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ABSTRACT

Pangea is evduaing the devdopment of internationd repogtories for longlived radioactive wades. A
frequently expressed concern is that transport of highly radioective wastes to an internationa
repogtory will cresie unacceptable risks to the public. Over the operationd life of a repogtory, many
thousands of tonnes of wagte will be shipped across the world, by sea to the host country. This generic
sudy evduaes the naure and the magnitude of the risks of transporting a modd inventory of spent
fuel to a Pangearepository and compares them with other risks to which the public is exposed.

INTRODUCTION

Pangea ams to develop international sorage and disposa fadilities for long-ived wadte that could be
of paticular use to smndler nudear power programmes, unlikdy to build ther own repostories.
Transport to a repository host country will be by sea followed by ether road or ral trangport to the
digposd dte Pangea is exploring the ‘high-isolaion’ repodtory concept, based on exceptiondly sable
environments in fla, aid regions with no groundwaer flow in repodtory host rock formations
Regions of the world have been identified with gppropriaie geologicd, geogrgphicd and dimate
characteridics for a high isolation repostory [1]. The mgority are in the southern hemisphere. This
dudy uses a hypotheticd southern hemisphere repository location and  assumes  waste-producing
countries in Europe and the NW Pecific aress.

REFERENCE SCENARIO

This study, presented in full in [2], adopts a reference scenario which consders the trangport only of
gent MOX fud assmblies (SFAs) from PWRs (the mgority of nucdear power plants MOX
representing a higher activity inventory for the same burnrup). It is assumed that 33 MOX SFAs with a
burnup of ~36 GWdiHM are transported in each cask (IAEA Type B Packaging). The reference cask
is assumed to be the CASTOR type, which complies with IAEA Trangport Regulaion requirements
[3] for type B(M)F packages. CASTOR (GNB, Hanau, Germany) is a commerddly avalable and
wdl-investigated transport package, dreedy licensed by regulatory authorities in severad countries. It is
fited with a double barier sysem congding of a primay and secondary lid with an additiond cover
plate to protect the lesk-tight lids. The sealing sysem uses metdlic and dastomer seds on each lid. In
accidents (especidly in fires), seding is guaranteed by the metdlic gaskets. The amount of spent fud
that may be recelved by a Pangea repository is conjecturd a this stage. A scenario is mnsdered where
2000 tonnes of fud are received each year. Transport risks will scde linearly with the amount of fue
shipped. For this generic study, the reference scenario is five shiploads per year, each with 24type B
transport packages, transferred to 5train shipments (or equivaent number of Sngle truck shipments).

METHODOLOGY

Owing to the extremdy low rate of incidents and consequent absence of higtoricd data, probabilistic
methods have been gpplied to provide a conservetive assessment of the risks associated with transport
operations. The methodology adopted is shown in Fgure 1. Statigtics for accident rates for land and
sea conveyances have been obtaned from the literature and accident frequencies established.
Frequencies are combined with information on severity and consequences of accidents to edimate the
frequency of accidents that could lead to releases of radiaoctivity. Releases of radioactivity can then be



cdculaed from the inventory of a packege and the podiulated lesk rate that is assumed to occur as a
result of a beyond-desgn-bass accident. Usng these source terms and modds for radiation doses at
vaious digances from the accident, potentid radiologica exposures can be cdculated as effective
dosss (in mSv) for individuas. They can be converted to risks (latent cancer fatdities, LCF) using the
latest ICRP recommended dose to risk conversion factor for members of the public.
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Figure 1: The methodology for the evaluation of transport risks

TRANSPORT ACCIDENT PROBABILITIES (Pac)
Table 1 gives the land transport accident frequencies used in this sudy [4]. A nomind road or ral
trangport distance of 1,000 km between the receiving port and the Pangea repository is assumed.

Table 1: Road and Rail Accident Frequencies

Transport Mode

Accident frequency

Accident Frequency

(per -km) per Journey (1000 km)
Road (Truck) 3.0 x107 3.0 x10*
Rail (Train) 2.4 x10® 2.4 x10°
Table 2: Collision frequencies at sea (22,000 km voyage)
Waters ¢ Specific Distance travelled (nmi)* or Frequency per voyage
requency per port calls per voyage q yp vag
nmi or port call

In Port 4.0 x10” 2 port calls** 8.0 x10™
English Channel 1.0 x107 800 (1,530) 8.0 x10°
Coastal Waters 2.0 x10™’ 1,000 (1,913) 2.0 x10*

Open Ocean 7.0 x107 9,700 (18,557) 6.8 x10°

Total 11,500 (22,000) 4.3 x10*

* The distances in brackets are in km.

** Two port calls per voyage (at departure and at arrival)

The grestest distances likdy to be involved for a sea voyage would be an equivdent distance to tha
from Europe to Audrdia via the Cape of Good Hope (22,000 km). Table 2 gives edimaed collison
frequencies over such a route, based on an IAEA dudy [5]. Given tha a ship collison occurs, the



probability of a fire is 0.026. Thus the frequency of a collison occurring in which a fire dso occurs is
1.1x10° per voyage. These frequencies are considered highly conservative, as they are for dl types of
shipping and take no account of the dringent qudity and safety management systems that surround the
congtruction and operation of vessdls carrying radioactive materids.

ACCIDENT SEVERITIES (BK) AND PROBABILITIES (Psk)

Accident severities can be caegorised according to the mecahnica and themd loads imparted to a
cak. The KONRAD dudy [6] specifies nine severity categories (BK1-BK9), based on mechanicd
grains caused by three ranges of impact speed with non-yielding surfaces and three ranges of thermd
enegy inputs This categorisation is used here and is shown with the occurrence probabilities in Table
3. Only accidents where the impacts are higher than the design loads can lead to a rdease of
radioactivity (dl caegories from BK 4 to BK 9). Thee impact gpeeds do not correspond directly to
those in likdy accdent gtuaions The KONRAD categories refer to impacts with nonryidding
surfaces.  In red accidents there are likey to be damping mechanisms involving yidding surfaces. The
IAEA dandard nine-metre drop test is equivdent to an impact speed of 50 knvh in the KONRAD
scheme. Smulaed full-scde accident tests have involved red impact soeeds much greater than this
with the casks remaining seded. A UK tegt (involving a 140 t train hitting the lid area of a cask a 164
km/h) led to an edimated absorbed kinetic energy that was less than 40% of that involved in the IAEA
50 kmv/h drop test [7]. Even such severe impacts would thus fal into categories less than BK 4. The
KONRAD categories dso condder the combined effects of impact and fire. A thirty-minute, fully
engulfing fire a 800° is the IAEA <andard test for collison accidents accompanied by fire. Such
pervasve, susained temperatures are unlikdy in an accident. Accidents in the BK 4 — BK 5 range are
thus consdered a suitable reference for this study, athough they are dso considered conservative.

Table 3: Probability of occurrence of severity categories, assuming a truck or rail accident o ccurs [6].
Probability of occurrence assuming a truck accident occurs

Impact speed range

No fire 30 minutes fire, 800°C 60 minutes fire, 800°C
0- 35 km/h 0.50 (BK 1) 1.05 x 107 (BK 2) 8.40 x 107 (BK 3)
36 -80 km/h 0.43 (BK 4) 9.45 x 10° (BK 5) 7.56 x 10“ (BK 6)
Over 80 km/h 0.05 (BK 7) 1.05 x 10° (BK 8) 8.40 x 10° (BK 9)

Probability of occurrence assuming a rail accident occurs

Impact speed range

No fire 30 minutes fire, 800°C 60 minutes fire, 800°C
0- 35 km/h 0.36 (BK 1) 5.9x 107 (BK 2) 2.9x 107 (BK 3)
36 -80 km/h 0.45 (BK 4) 9.5x 103 (BK 5) 4.7 x10% (BK 6)
Over 80 km/h 8.4 x 10% (BK 7) 1.8 x10° (BK 8) 8.8 x 10 (BK 9)

RADIOACTIVITY RELEASESAND THEIR PROBABILITIES

In this sudy it is assumed tha only one shipping cask is dameged by the mechanicd and/or thermd
loads involved in a severe accident. The probability that a sscond cask will be dameged is congdered
to be low enough to be neglected. Even if severd casks falled, the releases would only be a factor of a
few times higher and would not have a dgnificant impact on the findings The probability of
radioactive reease (Pre See Tdble 4) is the product of the probability (Pag) that an accident occurs,
(eg. Table 1) and the frequency of occurrence for relevant Severity Categories (Table 3).

Table 4: Probabilities (Prr) of radioactivity release for accidents of s everity categories BK 4 and 5

; Road Rail
Severity Categor
y gory per km per transport* per km per transport*
BK 4 1.3x 10" 1.3x10% 1.1x10° 1.1x10°
BK 5 2.8 x107 2.8x10° 2.3x 10" 2.3x 10"

* Transport: 1,000 km land transport (road or rail)



For spent fud trangport accidents, activity release would occur in two successve seps (i) from fud
rods to the interior of the cask, assuming falure of the fud rods and (ii) from the cask itsdf to the
environment, assuming a leskage path through the cask closure sed(s). Both the PSE [8] and NUREG
sudies [9] assume that 50 % of the fud rods in a cask fal in a Sde impact to the cask with a speed >50
km/h, which is conddered to be very consarvative The CASTOR cask is designed so that, under
accident conditions smulated by the IAEA Trangport Regulaion tests, the lesk rate through the double
barrier system will not exceed 107 mbarl/s. The PSE andysis conservatively considers a lesk rate of
10* mbar.l/s for an accident in which only the outer sedls fal and 1mbarl/s for falure of both seds
The dudy cdculaed rdesse fractions from the cask interior to the externd environment over a
consarvedive peiod of 10 hours for conditions corresponding to accident severity classes BK 4 and 5.
Taking into account both ‘internd’ releese and the proportion of this that is then rdeased to the
environment, the total release (FR) from a damaged cask can be caculated (Table 5).

Table 5: Total radionuclide specific release fractions (from fuel rods to environment: FR) for a
10 hours release period

85 13
Impact speed >50 km/h 3H 12|§|r 13382 Dg?{ic)jgls
Failure of one seal, no fire 2.0x 107" 40x107° 2.0x 10T 2.0x10™
With fire (30 min.) 2.8x107 5.5x10% 2.6 x 10%° 2.6 x 10
Failure of both seals, no fire 2.0x103 4.0x107 2.0x 10° 2.0x10™
With fire (30 min.) 2.8x10° 5.5x10% 2.6 x 10° 2.6 x107°

Radioactivity rdeasses can be cdculaed from the totd radionudide inventory of a shipping cask and
the totd reease fractions (FR) for each radionudide. For a CASTOR cask with the radionudide
inventory assumed in this study the maxima releases for a double falure of the sealing sysem ae
given in Table 6. Thee figures are consdered to be 1- 3orders of magnitude higher than redidicaly
expected due to the assumed consarvative fud rod falure rate (50% of dl rods a more redidic vaue
would be one to two orders of magnitude less) and the assumed consarvative lesk rate (1 mbar.l/s) for
a double falure of the sed of both lids. Releases are cdculated for a conservative period of ten hours.
In the highly unlikdy gtudtion thet the Stuation were not rectified within 10 hours, radioactivity
rdesses to the environment would il remain within tolerable limits, even during a period of one
week following the accident (corresponding to the permissble rdease limits in the IAEA Transport
Regulations, with the only exoeption baing *¥'Cs).

RADIOLOGICAL CONSEQUENCES OF RELEASES

Cdculations of radiological consequences of releases from packages need to teke into account release
duration, amospheric conditions and the exposure pathways. This study uses the maximum release
raes in Table 6 and the most conservative amospheric conditions tha would lead to the highest
exposure. Leakage duraion was assumed to be 10 hours, induding a 30 minute fire a the beginning of
the rdease after collison. Since people would be expected to be evacuaied from the contaminated
areg, the inhdation portion of dose is the mog redigtic exposure figure to use. It can be assumed that
the release will be stopped after a period of severd hours and that potentidly affected people would be
evacuded in much less than 10 hours Teable 7 summarises the radiologicd consequences of a land
trangport accident resulting in a rdease of radioactivity, dependent on the distance of the exposed
individud from the accdent (effective dose in mSv in the fird year after the occurrence of the
accident). These doses can be converted to risks to individuds locaed 100 m from the dte of an
accident. The reaults are shown in Table 8. At adistance of 500 m, the doses are about 10 times less.



Table 6: Comparison of the calculated source terms for 10 hour and 1 week release (double lid failure, leak rate
~1 mbar - I/s)with IAEA Transport Regulations release limits for to accident conditions (see TS-R-1, § 656)

Activity inventory for Maximum source Maximum source '.T_?;?\is%rl;”gés &Ta{ﬁ)ié
Nuclides 33 MOX-SFA terms for 10h terms for a week Fone wgek)
(Ba) (Ba) (Ba)
(Ba)

SH 2.51 x 10™* 6.90 x 10™* 1.10 x 10%° 4.00 x 105
Kr 1.65 x 10™ 9.08 x 10" 1.53 x 10%° 1.00 x 10™
129] 1.22 x 10% 6.71 x 1C0° 1.13x 1C° Unlimited
¥%Cs 8.84 x 107 2.34 x 10" 3.93 x 10** 7.00 x 10™*
B7Cs 3.94 x 10 1.04 x 1011 1.75 x 10%2 6.00 x 101
USr 7.80 x 107 2.06 x 10° 3.46 x 10’ 3.00 x 10T
“Ru 6.55 x 107 1.73 x 10° 2.91 x 10’ 2.00 x 10**
#%Ce 2.22 x 107 5.78 x 10° 9.87 x 10° 2.00 x 10™
Pu 3.79 x 107 1.00 x 10° 1.68 x 10’ 1.00 x 107
Pu 2.22 x 10" 5.86 x 107 9.85 x 10° 1.00 x 107
240py 7.54 x 10* 1.99 x 10° 3.34 x 10° 1.00 x 10°
Py 1.45 x 10'7 3.84 x 107 6.45 x 10° 6.00 x 10™°
AmM 1.89 x 10" 4.96 x 10° 8.33 x 10° 1.00 x 107
Cm 6.55 x 107 1.73 x 10° 2.90 x 107 2.00 x 10°

Table 7:Probabilities of releases as a result of different severity categories of land transport accidents
with spent fuel casks (CASTOR type) and their radiological consequences (effective doses in mSv)
Severity BK 4 (single seal failure) BK 5 (double seal failure)
category Leakage rate £10* mbar-- l/s Leakage rate £1 mbar--I/s

Probability of
radioactivity release

Prg (road) = 1.3 x107 km*

Prg (road) = 2.8 x10¥ km™

Pgg (rail) =1.1x10°km™

Pgrg (rail) =2.3x10"km™

Distance Effective dose in the first year after| Effective dose in the first year after accident
(m) accident (mSv) (mSv)
Adult Child Adult Child
100 1.6 x10° 2.1x10° 15.6 (2.4) 20.6 (0.8)
200 7.0 x107 9.4 x107 6.8 (0.9) 9.2 (0.3)
500 2.5 x10* 3.4 x10* 2.4 (0.3) 3.3(0.1)

() Thefiguresin brackets represent the more redlistic exposure doses to the public based on inhalation doses

Accidents during sea shipment were conddered by the IAEA [5]. Experimentd and moddling work
showed that fire heat fluxes in sea accidents were generdly smdler than those of regulatory cask
catification fire tests. They dso showed that if a ship collison subjects a type B package to crush
forces, the magnitude of these forces will be less than or a& most comparable with the inertid forces
experienced by the cask during the regulatory certification impact test. Therefore, it is not very likey
that both sedls of the cask would fal in such an accident. The effective doses to an individud caused
by the loss of a type B package dter a collision a sea into shdlow, continentalshelf waters [10] and
into deep ocean waters[11] were estimated to be:

4 x 10* mSv per year for the loss of a package containing high-burn up spent fud into shalow

(200 m) continenta-shelf waters;

5x 10° mSv per year for the loss of a package into the degp ocean.

Rdease of fisson products to the amosphere due to a severe collison and spreading of a severe fire to
the hold that leads to a double sed falure was ds0 edimaied to cause average individud doses of
about:

0.5mSv for an accident during acal a amgor port;
0.2 mSv for people living in urban areas dong a coadtd salling route.

These vdues are lower than the ICRP recommended effective dose limits for members of the public
(ImSviyear) and wel bdow naturd background radiation dose rates (25mSviyear globa average).



Taking into account the frequency of an accident scenario Smilar to the severity categoryBK 5 for
land trangport accidents, radiologica risksto individuas can be estimatedper voyage (see Table 9).

Table 8: Risks to individuals located 100 m away from the accident site for land transportl) of spent fuel
assemblies given in number of fatalities (LCF) per km and per year (A: adult; C: child)

Risk (consenative)” Risk (realistic)”
in LCF in LCF
Transport mode per km per year per km per year
Road A 2.9x10% 3.5x 10" 45x10" 5.4x10°
C 3.9x 107 46x107 15x10% 1.8x10%
Rail A 2.4x10%° 1.2x107 3.7x10™ 1.8x10™"
C 3.7x10T8 1.6x10° 1.2x10% 6.2x 101!

TV 1t is assumed that each year five rail transports will be carried out between a Pangea receiving port and the repository —
each 1,000 km, i.e. total 5,000 km per year for rail shipments with 24 casks for each shipment. In the case of truck
transport on the road, there will be 120 transports per year, i.e. 120,000 km per year for truck transport.

2 with the assumption, that the exposed members of the public stay in the immediate vicinity of the accident site for the
whole time (1 year), (i.e. no evacuation of people and no clean-up/remediation of site).

3 with the assumption that people will be evacuated and the site will be cleaned/remediated as soon as possible after the
accident (i.e. only inhalation doses are relevant).

Table 9: Radiological consequences to individuals for sea transport accidents with spent fuel

; Individual risk in LCF
. Effective
Voyage location Pac Pgk Prr-sea dose (mSv)
per voyage per year
Port 2x4.0x10% [4.0x10° 3.2x10%2 |05 1.1x 107 5.5x 1016
Coastal waters 2.0x10* 4.0x10° 8.0x10%% |02 1.1x10% 5.5x 10"
Open ocean 7.0x10% 4.0x10° 2.8x10%% |5x10° 9.4 x10% 4.7x1028
Total 1.2x 1076 6.0 x 1016
Pac: Accident frequency per voyage (22,000 km)
Pek: Probability of radioactivity release per sea-accident

TRANSFER ACCIDENT RISKS

We edimae that the probability of transfer accidents that can lead to radioactivity rdesse (Prr
trandfer) will be about the same order of magnitude or less as for road accidents for the same amount
of cask shipment. The risk associated with transfer accidents a the Pangea recelving harbour would
thus be about 7 x 10%° LCFlyear for individud members of the public. For transhipment operations a
the recaving Pangea harbour, the figure will be lower by severd orders of maegnitude, taking into
account the design of type B packages and the specid handling procedures likely to be adopted.

RADIOLOGICAL RISKSOF INCIDENT-FREE TRANSPORTATION

Radiologicd consequences can potentidly occur due to exposure of people to low levds of externd
radiation in the vicinity of spent fud casks (0.1 mSv/h a 2m digance) during normd trangportation.

The effective dose for a pason danding 10 m from a transport traveling a 20kmvh is about
0.025 nBv. This corresponds to an annudl risk (of latent cancer fatdlity) to an individua of 1.7 x 10°.

NON-RADIOLOGICAL CONSEQUENCESAND RISKS OF TRANSPORT

The non-radiologicd consequences of trangportetion are mainly due to exposures to vehide exhaud.
USDOE [12] edtimated these to be:

Urban areas: 1.0 x 10" fatdity/km for trucks
1.3 x 107 fadity/km for trains (diesdl locomatives)
Suburban and rural areas 7.2 x 10 fadity/km



However, the trangport dengties and the number of nhabitants per unit area in the suburban and rurd
regions of the USA may be significantly higher than in a Pangea repository host country.

CONCLUSIONS

The radiologicd consequences and the corresponding frequencies of trangport accidents have been
cdculated usng consarvative assumptions and are conddered to be aout 1 - 3 orders of magnitude
overesimated. Table 10 summarises the main results of this sudy. It can be seen that rail transport has
about two orders of magnitude less accident risks than road trangport. Sea transport risks are severd
orders of magnitude less than land transport risks. To put the figures in Table 10 into an everyday
context, Table 11 presants a mixture of voluntary and involuntary risks to which individuals are
exposed. The figures are approximate and dearly meke vaious averaging assumptions about the
extent to which people take part in activities and where they live. The results of this sudy indicate:

Radiologicad consequences from posshle transport accidents with spent fud are Sgnificantly
bdow the pemissble exposure limits set in natiiond and internationd regulaions They ae
dso dgnificantly lower than risks that are commonly regarded as trivid and acceptable to
society and far below risks atributable to naturd background radiation leves.

Radiologicd risks during incdentfree transport are 1-2 ordes of magnitude higher than
radiologica risks arisng from accidents during land trangport of spent fud and are of the same
order of magnitude as the non-radiologica risks due to exposure to vehicle exhaust gases.

Risks of sea trangport are severd orders of magnitude less than for land trangport and can be
consdered as inggnificant compared with land trangport accident and other risks.

Table 10: Summary table of radiological and non-radiological risks to individuals

RADIOLOGICAL RISKS (IN LATENT CANCER FATALITIES)

Risks from transport accidents

Transport mode per km or call per year
Sea 2.7x107%7 6.0x 10T
Road 45x 107 5.4 x 10%°
Rail 3.7x10™ 1.8x 10"
Risks from transfer accidents at harbour
Transport activities per call per year
1.4x107 7x 10T
Risks from incident-free transportation during land transport
Transport activities per km per year
Passive exposure to public (road/rail) 1.7 x107 1.7x107

NON-RADIOLOGICAL RISKS TO THE POPULATION ALONG ROAD/RAIL TRANSPORT ROUTE
(FATALITIES)

per km per year
Rural areas ~7x1071T <4 x107
|LUrban areas ~1x10° 5x 107




Table 11: Risks of wluntary & involuntary activities compared with risks associated with spent fuel transport

Risk : Rounded risk per year, in
ISk per year to an decimal form

_ individual (where 1.0 is a 100%
(in powers of ten) probability of death)

Activity, event or hazard*

Usng hard drugs 1.5x 10° 0.02

Cancer (all forms) 7.8x10° 0.008
Smoking 10 cigarettes a day 5x10° 0.005

Hang Gliding 1x 107 0.001
Falling (all types) 2.3x 10" 0.0002
Living in average natural radiation background 1.7 x107 0.0002
Driving a car 1x10° 0.0001
Level above which risks are generally considered

intolerable by society, and requiring definite action to 1x10* 0.0001
reduce them

Accidents at home 8.5 x 10° 0.00009
Office work 3.7x10° 0.00004
Drowning 1.9x10° 0.00002
Food poisoning 1.2x10° 0.000001
Lev_el below Whlch _rlsks are generally considered trivial by 1x 105 0.000001
society, and requiring no action to reduce them further

Lightning strike 5x10" 0.0000005
Typical estimated exposure to possibl_e releases from a 1x 108 0.00000001
deep spent fuel repository in the far distant future

Accident leading to radiation release during a 1000 km rail

journey with Spgm ol 9 2.4x 1010 0.0000000002
Accident leading to radiation release during a 20,000 km 12101 0.0000000000000001

sea voyage with spent fuel
*Additional data taken from [13].
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