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1. INTRODUCTION

Low- and medium-level reactor waste from Swedish

nuclear power plants is presently stored at the

reactor sites after solidification in concrete

or bitumen. A central handling and storage

facility (ALMA) is however under planning to

meet future demand of capacity and long term

safety (1-1). A centralized storage implies

transportation from the various power plants to

one single site, which has not yet been selected.

Transportation is planned to be undertaken by

sea for cost and safety reasons. A brief descrip-

tion of the proposed transportation system is

given in the present report. The system

including a sea vessel is planned to meet the

need from thirteen units at the four coastal

sites for nuclear power plants in Sweden accord-

ing to Figure 1-1.

FORSMARK
J.

No 13: Not yet located

BWR in operation

I PWR in operation

L) Ö Under constructionFigure 1-1

Swedish nuclear power program accord i na
Fig 1: to the 1975 par lianentary decision.



In the present report the safety of the trans-

portation system is analyzed taking planned

safety measures but also unlikely accidents into

consideration.

The ship and the other parts of the transpor-

tation system, containers, vehicles, instrumen-

tation and auxiliary systems, are designed to

avoid impact on personnel and environment.

Releases of radioactive materials will not occur

to the atmosphere or to the sea under normal

conditions.

In the event of an unlikely accident minor

amounts of radioactive materials may be released

to the environment. The probabilities and conse-

quences for various types of accidents will

however be reduced by special countermeasures

e.g. fire protection equipment, proper container

design and devices for retrieval of lost material,

Possible accident sequences are grouped into a

few main cathegories for practical reasons. The

probability given for each cathegory includes

various sequences. The release figures given are

representative for each accident cathegory. The

intention is that the information given con-

cerning probabilities and consequences shall

reflect the total radiation rick burden.



2. WASTE PRODUCT CHARACTERISTICS AND

QUANTITIES

2.1 General

The operation of nuclear power reactors is as-

sociated with the generation of various kinds

of low- and medium-level wastes as by-products.

The radionuclide contents of these wastes ema-

nate principally from the leakage of fission prod-

ucts from the fuel and from the activation of cor-

sion products. The radionuclides are transported

by water through the reactor systems where they

are removed by demineralizers and filters which,

when spent, are treated as wet solid wastes.

Large amounts of low-level combustible or non-

combustible material, trash, mainly from the

annual fuel replacement periods, and certain

amounts of discarded and contaminated or weakly

activated system components, are also treated as

wastes. Table 2-1 shows most of the different

types of wastes, the methods used in Sweden for

handling them, and the resulting waste products.

Table 2-1

Low- and medium-level wastes from reactor oper-
ation

WASTE TYPE

Wet_solids

demineralizer resins,
filter sludges,
evaporator
concentrates

Trash

combustible,
non-combustible

and other bulky
goods

TREATMENT

incorporation
into concrete or
bitumen,
dewatering

incineration,
compression,
packing

WASTE PRODUCT

concrete blocks
bitumen drums
concrete tanks

- ash drums
- drums and steel boxes with
non-combustible material

decontamination, - drums or other packages
disassembling, - decontaminated goods
packing



The wet solid waste contains the largest amounts

of radioactivity. This report concentrates

mainly on the waste products obtained from wet

solids. The consequence analysis in fact will be

restricted to those products. The wet solids are

primarily bead and powdered resins, sludges and

evaporator concentrates from the reactor water,

pool water and condensate clean-up systems, and

from liquid waste systems and floor drainage.

Their slurry-like properties make them suited

for pumping through conveyor pipes to special

tanks for intermediate storage, before solid-

ification or other treatment.

More elaborate descriptions of the waste product

characteristics and their amounts may be found

in references 2-1 to 2-7.

2.2 Concrete blocks

At the Oskarshamn and Ringhals power plants, the

wet solids are incorporated into concrete. Cubic

reinforced concrete boxes with 10 or 35 cm wall

thicknesses are used. Waste is mixed together

with cement in the prefabricated box and hardened,

forming a solid block. A concrete lid is moulded

on top of it. The block has a total volume of

1.7 m and a total mass of about 4 metric tons.

So far, mainly the thin-walled boxes have been

used. They usually contain about 750 kg of

filter sludges or 400 - 500 kg of bead resins,

if the surface dose r?te limits do not dictate

smaller amounts. More frequent use of the thick-

walled blocks is anticipated in the future, re-

ducing the amount of waste per block to

30 - 50 kg.



2.3 Bitumen drums

The more recent Barsebäck and Forsmark power

plants have chosen to incorporate their wet

solids into bitumen, essentially because of the

reduced product volumes compared to the concrete

block alternative. Furthermore, this gives much

greater resistance to leaching in a wet en-

vironment. However, one disadvantage is the fire

hazard. The bituminization system now in opera-

tion at Barsebäck uses a mill to grind the bead

resins to a form similar to that of the other

sludges and concentrates. Removal of water from

the sludge is accomplished in a thin film

evaporator in which the sludge is mixed with

bitumen. The water-free mixture of resins and

bitumen is poured from the evaporator into 200

litre steel drums. The drums are about 90 cm

tall and 60 cm in diameter, and the walls are

1.0 - 1.2 mm thick. Holes are drilled in the lid

to relieve possible internal overpressure.

2.4 Other waste products

A new process for eluating powdered resins from

the pool water and condensate clean-up systems

has been developed at Oskarshamn. The resins are

dewatered by a continuous process in which a

resin/water slurry is pumped into tanks, with 6

m inner volume. Sand filter cartridges are in-

stalled in the tanks and are left there with the

dewatered sludge at th<=- end of the process. The

inner space is filled to about 85 %. The inner

walls are lined with buthyl rubber. There is a

rubber gasket seal between the tank and the lid.

The overall tank volume is 9.2 m3 (3 300 x 1 300

x 2 145 mm).



Combustible trash is, naturally, generated at

all of the Swedish nuclear power plants. Some of

this is currently incinerated at Studsvik. The

ashes are poured into 100 1 steel drums which

are then placed in concrete lined 200 1 drums.

Concrete is poured on top to entirely fill the

200 1 drum. Unprocessed combustible trash has

piled up at the power stations, but it will

eventually be incinerated at Studsvik or on the

reactor sites.

Minor amounts of non-combustible trash have to

be taken care of as well. This is packed into

200 1 steel drums, or 600 1 tin boxes (at

Oskarshamn), after compression or other forms of

volume reduction. The waste consists of insula-

tion materials, steel plates, tools etc.

Discarded components: pipes, pumps, valves, con-

struction materials and similar bulky goods, are

usually considered as a particular waste cat-

egory. For economic reasons, and in order to re-

duce waste quantities, efforts are made to

recycle most parts of this waste. Some items can

be mechanically or chemically decontaminated.

When classified as waste, bulky components are

often disassembled or cut into suitably sized

pieces and then wrapped up in plastic bags or

placed in concrete boxes.

Oil spills, spent chemicals etc must also be

considered as wastes but normally their degree

of contamination is insignificant. Such waste

will not be stored in ALMA.



2.5 Waste quantities and radionuclide

inventories

The content of radionuclides in a solid waste

product unit depends on which system the resin

or sludge emanates from, the number of defective

fuel rods, the amount of resin or sludge incor-

porated and restrictions on the surface dose

rate. With respect to the latter, the amounts of

cobalt and cesium are crucial. For concrete

blocks there is an option of varying the wall

thickness, as well as the waste concentration.

The most radiologically significant nuclides in

the waste after a few years of intermediate

storage are cobalt-60, strontium-90, cesium-134

and cesium-137. The inventories may be estimated

by theoretical computations but some data based

on measurements are also available. An assess-

ment of inventories in one unit yielding a 1

rem/h (»2.8 pSv/s) surface dose rate after five

years in intermediate storage is given in Table

2-2 below. The cobalt-60 activity is assumed, as

a standard, to be twice that of cesiuia-134 and

cesium-137 in fresh waste, and the strontium-90

content is assumed to be one tenth of the same.

The cobalt-60 and cesium-134 contents will have

decreased after five years, when the waste is

transported, to about the equivalent and to one

half respectively of the cesium-137 content. The

fission product inventory of the thick-walled

concrete block is set somewhat higher than this.

Thereby the fact that a bias towards a greater

fraction of defective fuel rods may contribute

to the higher specific activity, is taken into

consideration.



Table 2-2

Radionuclide inventories in waste product units,
yielding a 1 rem/h surface dose rate

Concrete block Concrete block Steel drum/
10 cm wall 35 cm wall bitumen

Nuclide

60Co

90Sr

134Cs

137Cs

Ci

2

0.2

1

2

Ci

15

5

25

50

Ci

0.06

0.006

0.03

0.06

A very large majority of the low- and medium-

level reactor wastes and waste products may be

classified as low specific activity (LSA) or low

level solid (LLS) materials according to the

terminology of the IAEA (2-8). The non-solid

wastes easily pass as "LSA" and the solid wastes

pass as either "LLS" or "LSA" or both, with very

few exceptions.

The analysis in this report is based on the

anticipated transport volume during 1984-93,

i.e. ten years of shipping operations. The

amount of waste shipped during this period is

assumed to be all waste produced by thirteen

Swedish LWRs up to the end of 1988, considering

that at least five years of intermediate storage

at the sites is planned. The units not yet taken

into operation are assumed to be commissioned or

to have been commissioned according to the

schedule in Table 2-3.

This schedule is outdated by now, but is

nevertheless used in this report on a conserva-

tive basis. The amounts of waste expected to be

produced by the thirteen Swedish LWRs are given

in Table 2-4.



Table 2-3

Assumed commissioning schedule for the as-yet
uncommissioned Swedish LWRs

UNIT
Ringhals 3

Forsmark 1

Ringhals 4

Forsmark 2

Forsmark 3

Oskarshamn 3

Forsmark 4

Table 2-4

COMMISSION DATE

1978

1978

1979

1980

1984

1984

1986

Number of waste product units produced by
thirteen LWRs up to the end of 1988

CONCRETE BITUMEN CONCRETE ASH TIN DRUMS WITH
TANKS DRUMS BOXES DISC. COMP,

330 600 600 3 400
UNITS
Oskarshamn 1-3

Ringhals 1-4

Barsebäck 1-2

Forsmark 1-4

BLOCKS
4

9

000

200

-

DR

6

11

UMS
-

-

700

300

1 200

500

600

8 300

4 000

7 300

Total 13 200 18 000 330 2 900 600 23 000

It is possible that only the concrete blocks and

bitumen drums will be shipped to ALMA. The

accident and consequence analysis will only deal

with these types of units, which will contain

the major portion of the total activity. The

restriction of the surface dose rates of the

concrete blocks to 1 rem/h (2.8 uSv/s) will

require use of the thick-walled boxes and

dilution of the resins. The amount of waste

contained in a thick-walled block will be about

one eighth of that of a thin-walled block. This

will require a total of some 13 000 blocks, of

which about 20 % will have 35 cm thick walls.
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The IAEA rules (2-8) state that the dose rates

outside a full load be less than 200 mrem/h

(0.56 ySv/s) on the surface, and less than 10

mrem/h (28 nSv/s) at a distance of 2 m from a

package. Wi.th reasonable package sizes and ge-

ometries, the latter will set the limits as to

the surface dose rates of the waste product

units. If the concrete blocks are to be shipped

in a shipping container with a negligible

shielding effect, the surface dose rates of the

blocks must not amount to more than 20 -30

mrem/h (56 - 83 nSv/s). No more than 40 % of the

blocks may be anticipated to yield dose rates

below this limit, and most of these will be

thin-walled. Very few will exceed 1 rem/h

(2.8 ySv/s). 30 - 35 cm thick concrete is an

appropriate shielding for blocks with surface

dose rates between 25 and 1 000 mrem/h (69 -

2 800 nSv/s). Almost all of the bitumen drums

have to be shipped in concrete containers. The

drums require less space than the blocks, and 5

rem/h (14 ySv/s) units may be stowed inside less

active layers if the proposed container is used

(see Chapter 3). However, a maximum of 10 % of

the drums may require additional shielding. The

expected distribution of units among dose rate

intervals is summarized in Table 2-5.

By the end of 1988 about 330 concrete tanks,

2 900 ash drums, 600 tin boxes and 23 000 drums

containing discarded components may have been

produced. If shipped to ALMA, some of this waste

may require a shielding container, or even

additional shielding, but the activity in such

waste product units will, as a whole, be very

small.
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Table 2-5

Expected surface dose rate interval distributions

Type Surface Equivalent Frequency
dose rate ^"Co-content

(rem/h) (Ci)

Concrete blocks

Thin-walled

Thin-walled

Thick-walled

Bitumen drums;

; total number of units

< 0.025 <

0.025-1 0

0.1-1 1

total number

< 1-5 <

5-100 0

0.05

.05-2

.5-15

of units I

0.06-0.3

.3-3

13 200

40

40

20

8 000

90

10
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3. TRANSPORTATION AND PACKAGING SYSTEM

3.1 Transportation needs

The transportation system and its components -

containers, vehicles and vessel - was designed

to meet the requirements of the Swedish nuclear

power stations for the transport of spent fuel

and radioactive waste. As regards the amount of

radioactive waste, Table 3-1 gives an indication

of the total shipping needed. The table is based

on the assumption that 12-24 shipping containers,

weighing between 25 and 1C5 tonnes each, are

shipped on each voyage. The total transportation

work in each direction is then of the order of

5 000 - 7 000 ship km/year or 5 million tonnes

km/year including the weight of the containers.

A total of 120 concrete containers and 90 steel

container? will be shipped per year. This

includes, besides concrete blocks and bitumen

drums, also other wastes according to Chapter 2,

in total about 70 containers/year.

The transportation system, including containers,

vehicles and vessel, as well as the safety

aspects, is described more in detail in refer-

ences 3-1, 3-2, 3-3.
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Table 3-1

Transportation need for three assumed locations
Of ALMA

12 concrete containers or 24 steel containers are
assumed to be shipped per voyage.

TO ALMA AT STUDSVIK

from

Oskarshamn

Barsebäck

Ringhals

Forsmark

TO ALMA AT
OSKARSHAMN

from

Barsebäck

Ringhals

Forsmark

TO ALMA AT FORSMARK

from

Oskarshamn

Barsebäck

Ringhals 1

Single
distance
km

200

675

986

240

475

786

400

440

915

227

Number of
voyages
per year

4

1

6

2

1

6

2

4

1

6

Total Time at sea
distance with cargo
Ship km/ Days Days
year per per

voyage year

6 000

5 000

7 000

0.5

1.5

2

1.5

1

1.5

1

1

2

2.5

19

12

21
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3.2 Shipping containers

The containers were designed with respect to the

practical maximum load, about 100 tonnes, in the

transportation system, which is also intended to

be used for transportation of casks for spent

fuel. Stowage patterns and the principal dimen-

sions of the container are shown in Figure 3-1.

Each container, with the internal bottom dimen-

sions 3 700 x 2 500 mm, internal height 2 700

mm, and external dimensions 4 350 x 3 150 x

3 900 mm, takes 72 drums: capacity 200 liter,

height 885 mm, diameter 597 mm, or 12 concrete

blocks, 1 200 x 1 200 x 1 200 mm, or one concrete

tank.

For transport of the containers within the ter-

minal area at the power stations or at ALMA, as

well as for loading and discharge of the vessel,

a special vehicle is proposed, consisting of a

terminal tractor and a hydraulic lifting

trailer. In the parking position the container

stands on integrated side frames. For transport

the lifting trailer is driven between these

supports and the container is lifted hydraul-

ically some 30 cm. No crane lifts are needed in

the system. Loading and discharge of the trans-

portation vessel is done over the stern ramp of

the vessel. The terminal vehicles have a maximim

width of about 3.5 m, and can be used on roads

of normal standard at a speed of about 10 km/h

in the loaded condition.

Two types of container design are proposed.

The non-shielding container, weighing about 10

tonnes (empty), is made of stiffened steel plate

panels. The shielding container is made of

reinforced concrete with a wall thickness of
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of about 30 cm, and the inside is covered with

thin steel plate. The weight is about 52 tonnes.

Both container types can be considered as

strong industrial packages.

From the operational experience of the Swedish

power stations (see Chapter 2), it is believed

that 40 % of all the concrete blocks can be

transported in steel containers. In concrete

containers, concrete blocks and bitumen drums

with a surface dose rate up to 1 rem/h can be

transported. Using a special stowage pattern,

drums up to 5 rem/h can be included. The remain-

ing units, which are estimated to be at a

maximum about 10 % of the total number of bit-

umen drums, will require additional shielding

arrangements.

As regards mechanical strength, the containers

were designed to withstand accelerations experi-

enced during normal cargo handling, extreme ship

movement and ship collisions. Thus the bottom

and walls of the steel container were designed

for accelerations of 2 g in all directions, and

the cover for 1 g. The steel container is not

designed to withstand large contact or impact

forces caused by collisions or free fall.

The reinforced concrete container is consider-

ably stronger and withstands hydraulic pressure

equivalent to a water depth of 80 - 100 m. On

dropping the concrete container into water, the

maximum velocity of the loaded container will

vary between 6 and 10 m/s, depending on the

weight of the contents. At an impact velocity

above 6.5 m/s and unfavourable bottom condi-

tions, local damage to the container and leakage

are expected, but the container will still

remain a unit that can be lifted.
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The concrete walls of the container also serve

as heat insulation. After a 12 hour external

fire, the container is still able to withstand

forces from normal handling and a hydraulic

pressure equivalent to a water depth of 50 m. It

takes about 24 hours before the ignition point

of drums containing bitumen is reached (at a

temperature of 300°C).

3.3 Proposed vessel - design and safety

arrangements

In Figure 3-1 the layout of the proposed vessel

is shown. The vessel has a total length of about

90 m, a breadth of 18 m and a maximum draught of

4 m. The displacement is about 3 700 tonnes and

the payload about 1 100 tonnes with the radia-

tion shields water filled. The vessel carries

12 - 24 ALMA-containers, depending on the contai-

ner weight. The vessel is primarily designed for

loading and discharge by means of vehicles

driven over the stern ramp, i.e. for roll-

on/roll-off service, but even lifting of the

cargo through hatches is possible. Cargo hand-

ling by crane is not, however, intended for the

traffic described here.

The vessel has a very deep double bottom and

wide side tanks in order to protect the cargo in

case of grounding or collision. Two propellers

are driven by two separate main diesel engines.

Water-filled tanks serving as radiation shields

are placed between the cargo hold and the deck-

house. It is proposed that the vessel be

equipped with an effective fire fighting system

based on light foam in the cargo hold, Halon in

the engine rooms and water sprinklers in the

accommodation. It is intended that comprehensive



navigation equipment, instruments and control

facilities for unattended machinery, monitors

for radiation measurement and fire detectors be

installed. The vessel is to be strengthened for

service in ice conditions.

It is proposed that the cargo deck of the

vessel be equipped with permanent lashing fit-

tings, which fix the cargo in position at

accelerations up to 2 g, but release the cargo

in transverse direction if larger forces occur.

The vessel will be subdivided in order to fulfil

the damage stability requirements of the IMCO

code for chemical tankers of type I (3-4).

With regard to accidents such as grounding of

the vessel or collision with other ships, the

vessel is designed with deep double bottom and

wide side tanks which are expected to protect

the cargo hold in almost all imaginable cases of

grounding and in 85 - 90 % of all statistically

expected serious collisions. Collision calcula-

tions have been carried out, which show that the

side bulkheads (walls) of the cargo hold are

penetrated by a vessel striking in a 90° colli-

sion with a speed exceeding 13 to 19 knots,

depending on the size and the form of the

striking vessel. For most ships this speed is

close to or above their cruising speed.

The sea depth around the Swedish coast and the

available diving and salvage equipment were

investigated. For this coastal traffic, water

depths need not exceed 150-200 m. Thus salvage

of the vessel should be possible using con-

ventional technology. It is also proposed to

equip the vessel with signal buoys and acoustic

underwater transmitters, "pingers", in order to

facilitate a search for the vessel if sunken.
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Vessel and container for trans-
portation of reactor waste.
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4.

4.1

TRANSPORTATION ACCIDENTS AT SEA AND

SHIPPING PACKAGE FAILURE

Damage to ship and containers

There is obviously a certain probability that a

ship during its lifetime will be involved in an

accident. The vessel and containers proposed for

the transportation of reactor waste to ALMA are

designed to minimize the consequences of such

accidents. In this chapter an analysis is pre-

sented of the probability for accidents, in

which the conditions exceed those that the

vessel and containers will withstand. The

consequences of such extreme accidents are then:

The vessel sinks after an extremely
serious grounding or collision.

A number of containers or waste product
units fall off the vessel after a col-
lision.

The vessel catches fire after a colli-
sion with an oil or gas tanker

The vessel and the containers are described in

the preceeding chapter. As mentioned, a number

of measures are proposed in order to avoid

mechanical damage to the cargo or fire

accidents aboard the vessel. The main risk for

cargo damage has been found to arise from colli-

sions, either from deep penetration by a ramming

vessel, followed by loss of containers through a

hole in the side, cr from a fire of long dura-

tion caused by collision with a gas or oil

tanker. The layout and subdivision of the vessel

is intended to prevent sinking even after

serious damage. Thus at least three adjacent

compartments would ha/e to be water filled to

cause foundering of the vessel. Grounding can

result in rather long leaks, and may cause the

vessel to sink.
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The actual vessel will remain floating even with

damage exceeding those specified in the IMCO

requirements for chemical tankers type I. This

fact is, however, not taken into account in this

analysis.

If the entire vessel were to sink, the contain-

ers would not be damaged, with the exception of

those that had been damaged in a foregoing

collision or fire. Water leakage into the

containers is however likely to occur for all

types of containers.

Foundering of the vessel due to other causes

than collision and grounding is considered very

improbable because of the high buoyancy of the

vessel and is therefore omitted from the fol-

lowing .

Containers falling overboard may be seriously

damaged when hitting the sea bottom. Reinforced

concrete containers are still expected to

remain as a unit that can be lifted. For all

salvage operations one has to take into account

that it might be necessary to await summer

conditions, which means that the cargo may have

to lie at the bottom of the sea for up to six

months.

4.2 Accident statistics

The proposed vessel and container are designed

to withstand certain accident conditions. The

search for statistics has therefore concentrated

on finding material detailed enough to allow an

estimate of the probability of exceeding the

conditions that the vessel and container can

withstand.
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Statistics for shipping accidents often give the

frequency for total or partial loss of the ship.

The term total loss means that the ship, due to

an accident, has ceased to exist, either by

virtue of the fact that the ship is irrecover-

able or has been subsequently broken up. The

last part of the definition means that total

loss is a poor measure of the severity of the

accident as economical factors, e.g. repair

costs, partly govern the situation.

As discussed in Section 4.1, the main risk for

cargo damages arises from collisions. The

following discussion therefore concentrates on

collisions between ships.

In this study, accident statistics from the

Liverpool Underwriters' Association (4-1) have

been used and combined with an investigation of

collision damage for ships carried out by Riepe

(4-2) .

Up to 1972 the Liverpool Underwriters' Associa-

tion reported frequencies for partial losses of

ships. Utilizing this information one finds that

the collision frequency is roughly 100 times

greater than the frequency for total loss due to

collision.lt is also known from common shipping

experience that about one tenth of all colli-

sions between ships are relatively serious.

The frequency for a total loss due to collision

is about 0.0006 per ship and year (4-1, 4-3).

The frequencies for collisions and relatively

serious collisions will thus be 0.06 per ship

per year and 0.006 per ship per year respec-

tively. The ALMA-vessel will be at sea carrying
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radioactive cargo about 20 days per year com-

pared to the 200 - 250 days per year that ordi-

nary vessels can be expected to be at sea. The

above quoted frequencies therefore have to be

corrected by a factor 20/200 = 0.10 to yield the

corresponding accident rates for radioactive

waste transportation with the ALMA-vessel. The

collision frequency will thus be 0.006 per year,

the frequency for relatively serious collisions

0.0006 per year and the total loss frequency

from collisions 0.00006.

Riepe (4-2) gives in his study statistical dis-

tributions for penetration depths and leak

lengths from collisions as reported to IMCO. In

the sample used by Riepe about 20 % of the

collided ships sank, which implies that the

sample corresponds approximately to the rela-

tively serious collisions.

Other sources of statistical information that

have been investigated are the Casualty Return

reports from Lloyd's Register of Shipping (4-3)

and data from the US Coast Guard, compiled by

Sandia Laboratories (4-4) . The Casualty Return

reports are based on the same information as the

statistics from the Liverpool Underwriters'

Association. As the Casualty Return reports only

deal with total losses they were not considered

to give any additional information. The statis-

tics from the US Coast Guard are compiled to a

high degree of abstraction. It was considered to

be of great value in a risk survey, but found

difficult to use when estimating the proba-

bilities for rather well-defined damages, to a

given design of a ship and shipping containers.
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4.3 Accident scenarios and probabilities

The choice of accident scenarios to be analyzed

is discussed briefly in Section 4.1. In the

following subsections four scenarios, all aris-

ing from a collision as the primary event, are

discussed. An estimate of the scenario proba-

bilities is given together with the calculated

container damage. The dispersal of radioactive

material from the described accidents is

discussed in Chapter 5. The intention by the

analysis is to cover the total risk.

The scenarios analyzed are:

Loss of concrete containers from the
vessel subsequent to a collision.

Loss of concrete blocks from the vessel
subsequent to a collision that has
damaged steel containers.

- Fire in bitumen drums.

Foundering of the vessel due to col-
lision.

It is deemed sufficient to analyse these four

scenarios in detail as they are the major

contributors to the risk.

Loss of bitumen drums and concrete tanks to sea

will give less release and is therefore not

analysed in detail.

In the following analyses of the scenarios, the

portion of the time at sea during which the

vessel carries a certain cargo enters the proba-

bility calculations. For simplicity, this por-

tion has been approximated to the fraction of



24

the total number of voyages that would be re-

quired to ship the cargo type if the entire

shipload always consisted of a single cargo

type.

4.3.1 Loss of concrete containers with

concrete_blocks_at_sea

In a collision the side of the vessel can be

penetrated. If the penetration is deep enough to

produce a hole large enough in the wall of the

cargo hold for a container to pass through,

there is a certain probability that one or more

containers are lost. The number of containers at

risk depends on the size and location of the

hole in the cargo hold wall, and in what way the

lashing fittings, mentioned in Section 3.3,

are broken by the impact of the collision.

Because of the dimensions of the containers (see

Section 3.2) the minimum size of the hole through

which a container can pass is 3.1 m wide and 3.9

m high. The containers stand in two rows in the

cargo hold, which means that there is a possi-

bility that two containers can be lost if such a

hole is created.

Because of uncertainties in the predictions con-

cerning the post-collision conditions in the

cargo hold, it is conservatively assumed that

four containers can be lost through a 4 m wide

hole. It should be pointed out that this is a

low probability consequence of the collision.

If lost, the containers will fall freely in

water and eventually, if the water depth is

greater than about 20 m, reach its limiting

speed. The degree of damage to the container and
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its contents of concrete blocks, depends on the

mechanical properties of the sea bottom. If the

sea bottom is soft enough to allow the container

to penetrate 30 cm, the damage to the container

and its contents will be very limited (a few

narrow cracks). At a penetration depth of 15 -

20 cm the container will suffer extensive crack-

ing, with crack widths of the order of a few

millimeters. If the container hits a rock it

will be demolished, but the reinforcement will

keep it as a unit that can be lifted. In this

last case some damages may be expected even in

the concrete blocks inside the container. The

most probable damage is cracking or crushing of

the wall of some of the block. If the container

impact on a stone or a sharp piece of rock, thus

being subject to a "plunger" effect, one, or at

most two of the blocks might obtain a crack

running straight through the block.

In Riepe's paper (4-2) leak length is measured

on the hull side. In order to estimate the prob-

ability of loosing a container at sea the

length of a hole in the cargo hold wall 4

meters inside the hull side is of interest. To

solve this problem a procedure was employed

assuming that the leak length is a function of

the penetration depth, and that the striking bow

has a triangular geometry which is not destroyed

by the collision. This type of reasoning gives a

7 % probability that a serious collision will

create a large enough hole in the cargo hold

wall to allow a container to pass through.

In order to effect the cargo hold, the ramming

vessel must hit the ALMA-vessel in the cargo

hold section. The cargo hold occupies about 65 %
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of the hull length. Riepe shows that the lo-

cation of collision damages is approximately

evenly distributed over the hull length, and

that leak lengths and penetration depths vary

independently from the location of the damage.

This means that there is a 65 % probability that

a collision will involve the cargo hold section.

The type of cargo discussed, i.e. concrete

blocks in concrete containers, will be carried

on about 40 % of the voyages. Summarizing the

above discussion: the probability that the ALMA-

vessel will suffer such bad damage in a col-

lision that up to four concrete containers with

concrete blocks is lost is 0.0006 x 0.07 x 0.65

x 0.4 = 1*10 per year. A third of these

incidents will involve thick-walled blocks.

4̂ 3.̂ 2 Loss_of_concrete_blocks_at_sea

In this scenario it is assumed that a hole is

created in the cargo hold wall, and that two

steel containers are so badly damaged that the

concrete blocks inside are lost.

If a concrete block is lost it will reach its

limiting speed if the sea depth is greater than

about 10 m. As the lid of the concrete block is

not reinforced it is assumed that it will be

damaged when the block hits the sea bottom. If

the block hits a hard bottom, the walls will

suffer extensive cracking, but if the bottom is

soft enough to allow some penetration, the walls

of the block will in essence be intact with only

minor cracks. It would be difficult in practice

to find a lost block why it must be assumed that

it cannot be found.
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The probability of this scenario occuring can be

evaluated employing the same procedure as in the

foregoing subsection. The hole in the cargo hold

wall must be at least 1.2m wide to allow the

block to pass through. This situation will arise

in approximately 12 % of the serious collisions.

Concrete blocks in steel containers will be

carried on roughly 15 % of the voyages. The rest

of the factors building up the accident scenario

are the same as in the preceeding subsection.

Thus the probability that the ALMA-vessel will

suffer damage that could lead to loosing one or

more concrete blocks is 0.0006 x 0.12 x 0.65 x

0.15 = 7*10 per year. The number of blocks

lost is conservatively assumed to be the con-

tents of one container, i.e. 12 blocks.

4.3.3 Fire in bitumen drums

As mentioned in Chapter 3, it is anticipated

that all the bitumen drums will be transported

in concrete shielded containers. This is a

favourable situation, from a fire point of view,

as the fire resistance properties of the con-

crete containers are good.

The probability for the ignition of and sub-

sequent fire in the bitumen drums is very low,

as long as the containers are intact. Firstly

there has to be a fire of longer duration than

24 hours in the cargo hold of the ALMA-vessel;

and secondly the oxygen content in the tight

container will only allow about one permille of

the bitumen in the container to burn.

Furthermore the 24 h limit for ignition is in

itself pessimistic, as the heat transfer calcu-

lations were performed under the assumption that
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the outer surfaces of the container are con-

tinuosly held at 1 000°C. A petroleum fire usu-

ally has a flame temperature of about 800 C.

The only way to ignite the bitumen within a

reasonable period of heating would be an

extremly serious collision which damages the

container so severely that its fire resistance

drastically decreases.

The container will sustain impact velocities up

to 5 m/s with only minor cracking. At impact

velocities above 10 m/s the damage to the con-

tainer will be extensive if it is hit by a

sufficiently unyielding part of the striking

object, e.g. steel beams, panel inforcements,

anchor capstans or similar massive features. An

impact velocity at the container of 5 m/s corre-

ponds to a perpendicular collision in which the

ALMA-vessel is hit at its centre of mass with a

collision speed of about 20 knots or more

(depending on the geometry of the striking bow).

The collision speed corresponding to an impact

velocity of 10 m/s approaches 30 knots.

In addition to the serious container damage the

collision has to lead to an extensive fire. A

predominant fraction of the fires induced by

serious collisions involve crude oil or

petroleum gases, because these products are far

more inflammable than the diesel oil used for

the propulsion of ships. Thus a fire in the

bitumen drums requires that the ALMA-vessel is

rammed at its centre of mass by a tanker,

carrying crude oil or gas, on a course perpen-

dicular to that of the ALMA-vessel at a speed

more than 20 knots, or perhaps more than 30

knots.
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The only tankers that reach speeds over 20 knots

are the large ocean-going tankers. In the

coastal regions trafficated by the ALMA-vessel,

the speed of even the large tankers is usually

less than 20 knots. In such tankers the actual

tanks are situated well behind the bow thus

providing a deformation zone which protects the

tanks in a collision. The bow of such a large

tanker is also very broad, which means that it

will not penetrate the ALMA-vessel deeply enough

to cause damage of the container in such a

manner that the bitumen will ignite.

The cruising speed of the smaller tankers used

for coastal traffic is usually less than

15 knots. It is not therefore foreseen that

they constitute a real ignition hazard for the

bituminized waste.

In conclusion the probability for a bitumen fire

occuring is deemed to be extremly small, and

this accident type is therefore neglected.

4.3.4 Foundering of the vessel due to colli-

sion

A collision can cause a vessel of IMCO type I

class to sink if either three adjacent compart-

ments in the hull subdivision or the cargo hold

are penetrated. If the cargo hold is not pen-

etrated, the leak length in the hull side must

be of the order of 20 m (the actual value varies

depending on the location of the leak) in order

for the vessel to sink. Penetration of the cargo

hold wall requires a penetration depth of 4 m.

Leak lengths exceeding 20 m occur in about 3 %

of the serious collisions, according to Riepe.

The probability that a serious collision causes
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a penetration depth of more than 4 in is 15 %. As

the leak length and penetration depth are not

independent, one cannot calculate the exact

probability for a foundering induced by a

collision. Obviously however, the penetration of

the cargo hold is the statistically predominant

cause of such founderings. The total probability

that the ALMA-vessel carrying radioactive cargo

will sink as the result of a collision, will be

of the order of 0.0006 x 0.15 x 0.65 = 6*10~5

per year.

As mentioned in Section 4.1, no container damage,

except for water leakage and the damage produced

in the actual collision, is expected to arise

from the sinking of the ship. The collision

causes an acceleration and direct contact

forces on the containers. The containers will

sustain the acceleration, but might suffer

damage from the contact forces. This is valid

both for the concrete container and the steel

container.

As discussed in the previous section, the

concrete container will sustain most plausible

collisions. However, if hit in an unfortunate

manner by a fast ship with a sharp bow, e.g. a

naval vessel or a modern passenger ship, exten-

sive local damage may occur. The requirements

are however that the speed of the striking

vessel is at least 20 knots, that it hits the

ALMA-vessel at its centre of mass, and that an

extraordinarily strong part of the bow hits the

container. Such strong parts could be panel

inforcements, anchor capstans or other such

massive parts.
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If these requirements are not fullfilled the

damage will be limited to some cracking, leading

to leakage when the container is immersed due to

the foundering. The concrete blocks inside the

container will remain essentially intact.

If the extensive damage mentioned above occurs,

one or at the most two, of the blocks, may

suffer a straight through crack and also some

crushing of the block wall at the point of

contact.

The steel container is not expected to withstand

greater contact forces than those corresponding

to an acceleration of 2 g. The concrete blocks

inside will suffer some superficial cracking,

and possibly some cracks through the wall of the

block. If hit by a strong part of the striking

bow, a straight through crack might occur.

The probability of the straight through cracks

occurring is practically impossible to assess

from available statistics, as the requirements

regarding collision speed, angle and point of

contact,and properties of the striking bow are

very stringent. In the case of the concrete

container it seems probable that these require-

ments will be fullfilled in less than 1 % of

the collisions leading to foundering of the

vessel. This would lead to a probability of less

than 2*10 per year for a straight through

crack in the concrete block in a concrete con-

tainer. In the case of a steel container the

speed requirements are less stringent, giving a

damage probability perhaps an order of magnitude

greater than for the concrete container, or about

1*10 per year. Note that the number of concrete
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containers loaded with concrete blocks is

almost three times the number of steel con-

tainers with concrete blocks.

When the vessel sinks the steel containers which

are intact will start to leak due to the exter-

nal excess pressure. An intact concrete con-

tainer will remain almost intact to a depth of

at least 80 m. Greater depths can be avoided but

this might be impractical from a shipping point

of view. With normal routing the depth of 80 m

will be exceeded for 10 - 20 % of the route.

Thus, assuming that the foundering probability

is equal along the entire route, the probability

of leaks in the concrete containers from

external pressure is about l*10~ per year.

As discussed in the previous sections, there is

a risk of loosing a few concrete blocks, bitumen

drums or whole containers if the wall of the

cargo hold is torn up over a wide enough section.

The probabilities for the various events that

can arise from a collision are summarized in

Table 4-1 together with the mechanical conse-

quences .

The collision frequencies used are probably

somewhat conservative, as an average frequency

for all the merchant fleets of the world has

been used. The collision frequency is known to

be dependent on the traffic density. Most col-

lisions consequently occur in areas such as the

English Channel, the Japanese Sea, etc. Stat-

istical data for vessels trafficing the Swedish

coastal region are unfortunately scarce, and the

degree of conservatism in the calculated values

cannot therefore be evaluated at this stage.
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Table 4-1

Events arising from collisions, their probabilities and
mechanical consequences. All probabilities are based on
time at sea carrying radioactive cargo.

Event Probability
per year

Mechanical consequences

Collision 6*10

Relatively serious
collision

Fire in bitumen
drums

-3

6*10"4

Total loss of vessel 6-10
due to collision

Vessel foundered 6*10

-5

-5

Vessel foundered 1*10
at a depth greater
than 80 m

Concrete blocks lost 7«10
at sea

-5

-6

Concrete block in < 10
steel container
damaged by collision

Concrete block in < 2-10
concrete container
damaged by collision

-7

Loss of concrete con- 1*10
tainers with con-
crete blocks

-5

See disc
in Sect
4.3.3.

Not necessarily any con-
sequences

Relatively serious damage
to the vessel. Cargo not
necessarily damaged

The vessel either irrecover-
able or repair not profit-
able

Steel containers start to
leak. Vessel recovered
within 6 months

Concrete containers start to
leak. Vessel recovered
within 6 months

Blocks seriously damaged
when hitting the bottom if
hard. Leaching of the waste
fairly fast. Blocks not re-
covered

Straight through crack in
blocks. Superficial cracks
in the other blocks

Same as above

Containers seriously damaged
if hitting hard bottom, but
remain a unit which can be
lifted within 6 months.
Concrete blocks inside the
containers cracked and
leaching resistance decreases
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5. RADIONUCLIDE RELEASES FROM ACCIDENTS

5.1 General

In this chapter radionuclide releases from waste

goods that have been involved in accidents are

discussed. The accidents referred to have been

analyzed from a probabilistic and mechanical

point of view in the preceeding chapter.

Two main release mechanisms are in principal

involved: leaching of immersed waste goods and

fire in bitumen drums. The latter release

mechanism has been deemed to be inconceivable

for actual conditions, as has been discussed in

Section 4.3.3. This type of release is therefore

not treated in this chapter. Consequences of a

hypothetical fire are however discussed in

Chapter 6.

5.2 Leaching of radionuclides from immersed

packages and units

Four of the accident scenarios mentioned in

Table 4-1 involve leaching of radionuclides from

immersed packages. The leaching scenarios for

these cases can be described as follows:

Leaching, for 6 months, of essentially
intact concrete blocks in leaking steel
or concrete containers.

Leaching of cracked concrete blocks
that are not recovered.

Leaching, for 6 months, of cracked
concrete blocks in seriously damaged
concrete containers.

Leaching of lost bitumen drums that are
not recovered.

In the following these four scenarios are dis-

cussed one by one.
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The assumed typical inventories in the concrete

blocks transported in the two types of con-

tainers are shown in Table 5-1 below.

Table 5-1

Assumed typical inventory of one thin-walled
block transported in a steel container

Nuclide

60,

90

134

137

Co

Sr

Cs

Cs

Inventory (Ci)

0.02

0.002

0.01

0.02

Assumed typical inventory of one thin-walled
block transported in a concrete container

Nuclide

60,

90

134

137

Co

Sr

Cs

Cs

Inventory (Ci)

1

0.1

0.5

1

Assumed typical inventory of one thick-walled
block transported in a concrete container

Nuclide

60,

90

134

137

Co

Sr

Cs

Cs

Inventory* (Ci)

6

2

10

20

A bias towards more defective fuel rods
is taken into consideration.
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5.2.1 Leaching of radionuclides from intact

concrete_blgcks_in_leakin2_containers

In all cases where intact concrete blocks are

leached this will continue for a maximum of 180

days, as this is the maximum time required for

salvage of the vessel or a lost container in the

coastal waters concerned.

The leaching rate of an immersed intact concrete

block is treated in reference 5-1 as a diffusion

process.

The diffusion coefficient is in the order of

(5-2, 5-3), one or10"13-10"*i:L m2/s for cesium

two orders of magnitude lower for strontium

(5-3) and about 10~16 m2/s for cobalt (5-2). In

the calculations we cautiously used 10 m /s
—12 2for cesium and 10 m /s for strontium. Cobolt

will decay before release.

With the quoted diffusion coefficients, the

leached activity will be negligible for both the

thin-walled and the thick-walled blocks during a

period of 180 days.

Experiments have recently been carried out to

study the leaching of cesium and strontium from

samples of ion exchange resin - cement mixtures

under different conditions (5-4) . h special

study was devoted to the diffusion of cesium

along cracks in concrete (5-5).

5.2.2 Leaching of radionuclides from seriously

damaged concrete blocks for infinite

time

If concrete blocks are lost at sea and hit a

hard bottom (e.g. rock) they will be seriously

damaged. It is very difficult, if not imposs-
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ible, to give a sufficiently detailed picture of

the damage to enable an exact leach calculation

to be made, and therefore some assumptions have

to be made.

A probable situation is that the place of con-

tact will suffer cracking and crushing. The

reinforcement will however limit the depth of

the more extensive damages. Possibly a crack

straight through the block will be created, the

block remaining a unit due to the reinforcement.

Based on the experimental results (5-4) this

scenario leads to leaching of about 0.5 % of the

cesium content of a block within a week and

double that fraction within half a year (5-3) .

At the most 10 % of the content will be released

and this will take 30-40 years (5-4).

Blocks that hit a sediment covered bottom will

be essentially intact giving a much slower leach

rate than described above. In Chapter 6

(Table 6-2) an estimate is given of this type of

release.

5.2.3 Leaching of radionuclides from cracked

concrete blocks in damaged concrete

containers

If a concrete container is lost at sea it will

sustain the impact at the bottom if the bottom

is soft enough to allow for a penetration depth

of a few decimeters. However, the possibility of

hitting a rock cannot be totally excluded, in

which case the container will be seriously

demolished, though remaining a unit due to the

reinforcement. The walls of the blocks in the

container will be cracked to some extent. One,
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or maybe two of the blocks, might be more

seriously damaged if the rock is a sharp stone

giving rise to a puncture and a straight through

crack. The last case is treated in the previous

subsection.

The size of cracks in the blocks not directly

hit by a sharp stone will probably be in the

order of a few millimeters and the extension in

depth limited. They are not judged to give a

significant contribution to the leach rate given

by the straight through cracks mentioned above.

This is especially valid as the leach duration

is limited to 180 days by the assumed retrieval

time for the container.

In conclusion this leads to the leaching of

about 1 % within that period, which means less

than 0.4 Ci of cesium-137.

5.2.4 Leaching of radionuclides from irre-

The diffusion coefficients for cesium and cobalt

are 1*10 y - 1-10 x/ and 1-10 ^z - 1-10 x y

2
m /s respectively. The surface-to-volume ratio

of a drum is 11 m~ , assuming the entire bitumen

surface is exposed to leaching. This ratio can

increase slowly by time because bitumen floats.

The floating is, however, a very slow process,

especially if the bitumen drums are immersed in

cold sea water.

Using the highest values of the diffusion

coefficient intervals the peak leaching rates

will be extremely low. The case is therefore

neglected for further consideration.
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6.1 General

The relatively low content of radioactivity in

the reactor waste transported, and the fixation

of the radioactive isotopes to the concrete or

bitumen with low leakage are two facts which

constitute the inherent safety of the transport.

As has been discussed in the previous chapters,

the rigid design of the concrete containers

means that a serious bitumen fire is inconceiv-

able. Only minor amounts of radioactivity can

leak to the sea water and these cannot cause any

serious radiation doses. In order to quantify

this statement estimates of individual and

collective doses have been made and are pre-

sented in this chapter.

In the event of leakage from the concrete blocks

to the sea water the major exposure pathway is,

from previous analyses, judged to be the con-

sumption of fish which may have been exposed to

slight contamination. Only this exposure pathway

has been treated numerically.

In the event of a bitumen fire exposure due to

inhalation during the fire and ground contami-

nation are relevant exposure pathways.

6.2 Hydrological dispersion and radiation

doses from fish consumption

The hydrological dispersion depends on the

duration of the release, water flow velocity at

the location of the accident and other factors.

There is a wide range of possibilities for the

release duration, as has been discussed in

Chapter 5.
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Undamaged concrete blocks or bitumen drums

release radioactive materials very slowly,

normally for a period of many years if they are

not retrieved after an accident. Retrieval of

cargo units is normally possible. As a reference

scenario this is assumed to have been carried

out within 180 days. A few items, which may have

been cracked, will release minor amounts of

radioactive materials very slowly. As an extreme

combination, with, if possible an even much

lower probability, a fraction of the content of

one or a few blocks may be released within a

shorter period of time. This requires, however,

that the concrete block is crushed, and that the

resin has not been fixed to the cement. This is

highly improbable as has been discussed in a

special report (5-3) devoted to the question of

concrete stability. In order to discuss the

relative importance of different periods of

release on the consequences, 24 hours was chosen

as the lower extreme value for such leakage.

In order to analyse the consequences for both

slow and rapid release from the waste units, two

different approaches of hydrological dispersion

and dose calculation have been used.

For the slow release pattern, which is most

credible, the standard computer code BIOPATH was

used.

The calculations are based on the assumption of

a primary compartment for the initial dispersion

comprising a volume of 0.5 km . This is equiv-

alent to a plume of 20 m x 100 m x 250 km and

one month of plume propagation (10 cm/s).



41

Dispersion is certainly more rapid, so the

result will overestimate the dose to individ-

uals. The secondary compartment is the Baltic

Sea. The transfer rate coefficient from the

primary to the secondary compartment is assumed

to be 1 month

The following two release scenarios are treated:

B

Continuous release of 1 Ci/month for
six months.

Release for an infinitely long period
by diffusion from undamaged concrete
blocks which have not been retrieved.
The two different wall thicknesses
(35 cm and 10 cm) and the corresponding
inventories are considered.

The nuclides considered in the dose calculations

are strontium-90, cesium-134 and cesium-137.

Cobalt-60 is known to give lower radiation doses

per unit release than cesium-13 7.

In Table 6-1 the individual dose commitments to

the critical group is presented for the contin-

uous total release of 6 Ci over a period of 180

days. The individual dose is calculated using

the cautious assumption of a fish intake of

100 kg per year. Table 6-1 also contains the

total collective dose commitments. The maximum

individual dose commitment for the three nucl-

ides is in the range 1 - 4 mrem for a total

release of 6 Ci each.

In Table 6-2 the individual dose commitments to

the critical group is presented for the very

slow release from undamaged concrete blocks.
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Table 6-1

Individual dose commitment and collective dose com-
mitment as a result of continuous release of 1 Ci/month
into the sea for 6 months.

Nuclide

90Sr

1 3 4Cs

1 3 7CS

Total
release

Ci

6

6

6

Maximum
individual
dose commit-
ment*
rem

3.8 E-3

1.9 E-3

1.2 E-3

Collective
dose commitment

manrem

60.0

4.9

23.0

Integrated over 50 year. E-3 means 10~ etc

Table 6-2

Individual dose commitment and collective dose commitment as a result
of release into the sea by diffusion from one undamaged concrete block.

Thick-
walled
concrete
block

Thin-
walled
concrete
block

Nuclide

90Sr
ij4Cs
1 ~M1:WCS

90Sr
i34Cs
137iJ/Cs

Initial
inven-
tory

Ci

2

10

20

0.1

0.50

1.0

Total
release

Ci

2.8 E-6

2.4 E-6

4.8 E-2

1.8 E-3

4.8 E-3

0.34

Time for
maximum
release?
years
after
accident

175

15

50

45

4

10

Maximum
indivudual
dose com-
mitment*

rem

2.2 E-14

7.0 E-10

2.7 E-6

4.0 E-7

1.4 E-6

3.6 E-5

Collective
dose commit-
ment

manrem

3.0 E-5

2.0 E-6

1.7 E-l

1.9 E-2

4.2 E-3

1.2

Integrated over 50 years
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The expected dose for the accident scenarios

described in the previous chapters will be a

combination of the actual release figures,

discussed in Chapter 5, and the doses for the

reference discharge, just given. This is dis-

cussed later in this chapter and a summary is

given in Chapter 7 (Table 7-1).

A second approach for the calculation of hydro-

logical dispersion and radiation doses was also

used as a check for a hypotetical situation of

rapid release from the waste units. This ap-

proach starts with a rough estimate of the short

term dispersion in a water plume emerging from

the release point, and following the water flow

at the near-bottom level. The water flow

velocity at the bottom level of coastal waters

is reported to be in the range of 1-10 cm/s

(6-1). The dose estimate in this approach is

limited to the uptake of cesium-137 in fish,

which is the most significant exposure mode. As

mentioned earlier, a release time of 24 hours

was chosen to reflect a hypotetical minimum

value.

The dose estimate is further based on the cau-

tious assumption of stationary fishes in the

passing water plume of successively decreasing

concentration.

If a lower extreme initial dispersion volume of
3 2about 10 000 m (1 m cross section x 10 cm/s

water flow rate x 24 h release time) is assumed

as a hypotetical release scenario for one sev-

erely crushed concrete block: a stationary fish

exposed to this could, at the most momentarily,

obtain a concentration in its "body water" of

the same level as that in the sea water. When
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the cloud has passed, the concentration in the

freely exchangeable water in the fish will

decrease rapidly within a few hours. An estimate

of the amount of the long term incorporation of

radioactive materials into the fish meat can be

obtained from a comparison between the time of

short term exposure from the cloud (24 hours),

aad the time to reach equilibrium under steady

state exposure. For cesium-137, which is known

to be one of the most critical nuclides, this

time is of the order of 50 - 250 days (6-2). If

the concentration factor is assumed to be 150

(100 - 200 is the actual range of variation in

the area of interest in the Baltic (6-2) and (6-3)),

the concentration of cesium-137 in the fish meat

will be, at the most, equal to the initial

concentration in the water, and will then

decrease with the biological half-life. In fact

the major uptake in fish is due to consumption

of food, e.g. plankton, and not direct uptake

from water. A high turn-over rate in these food

organisms will give the same result as with the

simplified assumption of direct uptake from water.

A lower rate will give lower doses.

Assuming a release of 1 Ci of cesium-137 (one

block contains 0.02-20 Ci of cesium-137.), the

concentration in the few fishes passed by the
-4initial cloud will be about 10 pCi/g. If one

of these fishes is caught and 300 g of meat is

consumed, the intake will be about 0.03 yCi,

which gives a dose commitment of 2 mrer.. This

low level of exposure to an individual after

such an hypothetical and unlikely accident does

not call for further precautions.

It is interesting to note that the rapid release

rate does not seem to give considerably higher

doses than a slow release rate.
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Table 6-3 shows individual dose commitments for

the release of 1 Ci cesium-137 for different

periods of release.

Table 6-3

Individual dose commitment after a release of
1 Ci cesium-137.

Release duration Dose (mrem)

24 hours (simple plume model) 2

6 months (compartment model) 0.2

50 years ("- ) 0.1

Even if uncertainties are introduced by using

the two different models, a detailed knowledge

of the duration of the release does not appear

to be crucial for the individual radiation dose

commitment.

The actual amount of radioactivity released is

however a factor of direct influence. The leach-

ing rate of cesium from concrete blocks has been

treated in references 5-3 to 5-5.

One of the reference release scenarios chosen as

representative in Chapter 5 was the leaching

from two cracked blocks lost at sea.

The release figures for the fast migrating

cesium isotopes were 0.2-200 mCi depending on

the content in the blocks over a period of one

week and twice this activity for half a year.

This means an individual dose commitment of

less than 1 mrem. An even more unlikely hypo-

thetical release will not give any high doses,

as has been discussed above. This includes a



46

situation in which a considerable fraction of

the cargo is not retrieved. The collective dose

for the reference release scenario is estimated

to be at most in the order of 1 manrem.

6.3 Atmospheric dispersion and radiation

doses due to a bitumen fire

A fire in bitumen drums transported in concrete

containers is inconceivable, as has been dis-

cussed in Chapter 4. This is due to the rigid

design of the containers, which withstand even

severe collisions at sea. Even so some calcula-

tions have been carried out to get information

on the consequences of a hypotetical fire. It is

further very unlikely that members of the

public will be exposed, especially close to the

place of the accident, if transportation is by

sea. Despite this, total body doses to individ-

uals have been calculated for a distance of

about 1 km from the release point.

The short term exposure is mainly due to inha-

lation and external exposure from the ground.

The latter is dependent on deposition velocity

and duration of exposure.

In Tables 6-4 and 6-5 the individual doses

obtained for the releases quoted are presented

for three different deposition velocities, two

integration times for the ground deposition, and

two types of weather conditions. The two weather

conditions, designated Pasquill F and D, are

used. In Pasquill F the wind speed is 2 m/sec

and occurs with a probability of 10 %. Corre-

sponding data for Pasquill D are 5 m/sec and

45 % respectively. The contributions from the

separate nuclides are also given. Furthermore,
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it has been assumed that the fire can be vio-

lent, and therefore the plume has been assumed

to rise to a height of 20 m. The release figures

correspond to a release of 10 % of the typical

contents of a container filled with bitumen

drums.

For the weather type D the maximum dose occurs

at 500 m from the accident and at 1 000 m for

the F type weather. From the tables one can

observe that:

The one day total exposure means a dose
of the order of 100 mrem almost inde-
pendent of deposition rate and weather
type. Inhalation of strontium-90 is the
dominant manner of exposure.

The one year total exposure means a
dose in the range 0.15 - 10 rem. The
dose is very much dependent on the
deposition velocity. A high deposition
velocity means high doses from the
ground contamination of cesium-134,
cesium-137 and cobalt-60. A low depo-
sition velocity means low doses and a
significant contribution from the
inhalation of strontium-90.

The long term exposure over one year is calcu-

lated as if no counter-measures were taken.

Evacuation and decontamination actions may

reduce the dose considerably. It is obvious that

a bitumen fire does not give serious radiation

doses to individuals of the public.
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Table ^-4

Maximum individual total body dose (re™) for a bitumen fire and weather type designated:
Pasquill F.

Integration
time

Deposition
velocity (m/s)

Nuclide

134

137 r,

90

60

Total
lease

_i
10 '

re-
(Ci)

1.1
1.2
4.5
2.3

1.4
8.1
3.1
2.1

1.3
0.0
0.0
1.3

7.1
9.7
4.7
1.0

1.6
3.0
1.2
1.9

E-2
E-2
E-5
E-2

E-2
E-3
E-5
E-2

E-l

E-4
E-3
E-5
E-2

E-l
E-2
E-4
E-l

1 day

10 '

1.4
1.5
5.8
1.5

1.8
1.0
4.0
1.9

0.0
0.0
1.7

9.2
1.3
6.1
2.3

2.0
3.8
1.6
2.1

2

E-2
E-3
E-5
E-2

E-2
E-3
E-5
E-2

E-l

E-4
E-3
E-5
E-3

E-l
E-3
E-4
E-l

-3
10 J

1.4
1.5
5.9
1.4

1.9
1.1
4.1
1.9

0.0
0.0
1.7

9.4
1.3
6.3
1.1

2.0
3.9
1.6
2.0

E-2
E-4
E-5
E-2

E-2
E-4
E-5
E-2

E-l

E-4
E-4
E-5
E-3

E-l
E-4
E-4
E-l

10

1.1
3.7
4.5
3.7

1.4
3.1
3.1
3.1

0.0
0.0
1.3

7.1
3.4
4.7
3.4

1.6
10.
1.2
10.

I

E-2

E-5

E-2

E-5

E-l

E-l

E-4

E-5

E-l
2
E-4
4

1 year

.
10 '

1.4
4.8
5.8
4.9

1.8
3.9
4.0
4.1

1.7
0.0
0.0
1.7

9.2
4.5
6.1
4.5

2.0
1.3
1.6
1.5

2

E-2
E-l
E-5
E-l

E-2
E-l
E-5
E-l

E-l

E-l

E-4
E-l
E-5
E-l

E-l

E-4

10

1.4
4.9
5.9
6.3

1.9
4.0
4.1
5.9

1.7
0.0
0 0
1.7

9.4
4.6
6.3
4.6

2.0
1 .4
1.6
3.4

3

t;-2
E.2
E-5
E-2

E-2
E-2
K-5
E-2

E-l

E-l

E-4
E-2
E-5
E-l

E-l
E-l
E-4
E-l

Type
of
dose

Inhalation
Ground
Cloud
Total

Inhalation
Ground
Cloud
Total

Inhalation
Ground
Cloud
Total

Inhalation
Ground
Cloud
Total

Inhalation
Ground
C1 oud
Total

Table 6-5

Maximum individual total body dose (rem) for a bituwen fire and weather type dos iqn.it>
Pasquill D.

Integration
time

Deposition
velocity (m/s)

Nuclide

134

137.-.

9 0 S r

Total

Total
lease

9

lu '

re-
(Ci)

5.3
5.8
1.8
1.1

7.2
4.1
1.3
1.1

6.6
0.0
0.0
6.6

3.6
4.9
1.9
5.0

7.9
1.5
5.0
9.3

I

E-3
E-3
E-5
E-2

E-3
E-3
E-5
E-2

E-2

E-2

E-5
E-3
E-5
E-3

E-2
E-2
E-5
E-2

1 day

10 '

6.0
6.4
2.0
6.7

8.0
4.7
1.4
8.5

7.5
0.0
0.0
7.5

4.0
5.4
2.1
9.6

8.9
1.7
5.5
9.1

E-3
E-4
E-5
E-3

E-3
E-4
E-5
E-3

E-2

E-2

E-4
E-4
E-5
E-4

E-2
E-3
E-5
E-2

10 '

6.0
6.5
2.0
6.1

8.1
4.7
1.4
8.2

7.5
0.0
0.0
7.5

4.0
5.5
2.1
4.8

9.0
1.7
5.5
9.0

E-3
E-5
E-5
E-3

E-3
E-5
E-5
E-3

E-2

E-2

E-4
E-5
E-5
E-4

E-2
E-4
E-5
E-2

10 '

5.3
1.9
1.8
1.9

7.2
1.6
1.3
1.6

6.6
0.0
0.0
6.6

3.6
1.7
1.9
1.7

7.9
5.2
5.0
5.2

E-3

E-b

E-3

E-5

E-2

E-2

E-5

E-5

E-2

E-5

1 year

10 '

6.0
2.0
2.0
2.1

8.0
1.7
1.4
1.8

7.5
0.0
0.0
7.5

4.0
1.9
2.1
1.9

8.9
5.6
5.5
6.6

E-3
E-l
E-5
E-l

E-3
E-l
E-5
E-l

E-?

E-2

E-4
E-l
E-5
E-l

E-2
E-l
E-5
E-l

10 '

6.0
2.1
2.0
2.7

8.1
1.7
1.4
2.5

7.5
0.0
0.0
7.5

4.0
2.0
2.1
2.0

8.9
5.8
5.5
1.5

E-3
E-2
E-5
E-2

E-3
E-l
E-5
E-2

E-2

E-2

E-4
E-2
E-5
E-2

E-2
E-2
E-5
E-l

Type

dose

Inhalation
Ground
Cloud
Total

Inhalation
Ground
Cloud
Total

Inhalation
Ground
Cloud
Total

Inhalation
Ground
Cloud
Total

Inhalation
Ground
Cloud
Total
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7. CONCLUDING RISK ASSESSMENT

In the assessment of the risk to the public both

probability and consequences are important

factors. Table 7-.1 presents a summary of the

previous calculations and analyses. The possible

accident sequences are grouped in accident

types, each linkeC with the estimated probabil-

ity for that accident type and the corresponding

consequences. The intention with this type of

analysis is to cover the total risk impact.

It is obvious that the doses to individuals will

remain very low even for these low probability

events.

Release of activity to sea water will not cause

any harm to individuals or to the population.

A fire in bitumen drums transported in concrete

containers is deemed to be inconceivable under

prevailing conditions. Even the assumption of a

hypotetical fire means no severe radiation doses

to members of the public.



Table 7-i

Risk impact to individuals of the critical group
and to the population due to sea transportation
of reactor waste.

50

Type of
accident

Loss of concrete
blocks from steel
concainer to sea
Not retrieved

Loss of concrete
container to sea
bottom. Retrie-
ved within 6
months. Two
blocks cracked

Loss of ship
with damaged
cargo. Retrie-
ved within 6
months. Two
blocks front
concrete con-
tainer cracked

Fire in bitumen
drums

Release

About 1 %
of content
of two thin-
walled
blocks with-
in 180 days
(e g < 1 mCi
Cs-137)

About 1 %
of content
of two con-
crete blocks
(e g 4-80
mCi Cs-137)

As above <

10 % of
content in
one con-
tainer a)

Probab-
ility
per
year

7-10'6

1-10"5

2-10~7

incon-
ceivable

Maximum
dose com-
mitment to
individuals
(mrem)

<< 0.1

< 0.1

< 0.1

100 b)

Collective
dose com-
mitment

(manrem)

negligable

^ 1

^ 1

c)

a) assumption for a hypothetical fire

b) acute dose (inhalation and one day ex-
posure from ground contamination)

c) strongly variable, depending on location
and duration of exposure.
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8. SUMMARY

A central handling and storage facility (ALMA)

for low- and medium-level reactor waste from

Swedish nuclear power plants is being planned

and the transportation to it will be by sea. A

safety assessment devoted to the potential

environmental impacts from the transportation is

presented in this report.

The ship and the other parts of the transpor-

tation system are designed in such a way that

the impact on personnel and environment will be

low. No releases of radioactive materials will

occur to the atmosphere or to the sea under

normal conditions.

The waste under transportation, studied in this

report is in solidified form, incorporated in

concrete or bitumen. The 1 m concrete blocks

a-.i ,'?0 1 bitumen drums are handled and trans-

pcrlvd in 25 m (inner volume) steel plate or

concrete containers. Shielding will be arranged

ii'i such a way that the transportation regula-

tions are net. The ship will carry 12 - 24 con-

tainers during the transport to ALMA and a load

of us-is to hundreds of Ci of radioactive mate-

rials, whers the nuclides cobalt-60, cesium-137,

cesimv.-l^ and strontium-90 are considered to be

the pr S'lominant from che environmental protec-

tion \:j\r.', of view.

In tho event of a severe ship collision, part of

the cargo may be damaged and lost to the sea,

which can cause a release of radioactive ma-

terial to the sea water. A fire in bitumen drums

transported in concrete containers is deemed to

be inconceivable.
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Accident statistics from Liverpool Underwriters'

Association, combined with an investigation by

Riepe of collision damage for ships, have been

used to estimate the frequencies of collision

and cargo damage. The frequency for the ALMA-

ship to be involved j.n a serious accident when

carrying radioactive cargo at sea is estimated
-4to the about 6*10 per year The probability

for loosing some concrete containers is about

1*10 per year. This type of accident may cause

a release of less than 0.2 Ci to the sea water of

the cesium isotopes, which are dominant from the

radiation point of view. Fish consumption is the

major exposure pathway; it may cause an indi-

vidual dose commitment less than 0.1 mrem. The

collective dose commitment will be in the order

of 1 manrem, dependent on release time, hydro-

logical dispersion etc.

Even in the unlikely event of a total loss of

ship without any retrieval, an event which is

estimated to have a probability of less than

10 per year, the consequences will remain at

the same low level. This is due to the low

leakage rate from undamaged concrete blocks.

Most of the activity will decay within the

blocks.

A fire in bitumen drums transported in concrete

containers is deemed to be inconceivable. The

containers will withstand even serious colli-

sions without breakage. An assumed hypotetical

fire means no severe radiation doses to members

of the public.
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In view of the low probabilities for accidents

releasing radioactive materials and the limited

consequences, the sea transportation system

analyzed is deemed to meet very high safety

standards.
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