Detta gäller även jonbytarmassor i
de två svåraste haverifallen, samt avfall från reaktorinneslutningen i LOCA-fallet. övriga av-
fallstyper bör kunna slutförvaras i SFR.

För de studerade scenarierna har därefter resulterande kostnader och stråldoser för att riva
anläggningarna genomförts. Kostnaderna och stråldoserna är uppdelade på uppstädning
efter bränslemissödet, samt själva rivningen av anläggningen, och resultaten summeras i
nedanstående figurer B och C. Resultaten är att betrakta som relativt grova uppskattningar,
men fallen blockerad patron och totalt elbortfall har kunnat avstämmas mot erfarenhetsvär-
den från två verkliga missöden, en kylmedelsblockering i den slovakiska reaktorn A1 i Bohu-
nice samt en partiell härdsmälta i Three Mile Island 2. LOCA-fallet saknar däremot relevant
jämförelsematerial, och uppskattningen är därmed mera osäker.
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Figur B Summering av kostnadsuppskattning för rivning efter olika bränslemissöden
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Figur C: Summering av stråldosuppskattning för rivning efter olika bränslemissöden
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Det kan konstateras, att medan fallet blockerad patron endast innebar en mindre okning av
kostnad och straldos, sa innebar de tva svarare fallen okningar med en till tva storleksord-
ningar. Sa hoga straldoser kommer dock troligen inte att accepteras av svenska myndighe-
ter, utan ytterligare inforande av automatiserade metoder kommer att kravas som sanker
dosema men som kan innebara en fordyring av rivningen.
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1. INTRODUCTION
The present study has been ordered by SSI (SSI project P930.96).

There are several reports describing source terms in LWRs for different types of accident
scenarios, A common feature for these reports is that the assumed amount of released tran-
suranium activity (Pu238, Pu239, Pu240, Am241, Cm244) is relatively small. That means
that this activity is judged to have small radiological importance during the accident and the
following waste handling.

On the other hand, recent operational experience from especially BWRs shows, that already
normal fuel failures can result in a significant release of uranium. This release has been
identified as probably the most important consequence of the fuel failure, having forced
some plants to unplanned shut-downs to remove the leaking fuel bundles.

The distribution of transuranium isotopes has been determined in some of the plants that
have experienced such release of uranium during operation. It has been found, that a signifi-
cant fraction, up to 20%, was deposited on system surfaces, while the rest was deposited on
fuel surfaces or collected in the cleanup system. Such a distribution of transuranium will sig-
nificantly affect the amount of a-activity to handle and store when decommissioning.

One can suspect, that major (or even minor) fuel accidents will result in significant release of
uranium from the failed fuel and the resulting system contamination will mean a considerable
extra cost for decommissioning. The objective of the present study is to quantify these extra
problems and to estimate the extra costs for a typical Swedish BWR.

The reference reactor used in the study is Oskarshamn 2 being a typical Swedish BWR.
Other reasons for this choice is that there exist some experience from the plant on uranium
release, and that earlier studies on decommissioning radioactivity inventories have been
performed for the plant [2], [8], [38]. The study covers the following items:

1. A literature review on decommissioning, uranium release and accident source term.

2. Transuranium source term evaluation for different fuel accident scenarios (Ordinary fuel
failures, fuel channel blocking, partial core meltdown up to core meltdown).

3. Transuranium contamination of different plant systems for different fuel accident scenar-
ios.

4. Amount and types of waste for different fuel accident scenarios and problems associated
with the waste handling.

5. An estimate of extra radiation exposure and costs for cleanup and decommissioning as-
sociated with the above different scenarios.

The different fuel accident scenarios discussed in this report are only used to exemplify the
consequences on decommissioning. No judgement is made in the report of the likelihood in
the treated scenarios.
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2. LITERATURE REVIEW
A list of reviewed articles and reports is given in the reference section. Some of the material
is directly referenced in the study, others are used mainly as background information. A brief
summary on the main issues relevant for the present study is given below.

Transuranium activity
Earlier decommission studies have been reviewed with respect to the treatment of transura-
nium activity in the source term. The latest Swedish studies determining the source term for
decommission waste [8] determine the fuel leakage with the sum of two different leakage
scenarios:

1. A background leakage corresponding to 1 "standard" pin hole (i.e. 2 MBq/s of Xe133) plus
tramp uranium of approx. 1 g for the whole core.

2. More severe fuel failures every 10 years. These fuel failures are assumed to result in a
leakage situation similar to that experienced in Oskarshamn 2 during spring 1988. That
means a tramp uranium contamination of approx. 100 g, and a leakage rate of Xe133 cor-
responding to approx. 200 MBq/s. Such leakage situations are assumed to occur 1988,
1998 and 2008, i.e. totally three times during the lifetime of the reactor.

The reduction of the amount of tramp uranium is determined to be the combined effect of
exchange of approx. 20% of the fuel assemblies every refuelling period, and of a further de-
crease due to burnup and release. Plant data have shown the two last processes being of
the same magnitude (about 10% per year), which means approx. 100g, 64g, 38g, 20g and 8
g of tramp uranium on the core year 1, 2, 3, 4 and 5, respectively. The release of fission
products and transuranium is assumed to mainly accumulate in ion exchange resins, and
only to a minor extent on system surfaces. Hence, the decommissioning waste quantities
associated with this release consist mainly of remaining ion exchange resins remaining in
the plant when dismantling the plant. Contamination of the primary piping corrosion film is
assumed to be the result of certain amount of reactor water being evaporated from the sur-
face

A summary of the total decommissioning waste quantities of transuranium activity according
to [8] and primary piping corrosion film activity are presented in Table 1 below. The corre-
sponding amounts of Co60 are also given as a reference.

Table 1: Summary of primary piping contamination for Oskarshamn 3 and decommissioning
waste quantities of transuranium activity for Oskarshamn 2 (according to [8], i.e. not includ-
ing the pressure vessel and internals). No decontamination considered. 1 year decay period.
Co60 given as a reference.
Nuclide

Co60
Pu238
Pu239
Pu240
Pu241
Am241
Cm242
Cm244

Primary piping con-
tamination (Bq/m2)

2.0E+09
6.5E-02
1.2E-02
1.4E-02
4.4E+00
4.6E-03
2.4E-01
4.4E-02

Activity inventory (Bq)

1.4E+12
1.9E+06
3.6E+05
4.2E+05
1.1E+08
1.3E+05
4.9E+06
1.1E+06
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A review of Swedish and foreign studies on waste from decommissioning of nuclear power
plants was performed in 1990 [5]. Analyses of the content of radionuclides in primary piping
corrosion films of 7 different US LWRs (both PWR and BWR) were presented, and the pre-
sented data on transuranium activity are summarised in Table 2.

Table 2: Amount of transuranium activity in primary piping corrosion film of 7 US LWRs [5].
(Data recalculated to time of shutdown, Co60 activity given as reference)
Radionuclide

Co60
Pu238
Pu239, -240
Am241
Cm242
Cm244

Min.
5.9E+08
0.9E+04
0.6E+04
0.7E+04
2.7E+04
0.8E+04

Corrosion film activity (Bq/m2)
Max.

8.5E+10
1.7E+07
1.6E+07
3.1E+07
8.9E+08
9.3E+06

Average
2.4E+10
4.1E+06
3.6E+06
6.7E+06
2.7E+08
2.5E+06

In the same reference an estimate of the total decommissioning waste from 5 Swiss LWRs
(3 PWR, 2 BWR) is presented. The total amount of Am241 activity is estimated to approx. 15
GBq, i.e. about 3 GBq per plant.

There exist several references on amount of transuranium contamination after normal fuel
failures in LWRs. Ringhals 1 suffered in 1993 a significant fuel failure resulting in a total re-
lease of 280 g U from 4 defected rods [67]. This release brought about approx. 100 g accu-
mulation of tramp U on the fuel. The system contamination of a-activity has thereafter been
carefully monitored by smear tests ([52], [53], [33]). The monitored loosely adherent surface
contamination of transuranium nuclides on primary piping is presented in Table 3. This sur-
face contamination is compared with the total contamination of Co60 activity in the same ta-
ble.

Table 3: Ringhals 1 - Loose surface contamination of transuranium nuclides compared with
the total contamination of Co60 on primary piping [33]
Radionuclide

Co60
Pu238/Am241
Pu239, -240
Cm242
Cm244

1993
2.0E+09
2.8E+04
1.0E+04
6.4E+05
1.9E+04

Surface activity (Bq/m2)
1994

2.5E+09
7.5E+04
3.1E+04
3.7E+04
8.1E+03

1995
3.2E+09
2.3E+04
5.9E+03
8.7E+03
5.1E+03

Normalised to annual limit of intake (ALI) for the different nuclides the total amount of Co60
is about an order of magnitude larger than the sum of a-activity. However, the amount of ac-
tivity removed in the smear test is about 5-10% of the total Co60 activity [52], [53], which
means, that loosely adherent Co60 is of about the same order of magnitude as the a-activity
in ALI-terms.

Some a-activity measurements on smear tests have also been performed after some signifi-
cant fuel failures experienced in TVO II [34], [68]. The measured a-activity is of the same or-
der of magnitude as experienced in the Ringhals 1 plant.

The BWR reactor KRB-A at Gundremmingen is at present subject to decommissioning ef-
forts, and primary system surface contamination levels have been measured [19]. Am241
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has been detected in the range 1 5E+04 - 2.3E+05 Bq/m2, the corresponding Co60 activity
being 4.0E+06 - 5.8E+07 Bq/m2.

There exists also some references describing dismantling of other types of nuclear facilities
(reprocessing plants, etc.) that have contained significant amounts of transuranium activity.
[16] describes the decommissioning of a US plutonium fuel facility. The total waste stream
handled in the project contained 40 g U and 9 g Pu, and the monthly personnel exposure
from inhalation of airborne particulate and external radiation averaged approx. 20-25
DAC*hrs and 0.4 mSv. [17] describes the planning of decommissioning of a Chinese reproc-
essing pilot plant, and special measures to handle the a-activity are identified. [20] describes
some technical experience of the decommissioning work performed on the AT-1 FBR re-
processing facility at La Hague. The cleanup work of some cells has, so far, created waste
containing significant amount of a-activity, and the cleanup process has been successful.

Fuel accident scenarios
Some references also exist describing decommissioning activities in nuclear plants that have
suffered from different types of nuclear accidents, and the types and amounts of radioactivity
associated with these activities. One of these is the Windscale Piles Complex, of which Pile
no. 1 of totally 2 suffered from a fire in October 1957 [15], [21]. The fire in Pile 1 left about 5
tonnes of fissile material to be recovered. The upper parts of the chimneys of both Pile 1 and
2, of which only number 1 was contaminated of the fire, have recently been decommis-
sioned. Significant amounts of fission product activity (e.g. 52 Bq/mg Cs137) but also tran-
suranium activity (0.1 Bq/mg Pu activity) had to be considered, which resulted in consider-
able extra efforts. The overall experience from that project is summarised in the following
quotation from [21]:

"Decommissioning an accident damaged nuclear facility requires significant different ap-
proach to that used in dealing with a nuclear plant retired at the end of its operating life. For
a damaged plant drawings and operation knowledge are not enough. The accident needs to
be studied, and where possible modelled, so that source terms for decommissioning options
can be derived".

Another accident damaged plant subject to decommissioning activities is the A-1 plant at the
Bohunice power station, Slovakia [23], [28], [30]. The plant was a heavy-water moderated,
CO2-cooled, natural metal uranium reactor type. The reactor was commissioned in Decem-
ber 1972. A fuel accident occurred on 22 February 1977, when a fuel assembly overheated
and subsequently failed, caused by a partial loss of CO2 due to a channel obstruction with a
humidity absorber. The failure was detected in the primary circuit and had no radiological
consequences elsewhere in the main reactor building or its vicinity. This date proved also to
be the date of the final shut-down of the plant after a decision of the Czechoslovak Govern-
ment. Later, the plant has been further contaminated due to spillage of water solutions used
for storage of failed fuel. The total activity of y and p radionuclides (except spent fuel) is es-
timated to 100 - 1000 TBq and of a nuclides 0.1-1 TBq.

In 1979 the Three Mile Island Unit 2 (TMI-2) PWR suffered during its first operation year a
loss-of-coolant accident that resulted in a partial core failure [26], [43], [50], [69]. 70% of the
core was damaged, and between 35-45% actually melted during the accident. The damaged
core formed a bed of loose rubble, of which about 20 tonnes were found on the bottom head
of the pressure vessel, and about 0.5 tonnes in systems outside the pressure vessel. The
bottom head was, however, not penetrated by the core material, which reduced the amount
of fuel material released to the containment. After a 10 years clean-up and defuelling period
that has involved substantial efforts TMI-2 is now left in a "Monitored Stage" waiting for final
decommissioning. However, approx. 70 kg of fissile material still remains in the plant as
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sediments in difficult to reach locations, which of course will render a more difficult and costly
decommissioning.

Some years after the TMI-2 accident, the Chernobyl accident completely changed the pub-
lic's perception of nuclear risk [25], [42], The assessment of source term has revealed that
100% of the core inventory of noble gases was released to the environment, and between
10 and 20% of the more volatile elements of iodine, tellurium and caesium. The release of
fuel material to the environment has been estimated to 3.5+0.5%, which corresponds to the
emission of 6 tonnes of fragmented fuel.

One can conclude, that the Chernobyl accident, in spite of a large impact on the environ-
ment, has had a smaller influence on nuclear accident research than the TMI-2 accident.
This is due to the specific features of the Chernobyl design, which is far from the standard
western LWR design. The experiences from the Chernobyl accident are, for that reason, not
further used in the present study.

Some earlier Swedish and foreign reports on accident source terms have been reviewed
with respect to the treatment of transuranium activity [38], [40], [45], [51], [58].

[58] reports a study ordered by SKi, where the source term in a typical Swedish BWR for two
different accident scenarios; a smaller fuel failure in association with a pipe rupture (LOCA -
Loss Of Coolant Accident) and a major core accident without pipe rupture. The first scenario
results in a rupture of approx. 1 % of the fuel rods in the core, and a significant transient re-
lease of volatile fission products such as noble gases, iodine and caesium. The release of
actinides is restricted to 0.02% of the fuel material in the punctured rods, which for a core of
Forsmark 1 size means a release of 250 g U. The release is supposed to be in the form of
particles. The second scenario is defined as an obstruction of a fuel channel, resulting in
partly melting of the fuel assembly. A significant release (10 -100%) of volatile fission prod-
ucts is predicted, but only 0.02% of the actinide inventory in the assembly. However, a risk of
a fragmentation of the fuel and a subsequent release of fuel materials in the form of particles
to the primary circuit is identified. Furthermore, later dissolution of fuel materials can be in
the order of 0.1 - 0.5% per week of the initial amount.

Management of radioactive waste from a major core damage in a Swedish BWR is studied in
[38], The reference reactor is Oskarshamn 2, the accident scenario being studied is a pipe
break causing a loss of coolant accident (LOCA) followed by a complete loss of electric
power. The accident scenario involve a fuel damage resulting in a total release of 10% of the
noble gas core inventory, but core cooling is re-established avoiding a core meltdown. The
corresponding release of iodine and caesium is estimated to 7%, while the release of acti-
nides is restricted to 0.002% for the 10% of the core being damaged (or totally 160 g for the
Oskarshamn 2 core). The low release fraction of actinides is explained with a low solubility.
No discussion of fragmentation of the fuel and subsequent spread of fuel material in the form
of particles is performed.

[45], [51] describes a recent (1995) NRC assessment of accident source terms for light-
water nuclear power plants. The release phases of a severe accident is divided into 5 differ-
ent stages:

1. Coolant activity release

2. Gap activity release

3. Early in-vessel release
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4. Ex-vessel release

5. Late in-vessel release

The coolant activity phase begins with a postulated pipe rupture and ends when the first fuel
rod has been estimated to fail. The radioactivity in the coolant is small. The typical duration
for this phase in BWRs is 30 s for a large pipe break and without approval for a leak-before-
break criteria. The gap activity release phase begins when fuel cladding failure commences.
This phase involves the release of the radioactivity in the gap between the fuel pellet and
cladding, which means a few percent of the total inventory of the more volatile fission prod-
ucts (noble gases, iodine, caesium). The duration of the gap release phase is typically 0.5 h.
During the early in-vessel release phase the fuel pellet bulk temperature has been raised
sufficiently that significant amounts of the fission products can no longer be retained in the
fuel. Furthermore, the fuel as well as other structural material in the core reach such high
temperatures that the core geometry is no longer maintained and the fuel and other materi-
als start to melt and relocate to the bottom of the pressure vessel. During this phase, signifi-
cant quantities of the volatile nuclides in the core inventory as well as small fractions of the
less volatile nuclides are estimated to be released into containment. The duration of the in-
vessel phase is estimated to 1.5 h for BWRs. The ex-vessel release phase begins when
molten core debris exits the reactor pressure vessel and ends when the debris has cooled
sufficiently that significant quantities of fission products are no longer being released. During
this phase, significant quantities of the volatile radionuclides not already released during ear-
lier phases as well as lesser quantities of non-volatile radionuclides are released into con-
tainment. The duration of the ex-vessel phase is estimated to 3 h for BWRs. The late in-
vessel release phase commences at vessel breach and proceeds simultaneously with the
occurrence of the ex-vessel phase. During this release phase, some of the volatile nuclides
deposited within the reactor circuit earlier during core degradation and melting may re-
volatilise and be released into the containment. The duration of this phase is estimated to 10
h.

The accident source terms are divided into 8 radionuclide groups reflecting different release
characteristics. These groups and the proposed release fractions to the containment atmos-
phere during the different release phases are presented in Table 4.

Table 4: BWR releases into containment atmosphere during different phases of a postulated
severe LOCA accident [45]. Values shown are fractions of core inventory.

Duration (hours)
Noble gases (Xe, Kr)
Halogens (I, Br)
Alkali metals (Cs, Rb)
Tellurium group (Te, Sb, Se)
Barium, strontium (Ba, Sr)
Noble metals (Ru, Rh, Pd, Mo,
Tc, Co)
Lanthanides (La, Zr, Nd, Eu, Nb,
Nb, Pm, Pr, Sm, Y, Cm, Am)
Cerium group (Ce, Pu, Np)

Gap Release

0.5
0.05
0.05
0.05

0
0
0

0

0

Early
In-Vessel

1.5
0.95
0.25
0.20
0.05
0.02

0.0025

0.0005

0.0002

Ex-Vessel

3.0
0

0.30
0.35
0.25
0.1

0.0025

0.005

0.005

Late
In-Vessel

10.0
0

0.01
0.01

0.005
0
0

0

0

The relatively low release fractions of lanthanides and the cerium group, the two groups
where the actinides belong, can at a first glance appear astonishing. One should, however,
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bear in mind, that the fractions presented in the above table is the fraction released to the
containment atmosphere in form of volatile species and aerosols, which can be released to
the environment in case of a leaking containment. That means that the total release to the
containment, especially during the ex-vessel phase when a significant fraction of the core
melts through the pressure vessel bottom head, is much larger.

[36] contains a thorough review of dissolution of fuel material in LWR environment at differ-
ent temperatures. The dissolution rate at BWR conditions is, based on the review, estimated
to 10 mg cm"2 d'1, while the corresponding rate in fuel pools after approx. one year cooling is
10 (j.g cm"2 d \ The radiolysis products are very important for the dissolution rate, and the
rate is found to increase with about the square root of the radiation intensity. That means,
that the dissolution rate at shutdown conditions after short cooling time is about one order of
magnitude larger than the long term dissolution rate. If we assume fragmented fuel material,
for example as a result of a fuel melting scenario, with a typical particle size of 1 mm, the
above dissolution rates correspond to a relative dissolution rate of 6% per day of the fuel
material at BWR conditions, and a factor of 1000 lower at long term fuel pool storage condi-
tions.

Decommissioning costs and radiation exposures
The costs and radiation exposures associated with the decommissioning of Swedish nuclear
plants have been evaluated in several studies, and are summarised in [3], [7]. The projected
costs for the Swedish plants [3] are presented in Table 5 below.

Table 5: Summary of decommissioning costs for Swedish LWRs in MSEK [3]

Operation
Dismantling
Waste handling/storage
Total

Barseback
1-2
340
1290
130
1760

Forsmark
1-3
750
2690
330
3770

Oskarshamn
1-3
750
2180
230
3160

Ringhals
1-4

1170
2640
280

4090

The occupational exposure associated with the decommissioning of the Oskarshamn 3 re-
actor has been estimated [3]. The dismantling of the different process systems is estimated
to result in an exposure of 12 manSv, while the corresponding figure for dismantling of the
pressure vessel and internals is 2 manSv.

An analysis of the variability of decommissioning cost estimates is provided in [24]. 16 differ-
ent studies have been reviewed, and the decommissioning costs range between 55 -1488
MUSD (as of January 1990). The corresponding figures for Swedish BWRs and PWRs are
152 and 130 MUSD, respectively. The relatively large spread in cost estimates is analysed
with respect to several different factors. The differences in decommissioning plans and
physical characteristics of the facilities are reflected in the estimated amount of manpower
needed for the decommissioning work and in the amount of waste arising. In spite of the ap-
parently large discrepancies between the cost estimates, the estimated costs per unit weight
of radioactive waste produced turned out to be relatively close to each other. It is finally con-
cluded, that decommissioning costs can be estimated with reasonable accuracy.

Decommissioning costs and radiation exposures estimated for standardised German BWRs
(800 MWe) and PWRs (1200 MWe) are presented in [65], The total decommissioning costs
(price base 12/93) for immediate dismantling of BWR and PWR are 684 and 525 MDEM, re-
spectively. The corresponding figures for dismantling after 30 years are 636 and 528 MDEM.
The collective doses for immediate dismantling are estimated to 16 and 12 manSv for BWR
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and PWR, respectively, and the corresponding figures for dismantling after 30 years are 10
and 6.3 manSv.

The 72 MWe US PWR Shippingport was decommissioned during the period September 1985
to October 1989 [29]. The decommissioning costs were estimated to 98.3 MUSD, and the
real outcome was 91.3 MUSD. A comparison between the size of the main components in
this plant and more recent PWRs shows a factor of 2-3 larger size in the latter, indicating a
corresponding higher cost [24].

The costs associated with the accident damaged plant A1 in Bohunice, Slovakia, have been
estimated [28], [30]. The total costs are estimated to 3200 - 4300 millions of CFSR crowns
(price base 1992, 1 Czech Koruna « 0.25 SEK (August 1996)). 1500 millions of the total are
estimated to bee needed to bring the A1 plant into a radiological safe state during the period
1992 - 1997 (removal of remaining spent fuel, treatment and removal of liquid operational
waste)

The cleanup of TMI-2 took about 10 years and cost about 1000 MUSD [43], [69]. As men-
tioned earlier, the cleanup has left the plant in a safe but still rather contaminated stage, e.g.
contains about 70 kg of remaining uranium in different parts of the plant. The occupational
exposures officially reported from the two units TMI-1 and TMI-2 have been compiled and
are presented in Figure 1. The exposures during the period 1979 - 1985 are not split up on
the two different units. Considering, however, that the unit TMI-1 was shutdown during this
period of cleanup of the second unit, it is expected that the dominant fraction of the exposure
was due to the TMI-2 cleanup. During the 10 years of cleanup the annual exposures vary
between 4 - 1 4 manSv, which accumulated end up close to 100 manSv. One shall also bear
in mind, that the TMI-2 accident occurred during the first operational year, which means that
the core inventory was far from equilibrium. This is especially true for the transuranium activ-
ity, which is further discussed in the following section. One can therefore easily imagine, that
a similar accident in a reactor being in operation for several years would involve significantly
higher source terms, and thus higher radiation levels and exposures.
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Figure 1 TMI-1 and-2: Officially reported occupational exposures, and
calculated accumulated exposure for the TMI-2 cleanup

The radioactive releases to water and air (excluding tritium) from TMI-2 during the cleanup
phase are compiled in Figure 2. It can be concluded, that the release is totally dominated by
the release of the long-lived noble gas Kr85 to the atmosphere. Other releases to air and
water are small compared to operating reactors.

D Water
• Air-Kr85
DAir -Others

00 CO OO 00 00 00 00 GO CO 00 0) 0)
G > G ) 0 ) O ) O T 0 ) O ) O ) O ) 0 ) 0 ) C T

Figure 2: TMI-2: Officially reported radioactivity releases to water and air (tritium excluded)
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3. FUEL FAILURE SCENARIOS
Different fuel failure scenarios are defined and the transuranium release is quantified in this
section. A starting point for the evaluation is the core inventory of the different radionuclides,
which is presented below. Such inventories were earlier estimated for assessing the accident
source term in Swedish BWRs in the RAMA project [41]. The burnup levels of fuel have,
however, been significantly increased during the last 10 years, and new ORIGEN calcula-
tions have recently been performed considering the present burnup level of about 42
MWd/kgU for BWR fuel [54], These more recently calculated core transuranium inventories
are compared to the older RAMA estimates in Figure 3. The nuclides selected are those
having significant half-lives (>1 y) and a high a-yield. The nuclide Cm242 (T% = 163 d) has
been excluded for the first reason, and Pu241 (T,A = 14.4 y) having practically no a-yield has
been excluded for the second reason. Pu241 has, however, been considered as mother nu-
clide of Am241, and is more discussed below.

• ORIGEN EOC1 B ORIGEN EOC2 • ORIGEN EOC3 • ORIGEN EOC4

• ORIGENEOC5 • ORIGEN EOC6 • ORIGEN Core Av. DRAMA 1984

1.E+09

1.E+08

O)

CD

1.E+07 4-

1.E+06

1.E+05
Pu238 Pu239 Pu240 Am241 Cm244

Figure 3: Different calculation results on transuranium activity in BWR fuel
(EOC1 - EOC6 means activity after 1 - 6 years of operation, core average

(max. 42 MWd/kgU), RAMA from an older calculation [41]

The above comparison shows, that the core average of some of the actinides (Pu238,
Cm244) has increased significantly (factor 2-3) compared to the older RAMA calculations,
the main reason being the higher average burnup level. The diagram also shows, that the
operation time implies a significant increase of transuranium activity with one order of mag-
nitude or higher increase of specific activity between year 1 and 6. The age of the fuel as-
sembly has consequently a large impact on the transuranium activity release in case of a
fuel failure.

The calculated average core inventories, assuming max. 42 MWd/kgU, are used in the pres-
ent study. Those specific activities are summarised in Table 6 below. The Pu241 nuclide is
included being mother nuclide ((3-decay) for the more long-lived Am241. That means a small
increase of a-activity during the first 10 years of decay followed by a relative stable level up
to 50 years, see Figure 4. The consequence is, that a further decay is normally not benefi-
cial from the a-activity point of view. In order to assure conservatism a decay period of 10
years after final shutdown will be assumed for the transuranium activity in the following
source term scenarios.
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Table 6: Core average transuranium activity in BWR fuel, assuming max. Burnup 42
MWd/kgU. No decay
Nuclide
Pu238

Pu239

Pu240

Pu241

Am241

Cm244

Half life (y)

87.7

24 110

6 560

14.4

432.71

18.1

Spec, activity (Bq per gU)
8.6E+07

1.0E+07

1.6E+07

3.9E+09

6.2E+06

9.8E+07

1.E+09

1.E+06

-Pu238 -o-Pu239 -*-Pu240 -=>-Am241 - * - Cm244 —Tota l

10 100

Decay (year)

1000

Figure 4 Transuranium a-activity in BWR fuel as a function of decay period

3.1 Ordinary fuel failure levels
The basis of the estimate of decommissioning transuranium source term for a case with or-
dinary fuel failures in a typical Swedish BWR is proposed to be in line with earlier definition
[8]. Thus a situation with a background leakage resulting in only minor transuranium con-
tamination, but a more significant fuel failure every 10 years (1988, 1998, 2008) every occa-
sion resulting in a core tramp uranium contamination of 100 g. This scenario is combined
with recent experience of the distribution of released fuel material between the core surface,
the reactor water cleanup system and primary system surfaces. The following approx. distri-
bution is obtained by combining two different assessments [67], [70]:

• Fuel surfaces: 40%

• Reactor water cleanup: 50%

• System surfaces: 10%
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The release and the transport of fuel material are assumed to be in the dissolved form.
About 25% of the core tramp uranium will be burnt up during subsequent reactor operation,
about the same amount will be released to the cleanup system, which means that totally
60% of the fuel released will be captured in this system. Later, a significant fraction (5-25%)
of the tramp uranium following the fuel in the fuel pools and in the CLAB facility will be re-
leased to other cleanup systems. That means, that the major fraction (about 70%) of re-
leased uranium will end up in ion-exchange resins, which finally will be transported to the
SFR storage. The proposed scenario means, that totally 800 gU will be released during the
reactors lifetime. Of this amount 80 g will be deposited on system surfaces, 560 g will be
captured in ion exchange resins, later on being brought to the underground repository SFR
for storage. Also the 80 g on system surfaces will later on be brought to SFR when decom-
missioning the plant. The remaining 160 g will follow the fuel to final disposal. The amount of
640 g estimated to be brought to SFR can be compared to that facility's Safety Analysis Re-
port, which allows some 40 kg of dissolved fuel in the waste [67], With 12 reactors this
means approx. 3 kg per reactor, i.e. significantly higher then the above proposed scenario.

3.2 Fuel channel obstruction
Recent assessments of the likelihood and consequences of a fuel channel obstruction in a
BWR are discussed in [70]. Earlier assessments (FSAR) give this scenario a very low prob-
ability, furthermore the development of the failure is rather slow (5 - 20 min.), and the re-
leased amount of U only 0.02% or 40 gU for an assembly. The likelihood for this type of sce-
nario has to some degree been revised based on the experience of real incidents in some
plants (Fermi-1, A1 in Bohunice, a RMBK-reactor in St. Petersburg). More recent calcula-
tions have also shown, that an obstruction of the inlet area with more than 90% can result in
a rather fast accident scenario with start of melting of the assembly within one minute. Fur-
thermore, it can not be guaranteed, that the reactor will be automatically shut-down in the
case of such an event, especially when the reactor operates with so called Hydrogen Water
Chemistry (HWC) which means a high background radiation due to N16 around the steam
line monitors which may "hide" the noble gas activity flow in the steam. This can mean, that
the reactor is operated typically 0.5 h with a melting fuel assembly before it is manually
stopped.

The above described accident scenario means that most of the assembly will be damaged
and the fuel material strongly fragmented. The dissolution of fuel and the subsequent spread
of dissolved material is very much determined by the small amount of water periodically be-
ing flooded from above into the assembly, which is not easy to estimate. Later on, when the
reactor is manually shutdown, the fragmented assembly will be completely wetted, a distri-
bution of some of the fragmented fuel within the primary system will occur (especially if the
fuel channel is damaged), and the dissolution of fuel material will continue but will gradually
be reduced when the temperature is lowered. The resulting total release of fragmented and
dissolved material has been "best estimated" based on the information presented and dis-
cussed in the literature review section, and is presented below in Table 7. It has, however, to
be pointed out, that the estimate has large uncertainties and is very much dependent on the
exact accident scenario being considered.
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Table 7: Estimated release and distribution of U at a fuel channel obstruction event

Dissolved U %
kg

Fragmented U %
kg

Total
released

1%
1.8

10%
18

Core
surface
0.2%
0.36

•

RPV1

+ internals
0.09%
0.16
5%
9

Auxiliary
systems
0.01%
0.02
5%
9

RWCU2

0.7%
1.3
-

RPV - Reactor Pressure Vessel RWCU - Reactor Water CleanUp system

Some comments about the above estimates. As discussed earlier, [36] provides a thorough
review of dissolution of fuel material in LWR environment. The dissolution rate for frag-
mented fuel with a typical particle size of 1 mm is found to be approx. 6% per day at BWR
operation conditions, and a factor 1000 lower at long term (i.e. a year or more) fuel pool
storage conditions. Fuel pool storage at a short decay period (i.e. hours, days) is estimated
to imply an order of magnitude higher dissolution rate than the long term conditions, and a
shutdown of a reactor is then expected to result in a gradual decrease of the dissolution rate
from the 6% per day at operation conditions down to the two orders of magnitude lower rate
at short term storage conditions. The proposed scenario is approximated with 1 hour of re-
actor operation, 3 hours of reactor shutdown but at high temperature and finally about one
week of short term cool storage conditions results in approx. the proposed 1% total release.
Compared to a situation with reactor operation, this "mixed" situation will imply a smaller
fraction of this release deposited on the core surfaces, and subsequently a higher fraction
being removed by the RWCU system. The distribution between surfaces inside the pressure
vessel and surfaces in the auxiliary systems is in relation to surface areas. The estimated
total release of fragmented fuel, 10% of the affected fuel assembly, can be compared to 20
tonnes (about 20% of the core inventory) released to the pressure vessel in the TMI-2 acci-
dent [69]. A smaller relative fraction is reasonable taken into account that only one assembly
is affected compared to the whole core in the TMI-2 case (the unaffected core surrounding
the assembly will probably prevent some of the release). Released fragments are supposed
to accumulate in low-points or locations with stagnant flow conditions of the recirculation
system, i.e. bottom of the pressure vessel, the recirculation loops, control rod drives, the
RHR and RWCU systems and especially the heat-exchangers in these systems. The frag-
ments are relatively large, which means that they are not expected to reach the RWCU ion
exchangers.

3.3 Partial core meltdown without release to containment
Two different accident scenarios in a typical Swedish BWR have earlier been studied in or-
der to evaluate the consequences for waste handling [38]:

TB: Loss of electric power (station blackout). The main event is failure of the external
electricity supply network. Reserve power from either gas turbine or diesel driven
equipment has also failed. The power required to close the isolation valves to isolate
the reactor, and to reduce pressure by means of the pressure relief system, is, how-
ever, provided from batteries and thus unaffected by the event. The absence of
power removes any possibility of cooling the core. The water in the pressure vessel is
boiled off due to the residual heat and the core begins to be uncovered after about
0.5 hours. Melting of the core start after 2 - 3 hours.
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AB: LOCA and loss of electric power. The main event is the rupture of a pipe in the reac-
tor containment. The situation regarding the supply of electric power is similar that
given for the TB case. Fast shutdown and isolation of the reactor occurs. The ab-
sence of cooling and the outflow of water through the pipe rupture to the containment
means that the core will be uncovered from water rather quickly, and the core starts
to melt after already about 0.5 hour.

An important difference between the two cases is, that the AB case involves a serious con-
tamination of the containment (and systems connected to the containment) because of the
pipe rupture, while in the TB case the released activity is retained within the reactor circuit
and to some extent in the condensation pool. The event we will study in this section is the TB
case, where cooling is re-established after 3-4 hours. This means, that the upper part of the
core (approx. 50%) has experienced a serious meltdown, but the pressure vessel barrier is
unaffected thus avoiding the release to the containment. The LOCA case, involving a pene-
tration of the vessel, will be the theme of the next section.

The estimated release and subsequent distribution of U are summarised in Table 8 and are
further commented below.

Table 8: Estimated release and distribution of U at a partial core meltdown without release to
the containment (Station blackout)

Dissolved U %
kg

Fragmented U %
kg

Total
released

0.5%
200
15%
6000

Contain-
ment3

0.001%
0.4

RPV1

+ internals
0.09%

36
12%
4800

Auxiliary
systems
0.01%

4
3%

1200

RWCU2

(0.4%)
(160)

-

1 RPV - Reactor Pressure Vessel RWCU - Reactor Water Cleanup system
Including system 322 (containment vessel spray system) and 323 (core spray system) outside con-

tainment

The dissolved fraction is estimated in a similar way as in the event of a channel obstruction.
The reason for a somewhat lower relative fraction in the present case is due to that no dis-
solution takes place during reactor operation, which was the case during the initial hour in
the obstruction event. Only a minor fraction (in relation to the moisture content in the blow-
down steam) is expected to be transferred to the condensation pool water. The relation be-
tween reactor internals and auxiliary systems is again determined by surface area relation.
The fraction to the RWCU system is placed within brackets. The reason is, that a cleanup by
the ordinary RWCU system in such an event is not recommended due to a too high activity
inventory being accumulated, the result being the ion exchange resin can not be properly
handled [38]. The contaminated water (including the transuranium activity) is instead rec-
ommended to be cleaned up in other temporary installed cleanup equipment. The fuel frag-
ments released is in accordance with the experience from TMI-2. No fuel fragments are ex-
pected to reach the condensation fuel and the assumed cleanup equipment.

3.4 LOCA with core meltdown and vessel penetration
The difference between this event and the previous one is that a LOCA is assumed in paral-
lel to the loss of electricity supply (i.e. the AB case according to the terminology in [38]). The
core meltdown is starting at about 0.5 hour, and the pressure vessel bottom head is pene-
trated after about 2 hours. That means, that practically 100% of the core is melted. The
electric power, and hence the cooling with the core spray system (system 323) of the re-



Report 96-0085R 96-12-17 Page 22

maining core material inside the pressure vessel, is restored shortly after the vessel pene-
tration, which reduces the amount of fuel material released to the containment. The core
spray water will, however, dissolve some of the fuel material and transport the dissolved
species together with some fuel fragments out to the pipe break location and further to the
condensation pool by the blow down pipework. The core spray water is drawn from the con-
densation pool.

The high pressure and temperature in the containment will cause the containment vessel
spray system (system 322) to start automatically as soon as electric power is restored. The
water in the pool is cooled by this system and returned to the reactor containment, where it
is sprayed into the drywell, which will wash some of the released fuel material down to the
condensation pool.

The reactor containment must be filled with water higher than the top edge of the core in or-
der to establish a stable cooling of the remaining core material. There is a total of 2200 m3 of
water in the condensation pool and the reactor vessel incfuding the recirculation loops. An
additional quantity of 7600 m3 of water is required to fill the containment to a level that is
above the core level. The water is pumped into the containment through the spray nozzles
by diesel driven pumps belonging to the fire water system (system 861). When approx. 6000
m3 of water have been pumped into the containment the pressure will have risen to 0.4
MPa. The containment will have to be ventilated to the atmosphere to enable the additional
quantity of 1600 m3 to be pumped in. The Multi Venturi Scrubber System (MVSS) is used for
such a pressure reduction. The MVSS retains practically all radioactive material in the re-
leased atmosphere with the exception of the noble gases and the organic iodine.

The assumption seems to be reasonable that the pumping in of water should start approx. 8
hours after the occurrence of an AB event. This time is required to enable an analysis of the
situation, arranging for the assistance and planning of required activities. The time required
for filling the containment will be from 40 to 45 hours based on the prevailing pumping ca-
pacities. Waiting time and the time required for containment venting must also be consid-
ered. These additional time periods may be eliminated if the containment venting can be
performed in parallel to the water filling.

The estimated release and subsequent distribution of U are summarised in Table 8 and are
further commented below.

Table 9: Estimated release and distribution of U at a LOCA with a core meltdown followed by
a vessel penetration (the AB case)

Dissolved U %
kg

Fragmented U %
kg

Total
released

0.5%
400
30%

24000

Contain-
ment3

0.25%
200
15%

12000

RPV1

+ internals
0.009%

7
12%
9600

Auxiliary
systems
0.001%

0.8
3%

2400

RWCU2

(0.25%)
(200)

•

1 RPV - Reactor Pressure Vessel 2 RWCU - Reactor Water Cleanup system
3 Including system 322 and 323 outside containment

The dissolved fraction is estimated to be similar to the previous case, but twice the quantity
because of 100% of the core being melted (compared to 50% in the previous case). This
amount is assumed to be equally distributed between the containment (including the sys-
tems 322 and 323 outside the containment) and the cleanup system. The cleanup system is
put within brackets for the same reason as in the previous case, i.e. the reactor water
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cleanup system is not suitable for this cleanup but other temporary cleanup systems are
recommended to be installed. The relatively large fraction remaining in the containment is
due to surfaces assumed to be rather susceptible to transuranium contamination (insulation,
concrete, electrical cables, etc.). The fraction of the melted core being fragmented and re-
leased is doubled compared to the previous case, the reason being the extended melting
process. Half of this amount is assumed to be released to the containment, and the rest re-
mains in the pressure vessel and auxiliary systems connected to the vessel.
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4. CONTAMINATION OF PLANT SYSTEMS
The contamination of primary system surfaces because of the fuel failure scenarios de-
scribed in the previous section is the theme of this section. The description is restricted to
the influence of dissolved U on surface activity, which means that the spread of fragmented
U in different parts of the plant is not considered. The reason is the different characteristics
of these two types of contamination. The former consists of an incorporation of the dissolved
activity in the oxide film formed on the stainless steel, which results in an adherent and
evenly spread contamination. On the other hand, the fuel fragments are accumulating in
certain locations ("hot spots") of the plant, and the resulting deposit is loosely adherent in
nature. These deposits are likely to be removed after a fuel incident before restart or de-
commissioning of the reactor. This removal and the resulting waste stream will be discussed
in the next section. Furthermore, the release during ordinary fuel failures is restricted to dis-
solution of uranium, i.e. release of fuel fragments is not foreseen. A decay period of 10 years
after the final shutdown is assumed for all scenarios in order to allow a certain increase of
the Am241 activity (see Figure 4).

4.1 Ordinary fuel failure levels
The definition of the scenario ordinary fuel failures and the resulting distribution of dissolved
uranium are described in section 3.1. In large, 80 g of totally 800 gU released will be depos-
ited on the primary system surfaces and incorporated in the oxide. What will happen with this
contamination during the subsequent years of reactor operation before the reactor will be
decommissioned?

Reference [67] describes the evolution of the a-activity on system surfaces after the 1993
fuel failures in Ringhals 1, which has previously been described in Table 3. A gradual de-
crease of especially the Cm isotopes can be observed during the period 1993 - 1995. The
decrease of Cm242 is to a large extent explained by pure decay, however the data for the
more long-lived Cm244 indicate a small release, the Cm244 activity being typically halved
every year. One shall, however, bear in mind, that the presented data are based on smear
tests, which means that only a fraction of the total activity is removed. This fraction is typi-
cally 10% if we look on Co60 instead of the actinides. One can expect that the actinide con-
tamination is rather superficial shortly after the contamination has occurred. This contamina-
tion will, however, by time be more firmly incorporated in the growing oxide, the result being
a more adherent contamination. An alternate explanation of the decreasing Cm244 levels
can thus be a reduced fraction being removed by the smear test due to gradual incorporation
in the oxide film. The actinide source term has therefore conservatively been estimated as-
suming no significant release from the oxide. Provided the assumed leakage scenario (major
fuel failures 1988, 1998 and 2008), a total primary system surface of approx. 5000 m2, and
considering the decay of activity the resulting actinide contamination 10 years after the final
shutdown of the plant has been calculated and is presented in Table 10.

iiffiiiccrinii
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Table 10: Transuranium activity on primary system surfaces 10 years after final shutdown
assuming ordinary fuel failures.
Nuclide

Pu238

Pu239

Pu240

Am241

Cm244

Surface contamina-
tion (Bq/m2)

1.2E+06

1.7E+05

2.6E+05

1.4E+06

7.1E+05

Total contamination1

(Bq)

5.8E+09

8.3E+08

1.3E+09

6.9E+09

3.6E+09
1 Total primary system area estimated to 5000 m2

4.2

The above calculated surface contamination can be compared to earlier discussed data, see
section 2. The results are several orders of magnitude larger than earlier estimated a-activity
in Swedish BWR decommissioning waste, cf. Table 1. However, the calculated values are
well in line with measured data in US LWRs (cf. Table 2). The measured results from Ring-
hals 1 (Table 3) are also in line with the calculated results taking into account an approxi-
mate 10% efficiency in the smear sampling, and that three consecutive fuel failures of the
Ringhals 1 type have been considered in the calculation. One shall also bear in mind the
strong influence of fuel burnup as indicated in Figure 3. The failures in Ringhals 1 comprised
fuel with burnup typically 17 MWd/kgU, i.e. 2-3 years old. According to Figure 3 this means
up to an order of magnitude lower specific Cm244 activity than the core average value used
in the estimate, which explains the deviation observed for this specific nuclide.

Fuel channel obstruction

The actinide source term in the fuel channel obstruction case has previously been described
in Table 7. Totally 180 gU in the dissolved form are expected to be incorporated into the
primary system oxide film. Assuming this accident scenario results in the final shutdown of
the reactor, and that the reactor prior to this event has experienced ordinary fuel failures ac-
cording to the description in the preceding section, the resulting a-activity in primary system
oxide film 10 years after the final shutdown will be according to Table 11.

Table 11: Transuranium activity on primary system surfaces 10 years after final shutdown
assuming ordinary fuel failures and a fuel channel obstruction just prior to the final shutdown.
Nuclide

Pu238

Pu239

Pu240

Am241

Cm244

Surface contamina-
tion (Bq/m2)

4.0E+06

5.4E+05

8.4E+05

3.8E+06

3.1E+06

Total contamination1

(Bq)

2.0E+10

2.7E+09

4.2E+09

1.9E+10

1.6E+10

Total primary system area estimated to 5000 m
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If we compare Table 10 and Table 11, the fuel channel obstruction is found to increase the
a-activity in the primary system oxide film with a factor 3 - 4. This means a significant in-
crease but not with an order of magnitude. As already indicated in the source term section
the major consequence of the channel obstruction is the release of fragmented fuel, which is
assumed to be one order of magnitude higher than the release of dissolved material. The re-
sulting amount of waste and implication on decommissioning efforts will be treated later on in
the report.

4.3 Partial core meltdown without release to containment
The actinide source term in the partial core meltdown without release to the containment
case has previously been described in Table 8. In total 40 kg of dissolved U are expected to
be incorporated into the primary system oxide film. Assuming this accident scenario results
in the final shutdown of the reactor, and that the reactor prior to this event has experienced
ordinary fuel failures according to the description in the preceding section, the resulting a-
activity in primary system oxide film 10 years after the final shutdown will be according to
Table 12

Table 12: Transuranium activity on primary system surfaces 10 years after final shutdown
assuming ordinary fuel failures and a partial core meltdown without release to containment
just prior to the final shutdown.
Nuclide

Pu238

Pu239

Pu240

Am241

Cm 244

Surface contamina-
tion (Bq/m2)

6.3E+08

8.3E+07

1.3E+08

5.5E+08

5.4E+08

Total contamination1

(Bq)

3.2E+12

4.2E+11

6.5E+11

2.8E+12

2.7E+12
1 Total primary system area estimated to 5000 m2

If we compare this case with earlier estimates, the partial core meltdown without release to
containment is found to imply a considerable increase of the a-activity on primary system
surfaces (more than two orders of magnitude). To this should be added the massive spread
of fragmented fuel in the circuit in this case. The resulting waste quantities and decommis-
sioning efforts will be discussed later in the report.

4.4 LOCA with core meltdown and vessel penetration
The actinide source term in the LOCA with core meltdown and vessel penetration case has
previously been described in Table 9. Totally 8 kgU in the dissolved form are expected to be
incorporated into the primary system oxide film, that is a factor of 5 lower than in the previ-
ous case without vessel penetration. The reason for this difference is that the dissolved ac-
tivity is retained in the primary circuit in the previous case resulting in an order of magnitude
higher activity concentration in the water compared to the situation with release to the con-
tainment. Thus a considerable contamination of systems and surfaces in the containment
and systems connected to the containment will occur in parallel to the primary system con-
tamination in the present case. This contamination has been estimated to correspond to 200
kgU according to Table 9, i.e. considerably larger than the primary system contamination.
Assuming this accident scenario results in the final shutdown of the reactor, and that the re-
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actor prior to this event has experienced ordinary fuel failures according to the description in
the preceding section, the resulting a-activity in primary system oxide film as well as con-
tamination of surfaces in the containment (and adjacent systems) 10 years after the final
shutdown will be according to Table 13.

Table 13: Transuranium activity on primary system surfaces 10 years after final shutdown
assuming ordinary fuel failures and a LOCA with a core meltdown followed by a vessel
penetration just prior to the final shutdown.
Nuclide

Pu238

Pu239

Pu240

Am241

Cm 244

Primary surface
contamination

(Bq/m2)

1.3E+08

1.7E+07

2.6E+07

1.1E+08

1.1E+08

Total primary
surface contami-

nation1 (Bq)

6.4E+11

8.4E+10

1.3E+11

5.6E+11

5.4E+11

Total surface
contamination2

(Bq)

1.6E+13

2.1E+12

3.2E+12

1.4E+13

1.3E+13
1 Total primary system area estimated to 5000 m2

2 Including surfaces in containment (concrete, insulation, etc.) and systems connected to containment

The total surface contamination has not been presented per surface area, because the total
area is not known. It must also be concluded, that a significant fraction of this area (concrete,
insulation) will incorporate the activity at a considerable depth, which means that the term
"surface contamination" is somewhat misleading. The contamination of concrete and insula-
tion is of course more difficult to decontaminate compared to primary piping. The total of 208
kgU of dissolved activity constituting the contamination should be compared with the totally
24 000 kgU in the form of fragmented fuel. The major part of the a-activity is also in this case
in the form of fuel fragments.

4.5 Contamination summary
The resulting contamination levels of transuranium a-activity on primary system surfaces for
the different fuel failure scenarios are summarised in Figure 5 below. These data are com-
pared to the measured data from Ringhals 1 and 7 US LWRs presented above (see Table 2
and Table 3, Cm242 has been omitted in both cases due to the relatively short half-life, the
Ringhals 1 data has been corrected for an assumed 10% efficiency in the smear tests, the
US data are based on the average values). As concluded earlier, the ordinary fuel failure
case is in reasonably good agreement with the measured data. The obstruction case means
a modest increase of the contamination levels, whereas the two core melt-down cases mean
a considerable increase of the contamination levels.
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Figure 5: Transuranium a-activity on primary system surfaces - Influence of different
fuel failure scenarios and a comparison with measured contamination levels
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5. WASTE AND WASTE HANDLING
The amounts of a-activity for the different fuel failure scenarios, divided into different waste
categories, are presented in this section. The following waste categories are considered:

• Fuel fragments. This type of waste comes into question only in conjunction with a major
fuel accident and is expected to be removed together with the defuelling before the actual
decommissioning of the plant. It must, however, be assumed, that a small fraction of the
fragments is located in areas not easily accessed, which means that this fraction remains
until the plant is being dismantled. The amounts and nature of this type of waste imply,
that it must follow the spent fuel for final storage. Special solutions with respect to han-
dling, transportation and storage are likely to be needed. The presented amounts of fuel
fragments are restricted to fuel materials supposed to be released from the core and ac-
cumulated outside the core area. The remaining partly melted fuel within the core has to
be handled in a similar way as the fuel fragments, which adds to the amount of fuel
needed to be treated with special measures.

• Ion exchange resin. The ion exchange resins are either from the ordinary cleanup sys-
tems (reactor water, fuel pool or condensate cleanup systems), or from temporary
cleanup systems used for cleanup after a major fuel accident. Activity in ion exchange
resins will also be the result of system decontamination campaigns performed in conjunc-
tion with outage periods or decommissioning. Ion exchange resins are normally solidified
and transported to the SFR for final storage. Other solutions will, however, be needed in
the case of major fuel accidents, because the amount of a-activity being cleaned is larger
than allowed in the SFR plant.

• Reactor vessel and internals. These components constitute the major part of primary
system surfaces (about 90%), but the major activity is due to neutron induced activity in
the material itself (Co60, Ni63, Ni59, etc.). Because of this induced activity a decontami-
nation to remove the surface contamination is not foreseen. That means that this con-
tamination is supposed to follow these components to the SFR facility for final storage.
Other solutions may be necessary in the case of a major core accident, if the contamina-
tion level implies such high levels of a-activity that the components are not allowed to be
stored in the SFR plant before decontamination.

• Primary system surfaces outside reactor vessel. These components (pipes, valves,
pumps, heat-exchangers) constitute the remaining 10% of primary system surfaces lo-
cated outside the reactor pressure vessel. These components contains no neutron in-
duced activity and are planned to be decontaminated before dismantling. A decontamina-
tion factor (DF) of at least 10 can be expected, which means that about 90% of this type
of activity will be transferred to the ion exchange type of waste. The remaining fraction will
follow the dismantled components to SFR for final storage.

• Containment (concrete, insulation, etc.) plus adjacent systems (system 322, 323). This
type of waste is normally restricted to only a small fraction of the total, the exception being
the LOCA scenario with core meltdown followed by a vessel penetration. The normal case
is that the small fraction is transported to SFR for storage. The LOCA scenario will imply
such large quantities that storage in SFR will not be allowed and special solutions will be
necessary.

The transuranium quantities for the above different waste categories are described and dis-
cussed below. The presentation is split up on the different accident scenarios described ear-
lier. The resulting quantities are compared to the quantities assumed in the final storage for
reactor waste, the SFR facility [72]. Three different facilities were planned:
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SFR1- Final storage for operational waste from Swedish nuclear facilities.

SFR2- Final storage for core components (except fuel) and reactor internals from Swed-
ish nuclear facilities.

SFR3- Final storage for dismantling waste from Swedish nuclear facilities.

SFR1 is in operation and the FSAR [72] describes in principle the amount of waste expected
in this facility year 2010. The other two facilities are under planning, and the waste quantities
have not yet been described in FSARs. The above comparison is therefore restricted to the
amounts specified in the SFR1 FSAR, which are presented in Table 14 below. These data
have been recalculated to amounts of transuranium according to the earlier presented aver-
age specific activity levels in BWR fuel assuming a 10 years decay period (see Figure 4),
and these data are also presented in Table 14. It can be concluded, that the SFR1 FSAR
allows some 15 kgU to be stored, if we look on the total a-activity. If we instead look on the
three most long-lived nuclides (Pu239, Pu240, Am241) which very much dominate the ra-
diological consequences of a long term release from SFR1 the corresponding amount of
transuranium is increased to about 40 kgU. This value is used in the following evaluation,
which means typically 3 kgU per reactor (assuming equal contribution from all 12 reactors).

The main amount of transuranium activity will of course follow the fuel for final storage in the
SFL facility. Also failed fuel, and eventual fuel fragments removed from the plants, are ex-
pected to be stored in the SFL facility, however use of special canisters for transport and
storage are foreseen in such cases.

Table 14: Transuranium activity allowed in the SFR1 facility compared to the average spe-
cific activity in BWR fuel (assuming 10 years decay)
Nuclide

Pu238

Pu239

Pu240

Am241

Cm 244

Total

SFR1 FSAR
(Bq)

1.2E+12

3.8E+11

7.8E+11

1.0E+12

1.2E+11

3.5E+12

BWR fuel
(Bq/gU)

7.9E+07

1.0E+07

1.6E+07

5.6E+07

6.7E+07

2.3E+08

SFR1
kgU

15

37

48

18

2

15

5.1 Ordinary fuel failure levels
The a-activity and amount of uranium in different waste streams as the result of the earlier
proposed scenario for ordinary fuel failures are presented in Table 15. No fuel fragments are
expected in the circuit after the ordinary failures. Most of the uranium (and thus the a-
activity) will follow the ion exchange resins to the SFR already during the reactor operation
phase (due to reactor water cleanup, fuel pool cleanup and cleanup in the CLAB facility).
Seven of the totally 567 gU in resins are due to the assumed decontamination of primary
system surfaces outside the reactor pressure vessel before the actual dismantling work
starts. That means that the remaining a-activity in system oxides is on internals and the re-
actor pressure vessel, and only insignificant activity remains on the components outside the
vessel. Negligible a-activity is foreseen on the surfaces in the containment and systems
connected to the containment.
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All a-activity in Table 15 is supposed to be disposed in the SFR facility. The total amount,
corresponding to 640 gU, can be compared to the approx. 3 kgU per reactor allowed in the
SFR plant, i.e. a margin of at least a factor 4 exists.

Table 15: Transuranium activity in different waste categories 10 years after final shutdown
assuming ordinary fuel failures (Bq).

Nuclide

Pu238

Pu239

Pu240

Am241

Cm244

U(g)

Fuel frag-
ments

Ion exchange
resins

4.1E+10

5.9E+09

9.1E+09

4.9E+10

2.5E+10

567

Internals,
RPV

5.2E+09

7.5E+08

1.2E+09

6.2E+09

3.2E+09

72

Primary sys-
tems

5.8E+07

8.3E+06

1.3E+07

6.9E+07

3.6E+07

1

Containment

5.2 Fuel channel obstruction
The a-activity and amount of uranium in different waste streams as the result of the earlier
described scenario for ordinary fuel failures combined with a fuel channel obstruction just
prior to the final shutdown of the plant are presented in Table 16. Fuel fragments corre-
sponding to 10% of the partly melted fuel assembly are expected to be distribute in the pri-
mary circuit. Most of these fragments are supposed to be removed in parallel to the defuel-
ling of the plant, and these fragments will be transported to the CLAB facility in special can-
isters for final disposal together with the fuel. The major part of the dissolved uranium will
follow the ion exchange resins to the SFR. Most of this amount is due to the cleanup after
the obstruction event, which eventually to certain extent is performed with temporary cleanup
systems. 23 of the totally 2063 gU in resins are due to the assumed decontamination of pri-
mary system surfaces outside the reactor pressure vessel before the actual dismantling work
starts. That means that the remaining a-activity in system oxides is even in this case on in-
ternals and the reactor pressure vessel, and only small activity remains on the components
outside the vessel. Negligible a-activity is foreseen on the surfaces in the containment and
systems connected to the containment.

All a-activity in Table 16 except the amount in fuel fragments is supposed to be disposed in
the SFR facility. The total amount, corresponding to 2.3 kgU, can be compared to the ap-
prox. 3 kgU per reactor allowed in the SFR plant, i.e. close to the margin per reactor. As-
suming that most of the reactors do not need their share of the margin means, that the
situation can probably be handled. An important prerequisite is, however, that most of the
fuel fragments are removed before dismantling. Assuming that 10% of the fragments remain
in components when dismantling means an extra 2 kgU following these components to SFR.
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Table 16: Transuranium activity in different waste categories 10 years after final shutdown
assuming ordinary fuel failures and a fuel channel obstruction just prior to the final shutdown
(Bq).

Nuclide

Pu238

Pu239

Pu240

Am241

Cm244

U(g)

Fuel frag-
ments

1.4E+12

1.9E+11

2.9E+11

1.3E+12

1.1E+12

18E+03

Ion exchange
resin

1.6E+11

2.1E+10

3.3E+10

1.5E+11

1.2E+11

2063

Internals,
RPV

1.8E+10

2.4E+09

3.8E+09

1.7E+10

1.4E+10

234

Primary sys-
tems

2.0E+08

2.7E+07

4.2E+07

1.9E+08

1.6E+08

3

Containment

5.3 Partial core meltdown without release to containment
The station blackout case means a considerable increase of a-activity to handle compared
to earlier studied cases. The resulting waste streams are summarised in Table 17. The total
amount of fuel fragments runs up to approx. 6 tonnes, which are assumed to be removed in
conjunction with the defuelling of the plant. The defuelling itself is a rather tricky operation
due to the failed and partly melted fuel assemblies. The major fraction of dissolved uranium,
totally 160 kgU, will be in the form of ion exchange resins, most of it being produced during
the cleanup after the accident. Due to the high activity concentrations temporary cleanup
equipment is foreseen, because the ordinary RWCU plant is unsuitable to handle such large
amounts of radioactivity. Part of the a-activity in the resins is due to the assumed decon-
tamination of primary system surfaces outside the pressure vessel, still the remaining activity
in these oxides is considerable (approx. 0.4 kgU). The invessel oxides contain approx. 36
kgU, and the containment surfaces approx. 0.4 kgU.

The amount of uranium in resins and system oxides means, that these waste categories can
not directly be transported to SFR for storage. The totally 180 kgU in these categories must
be reduced with at least one order of magnitude to be able to comply with the total allowable
40 kgU in the SFR1 plant. If also the internals and the reactor pressure vessel are decon-
taminated the total a-activity in system oxides is reduced to approx. 4 kgU, which is in line
with what SFR can receive from one single plant. The remaining problem after that is to
handle and find ways to store large amounts of resins containing a-activity corresponding to
about 180 kgU. Such methods are not available for the time being, and need to be devel-
oped. Another prerequisite for the dismantling waste to be allowed for storage in SFR is of
course that the removal of fuel fragments from the system surfaces is successful. 1% of fuel
fragments left means totally 60 kgU. The removal of fragments must therefore be at least
one order of magnitude more efficient to comply with the SFR1 limits.
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Table 17: Transuranium activity in different waste categories 10 years after final shutdown
assuming ordinary fuel failures and a partial core meltdown without release to the contain-
mentjust prior to the final shutdown (Bq).

Nuclide

Pu238

Pu239

Pu240

Am241

Cm244

U(g)

Fuel frag-
ments

4.7E+14

6.2E+13

9.7E+13

4.1E+14

4.0E+14

6.E+06

Ion exchange
resin

1.3E+13

1.7E+12

2.6E+12

1.1E+13

1.1E+13

160E+03

Internals,
RPV

2.9E+12

3.7E+11

5.8E+11

2.5E+12

2.4E+12

36E+03

Primary sys-
tems

3.2E+10

4.2E+09

6.5E+09

2.8E+10

2.7E+10

400

Containment

3.2E+10

4.2E+09

6.4E+09

2.8E+10

2.7E+10

400

5.4 LOCA with core meltdown and vessel penetration
The LOCA case involves the largest amount of a-activity to handle of the four scenarios
studied. The resulting waste streams are summarised in Table 18 below. In total 24 tonnes
of fuel fragments are released and has to be removed in conjunction with the defuelling be-
fore dismantling. Similar to the previous case the defuelling itself is a tricky operation due to
the severely damaged core structure. The total amount of dissolved uranium, 408 kgU, is
distributed between ion exchange resins (200 kgU), containment surfaces (200 kgU) and the
rest in system oxides (8 kgU). The components containing system oxides should be able to
transport to the SFR facility, especially if the internals and reactor pressure vessel also are
decontaminated (and if the removal of fuel fragments is successful). The main huge problem
in this case is to take care of the ion exchange resins and containment materials (concrete,
insulation, cables, etc.) containing about 400 kg dissolved uranium. One can also expect,
that the cleanup of fuel fragments released to the containment is not so easily performed
with a high efficiency, which means that a significant fraction of the 12 tonnes expected to be
released to the containment will remain in not easy to access locations. That means that the
total a-activity in ion exchange resins and materials from the containment can be up to 1
tonne. This quantity of a-activity can not be transferred to the SFR facility, but other treat-
ment and final disposal concepts must be developed for this waste category.
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Table 18: Transuranium activity in different waste categories 10 years after final shutdown
assuming ordinary fuel failures and a LOCA with core meltdown followed by a vessel pene-
tration just prior to the final shutdown (Bq).

Nuclide

Pu238

Pu239

Pu240

Am241

Cm244

U(g)

Fuel frag-
ments

1.9E+15

2.5E+14

3.9E+14

1.7E+15

1.6E+15

24E+06

Ion exchange
resin

1.6E+13

2.1E+12

3.2E+12

1.4E+13

1.3E+13

200E+03

Internals,
RPV

5.7E+11

7.6E+10

1.2E+11

5.0E+11

4.9E+11

7300

Primary sys-
tems

6.4E+09

8.4E+08

1.3E+09

5.6E+09

5.4E+09

81

Containment

1.6E+13

2.1E+12

3.2E+12

1.4E+13

1.3E+13

200E+03

5.5 Waste summary
The amount of transuranium waste after the different fuel failure scenarios are shown in
Figure 6 below. The presentation is split up on the different waste categories, and the SFR1
levels discussed earlier (totally 40 kgU, or 3 kgLI per reactor) are given as references. It can
again be concluded, that the ordinary failures and channel obstruction scenarios are within
the limits of the SFR1 FSAR, if the fuel fragments in the obstruction case are assumed to be
stored together with the fuel in the SFL facility. The two core melt-down cases imply such
high amounts of transuranium in ion exchange resins, that special solutions other than ex-
pected for SFR storage are likely to be needed. Special solutions must also be considered
for contaminated materials from the containment (concrete, insulation, etc.) in the LOCA
case, and eventually for internals in the station blackout case. The amounts of fuel frag-
ments are considerable, and must be removed with a high efficiency (>99%) and finally
stored together with the fuel in the SFL facility.
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D Aux.systems

RPV + internals
Containment

1E+02 Xn Resins

1E+04 |
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en
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Figure 6. Amount of transuranium waste after different fuel failure scenarios
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RADIATION EXPOSURE AND COST ESTIMATE
In this section is the impact on the radiation exposures and costs associated with the de-
commissioning after the different accident scenarios estimated. Such an estimate is rather
complicated because of the nature of the transuranium activity being considered in this re-
port. The radiological concern for this type of activity is the a-radiation, which means that the
main problem is not the external radiation, but the risk of internal exposure due to inhalation
of radioactive material. The most probable consequence is that the total exposure from in-
halation will be small, but the need of special methods and extra equipment to prevent inha-
lation result in both extra costs and external exposures (the time factor). The more severe
fuel accidents will of course also result in significantly increased radiation levels due to the
fission product activity (especially Cs134 and Cs137).

One way to quantify the radiological effects of transuranium contamination is to compare the
radiological effect of inhalation with the corresponding data for the otherwise dominating nu-
clides, i.e. C06O, Sr90 and Cs137. This is done by comparing the so called ALI values
(Annual Limit of Intake). ALI data have been derived from a recent compilation of inhalation
dose coefficients (Sv/Bq) based on [71], and have been recalculated to ALI values assumed
a dose limit of 50 mSv per year. The results are presented in Table 19.

The presented data clearly indicate that the transuranium nuclides are extremely important
from the inhalation point of view. Compared to calculated fuel inventories only 2 p.g uranium
is needed to reach the ALI level, and this amount is completely determined by the a-activity
(assuming a decay period of about 10 years).

Table 19: Annual Limits of Intake (ALI) for inhalation for different radionuclides based on in-
halation dose coefficients [71] and dose limit 50 mSv per year. Derived ALI values are com-
pared to fuel inventory data from Table 6 assuming a decay period of 10 years.

ICRP 30 (Sv/Bq)
ALI (Bq / 50 mSv)
#ALI per gU

ngU per ALI
(agU per ALI

Pu238
1.1E-4

470

1.7E+5

Pu239
1.2E-4

430

2.4E+4

Pu240
1.2E-4

430

3.7E+4

Am241
1.2E-4

420

1.3E+5

Cm244
6.7E-5

750

9.0E+4

2.2

Sr90
3.5E-7
1.4E+5

1.3E+4

Cs137
8.6E-9
5.8E+6

4.6E+2

74
2.2

Co60
5.9E-8
8.5E+5

The conversion to ALI units according to the data in Table 19 has been used in the following
sections to quantify the increased radiological problems associated with the studied fuel ac-
cident scenarios. The basic idea behind that is that the amount of radioactivity in ALI terms
determines the methods and special measures needed for the dismantling and subsequent
waste handling. The estimated impact on occupational exposure and decommissioning costs
is discussed in each section and summarised at the end.

6.1 Ordinary fuel failure levels
The amounts of transuranium in ALI terms compared to the corresponding data for Co60 as-
suming the ordinary fuel failure case are presented in Table 20. The Co60 activities are
based on [3], [8] and [41]. The internals and the reactor pressure vessel cover both the neu-
tron induced activity as well as the surface contamination, of which the former is dominating
in the case of Co60, but the transuranium activity is restricted to the oxide film. That means
that these two sources may not be directly comparable, the latter being more inclined to re-
lease activity to the environment and therefore may have a larger radiological impact.
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Comparing the number of ALI for transuranium and C06O in different waste categories
yields, that C06O in the internals are dominating the total. If we instead restrict our compari-
son to primary system contamination it is found, that the uranium contamination results in
slightly higher number (factor 2-3) of ALIs than Co60. The observation is in line with the ex-
perience from Ringhals 1 taking into account that totally three fuel failures of the Ringhals 1
(1993) type are considered in the ordinary fuel failure scenario. If we finally look on the ion
exchange resins it can be concluded, that the number of ALIs is dominated by the transura-
nium activity with an order of magnitude higher value than Co60.

Table 20: Transuranium activity in different waste categories assuming ordinary fuel failures
expressed in terms of ALI (inhalation) and compared to corresponding Co60 activity.

Uranium (g)

Uranium (#ALI)

Co60 (Bq)

Co60 (#ALI)

Fuel frag-
ments

Ion ex-
change
resins

567

2.8E+08

1.9E+13

2.2E+07

Internals,
RPV

72

3.6E+07

4.3E+15

5.1E+09

Primary
systems

1

4.0E+05

1.0E+11

1.2E+05

Contain-
ment

Total

640

3.2E+08

4.3E+15

5.1E+09

6.2

And what are than the implication on exposures and costs for decommissioning? The
amount of transuranium activity on system surfaces has been considerably increased in this
study compared to earlier Swedish studies [8]. The resulting a-contamination, being about
the same magnitude as the Co60 contamination in ALI terms, does not, however, imply a
dramatic increase of the risk of internal doses due to inhalation. A realistic assessment is
therefore, that earlier methods for dismantling can be maintained, which means that earlier
estimated exposures (external) and costs basically should be unaffected. A lesson learned,
however, that when judging the risk of internal doses the transuranium content must be con-
sidered, which can be a monitoring problem [67]. The data above indicate, that this is espe-
cially important when working with systems handling ion exchange resins, where the relative
fraction in terms of ALI of transuranium activity can be considerable. As earlier mentioned,
the amount of a-activity in this case is also not expected to violate the planned storage of
decommissioning waste in the SFR plant, which supports the conclusion that the costs are
unaffected by the assumed a-activity.

Fuel channel obstruction
The amounts of transuranium in ALI terms compared to the corresponding data for Co60 as-
suming the ordinary fuel failure case plus a fuel channel obstruction occurring just prior to
the final shutdown of the plant are presented in Table 21. The Co60 activity in fuel fragments
is based on [41].

The principal difference between this case and the earlier one with only ordinary fuel failures
is the amount of fuel fragments, very much dominating the transuranium source term. As
mentioned earlier, these fragments are supposed to be removed in parallel with the defuel-
ling of the plant, and it is of course of utmost importance to remove most of this source term
(>99%) to facilitate the decommissioning. The remaining a-activity in system oxides and ion
exchange resins is about a factor 3-4 larger than in the ordinary fuel failure case. This
means, that somewhat increased attention must be paid to avoid airborne activity and inha-
lation, however, similar dismantling and waste handling methods as in the ordinary case



Report 96-0085R 96-12-17 Page 37

should be able to be used. Special preparedness must, however, be put on the eventual
need to handle remaining fuel fragments turning up in different components during the dis-
mantling. As mentioned before, the main fraction of the fuel fragments removed from the
plant can not be stored in the SFR facility, but must follow the fuel to final disposal, and spe-
cial solutions are needed.

Table 21: Transuranium activity in different waste categories assuming ordinary fuel failures
and a fuel channel obstruction just prior to the final shutdown expressed in terms of ALI and
compared to corresponding Co60 activity.

Uranium (kg)

Uranium (#ALI)

Co60 (Bq)

Co60 (#ALI)

Fuel frag-
ments

18

9.0E+09

1.3E+11

1.5E+05

Ion ex-
change
resins

2.1

1.0E+09

1.9E+13

2.2E+07

Internals,
RPV

0.23

1.2E+08

4.3E+15

5.1E+09

Primary
systems

0.003

1.3E+06

1.0E+11

1.2E+05

Contain-
ment

Total

20

1.0E+10

4.3E+15

5.1E+09

And what are then the decommissioning exposures and costs implications? The major chal-
lenge associated with this scenario is the defuelling and the removal of fuel fragments ad-
herent to it. Some guidance on the costs for these operations can be found by comparing
costs for similar operations such as the cleaning up at the A1 and TMI-2 reactors (see sec-
tion 2). The fuel accident in A1 was also a fuel channel obstruction, and the estimated costs
for this cleanup are approx. 400 MSEK. The cleanup at TMI-2, where the major core was
affected by the accident cost approx. 6500 MSEK, i.e. more than one order of magnitude
higher than in the A1 case with only one assembly hit by the accident. The 400 MSEK figure
seems to be a sound estimate in our case with also only one assembly damaged, especially
if some extra costs for final storage of the removed fuel fragments are included. The subse-
quent dismantling of the plant, assuming that most of the fragments are removed, should
only imply marginally extra costs. The special preparedness to handle eventual remaining
fragments in components, and the somewhat higher contamination levels of the primary
systems are estimated to increase the decommissioning costs with approx. 10%, i.e. from
typically 1000 MSEK to 1100 MSEK. If the cleanup operations are included the total price will
be approx. 1500 MSEK, i.e. an increase with about 50%.

The total exposure for the cleanup operations at the TMI-2 was about 100 manSv. One
should, however, remember, that this level was reached for a core that had only experienced
some months of operation, which means a core inventory far from equilibrium. A realistic es-
timate for a similar accident in a reactor after several years of operation could be about 200
manSv, assuming some of the increased radiation source term is met with improved radia-
tion reduction methods (which however increase the costs). Considering that only one fuel
assembly is affected in the obstruction case, which means both lower radiation source term
and reduced need of time for the cleanup, results in an estimated exposure for this cleanup
of about 1% (or 2 manSv) of that for an accident involving most of the core. The following
dismantling means both increased need of time (similar as the cost estimate, i.e. about 10%)
and somewhat increased radiation levels (typically 10%). If these different estimates are
combined, the total exposure for the decommissioning is raised from 14 manSv up to about
20 manSv, i.e. an increase with about 40%. The increased exposure is expected to be from
external radiation, and no significant contribution from inhalation is foreseen.
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6.3 Partial core meltdown without release to containment
The amounts of transuranium in ALI terms compared to the corresponding data for Co60 as-
suming a partial core meltdown without release to the containment (the station blackout
case) occurring just prior to the final shutdown of the plant are presented in Table 22.

This case shows a dramatic increase of all forms of transuranium activity compared to earlier
cases. This activity is dominated by the amount of fuel fragments, and it is even more im-
portant in this case that these fragments are removed with a high efficiency during the defu-
elling process. If only 1% of the fragments remain in the primary systems after the defuelling
this corresponds to 60 kgU, that is considerable more than contained in the primary system
oxides! The amount 60 kgU can be compared to the estimated 70 kgU of remaining tran-
suranium after the TMI-2 defuelling. A remainder of 60 kgU must be considered as a realistic
assumption having the TMI-2 experience in mind. This means, that the actual dismantling of
the plant must be carried out in such a way, that remaining fuel fragments left in different
components must be removed and handled and stored safely.

Even after the fuel fragments are removed, the system oxides and the resins contain sub-
stantial amounts of a-activity, and the risks of internal exposure from inhalation are totally
dominated by this activity. This means a monitoring problem, and that special measures
must be considered in the dismantling procedure to avoid such inhalation. Special concern
must be paid to the decontamination procedures to assure a high efficiency, and the pres-
sure vessel and the internals must probably be included in the decontamination to allow a
disposal of these components in the SFR facility. Finally, the different filter resins containing
substantial a-activity must be treated in order to make a final disposal possible, i.e. the main
fraction of the a-activity must be transferred to an inorganic matrix in order to be stored to-
gether with the fuel in the SFL facility. All these extra measures will of course mean a con-
siderable cost and also increase the occupational exposure.

Table 22: Transuranium activity in different waste categories assuming ordinary fuel failures
and a partial core meltdown without release to the containment just prior to the final shut-
down expressed in terms of ALI and compared to corresponding Co60 activity.

Uranium (kg)

Uranium (#ALI)

Co60(Bq)

Co60 (#ALI)

Fuel frag-
ments

6 000

3.0E+12

4.3E+13

5.1E+07

Ion ex-
change
resins

160

8.0E+10

1.9E+13

2.2E+07

Internals,
RPV

36

1.8E+10

4.3E+15

5.1E+09

Primary
systems

0.4

2.0E+08

1.0E+11

1.2E+05

Contain-
ment

0.4

2.0E+08

Total

6 200

3.1E+12

4.4E+15

5.1E+09

And what are then the decommissioning exposures and costs implications for this scenario?
The major challenge associated with this scenario is again the defuelling and the removal of
fuel fragments adherent to it. The cleanup at TMI-2, where also the major core was affected
by the accident but the vessel not penetrated cost approx. 6500 MSEK, which even if the
TMI-2 core had experienced only short operation time probably is also a rather sound esti-
mate for our scenario. The subsequent dismantling of the plant, assuming that most of the
fragments are removed, should also imply significant extra costs. The special preparedness
to handle remaining fragments in components, the significant higher risk for air contamina-
tion, the higher radiation levels of the primary systems, the need of more comprehensive de-
contamination campaigns and finally special solutions needed to handle the transuranium
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contaminated waste are estimated to increase the decommissioning costs with at least a
factor of two. These costs together with the actual cleanup costs will probably end up in the
range of 10000 MSEK.

The total exposure for the cleanup operations at the TMI-2 was as mentioned before about
100 manSv. Considering the short operation time in the TMI-2 case a sound estimate for our
scenario is about 200 manSv for the cleanup. The following dismantling means both in-
creased need of time and significant increased radiation levels, which may increase the ex-
posure for an ordinary dismantling of 14 manSv up to about 100 manSv for this case. The
total exposure of 300 manSv is expected to be mainly from external radiation, however some
contribution from inhalation can not be excluded.

It has been discussed if such a high occupational exposure would be accepted in the case of
a cleanup after an accident in a Swedish BWR [75]. It is likely, that this will not be that case,
and other methods which reduces the exposure but eventually increases the costs would be
demanded.

6.4 LOCA with core meltdown and vessel penetration
The amounts of transuranium in ALI terms compared to the corresponding data for Co60 as-
suming a LOCA resulting in core meltdown and vessel penetration occurring just prior to the
final shutdown of the plant are presented in Table 23.

This case shows a further increase of transuranium activity compared to earlier cases. The
activity is again dominated by the amount of fuel fragments, and it is again important in this
case that these fragments are removed with a high efficiency during the defuelling process.
The main difference in this case is, however, that also the containment is heavily contami-
nated, and this contamination (including fuel fragments) is expected to be more difficult to
remove due to the properties of the involved materials (concrete, insulation, etc.). One must
therefore expect, that much larger amounts of transuranium contaminated waste is gener-
ated in this case, which must be handled and stored using special (and costly) methods.

Table 23: Transuranium activity in different waste categories assuming ordinary fuel failures
and a LOCA with core meltdown followed by a vessel penetration just prior to the final shut-
down expressed in terms of ALI and compared to corresponding Co60 activity.

Uranium (kg)

Uranium (#ALI)

Co60 (Bq)

Co60 (#ALI)

Fuel frag-
ments

24 000

1.2E+13

1.7E+14

2.0E+08

Ion ex-
change
resins

200

1.0E+11

1.9E+13

2.2E+07

Internals,
RPV

7.3

3.6E+09

4.3E+15

5.1E+09

Primary
systems

0.08

4.0E+07

1.0E+11

1.2E+05

Contain-
ment

200

1.0E+11

Total

24 400

1.2E+13

4.5E+15

5.3E+09

And what are then the decommissioning exposures and costs implications for this scenario?
The heavily contaminated containment means exceptional extra efforts, which probably will
increase the costs for this scenario compared to the previous one without vessel penetration
with about one order of magnitude, i.e. up to about 100000 MSEK. Part of these costs will be
associated with the need of sophisticated remotely operated equipment to facilitate the
cleanup without to high occupational exposure. The exposure is therefore not expected to be
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increase in the same degree as the costs, but with about a factor of three, i.e. up to about
1000 manSv. Again it can be concluded, that such high exposures would probably not be
accepted, and even more sophisticated methods which reduces the exposure but eventually
increases the costs would be demanded [75].

6.5 Exposures and costs summary
The costs and occupational exposures for decommission associated with the above different
fuel accident scenarios are summarised in Figure 7 and Figure 8, respectively. The costs
and exposures are split up on the cleanup as a result of the fuel accident, and the subse-
quent dismantling of the plant. It must again be stated, that the presented figures are to be
considered as rough estimates, especially for the more severe core meltdown cases, and
are only intended to indicate the cost and exposure levels.

It can be concluded, that while the obstruction case implies only a marginal increase of cost
compared to the ordinary fuel failure case, the two core meltdown cases mean a consider-
able increase of the costs with one up to two orders of magnitude dependent on if the vessel
is penetrated or not. Similar relations are expected for the exposures, however the increase
for the most severe case with vessel penetration is somewhat reduced compared to the in-
crease of costs due to an expected massive use of remotely handled equipment for disman-
tling. However, such high exposures would probably not be accepted, and even more so-
phisticated methods which reduces the exposure but eventually increases the costs would
be demanded [75].
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Figure 7: Cost summary for the different fuel failure scenarios
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Figure 8: Occupational exposure summary for the different fuel failure scenarios
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7. CONCLUSIONS
• The literature review shows, that earlier estimated amounts of decommission transura-

nium contamination levels are low compared to recent BWR experience.

• The literature review has also showed some reported experience from cleanup of different
nuclear facilities that has experienced different degrees of fuel accidents (Windscale Pile,
A-1 plant in Slovakia, TMI-2 and Chernobyl). The reports show, that considerable extra
efforts, costs and exposures are associated with the cleanup after the accident.

• It is noticed, that the fuel development means higher and higher burnup levels of BWR
fuel, which in turn means a significant increase of transuranium activity.

• Besides ordinary fuel failures, three different fuel accident scenarios are identified and
treated; fuel channel obstruction, partial core meltdown without vessel penetration, and
LOCA with core meltdown and vessel penetration. The resulting release of transuranium
activity and its distribution between primary surface oxides, cleanup systems, reactor
containment and fuel fragments are estimated.

• It is concluded, that the main fraction of the released transuranium activity in the fuel ac-
cident scenarios is in the form of fuel fragments. These fragments are expected to be re-
moved before the actual dismantling of the plant, and are supposed to follow the fuel for
final storage. Remaining amounts of such fragments deposited in not easily accessed ar-
eas might be a significant problem during the dismantling process.

• The transuranium activity in decommission waste is found to comply with existing limits
for the SFR facility in the ordinary fuel failure scenario. This is also true for the fuel chan-
nel obstruction case if the fuel fragments are separately removed with a high efficiency.
The two most serious cases involving core meltdown imply, however, such high amounts
of transuranium activity in decommissioning waste that special solutions other than nor-
mally planned for the SFR facility will be needed. Especially the case with vessel penetra-
tion will result in large amounts of such heavily transuranium contaminated waste
(concrete, insulation, etc.).

• The costs and occupational exposures associated with decommission after the different
fuel accident scenarios have been estimated. The fuel channel obstruction case is found
to increase the costs from about 1000 MSEK up to about 1500 MSEK, and the exposures
from 14 manSv up to about 20 manSv. More dramatic increases are expected for the two
more severe core meltdown cases. The corresponding figures for these cases without
and with vessel penetration are 10000 MSEK and 300 manSv, and 100000 MSEK and
1000 manSv, respectively. However, such high exposures would probably not be ac-
cepted, and even more sophisticated methods which reduces the exposure but eventually
increases the costs would be demanded.
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