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Preface

Since its establishment in 1953 the Australian Atomic Energy
Commission has been the major source of technical advice to
government on nuclear power and the nuclear fuel cycle. It has also
discharged its responsibility under the Act establishing the Commission
'to collect and distribute information relating to uranium or to atorriic
energy' by providing information on nuclear matters in a variety of forms
to schools, other organisations, and the general public.

As part of this advisory and educational role the Commission included
in each Annual Report, up to the twenty-ninth report for 1980-81, dkta and
assessments of status and prospects on nuclear power and the nuclear
fuel cycle. This material provides a valuable record of the development
of this important technology.

The practice of including such material in the Annual Report was
discontinued after the 1980-81 report in order to give more emphasis in
the report to the Commission's research program, its commercial
services, and its collaborative programs with Australian and overseas
organisations.

The material previously included in the Annual Reports on nuclear
power and the nuclear fuel cycle was presented as a 1983 status report
in a special issue of the Commission's publication Atomic Energy in
Australia (Volume 26, Numbers 3 and 4, July-October 1983). This
publication has been superseded by the publication Nuclear Spectrum
which addresses a rather wide audience and is not a suitable vehicle for
presenting the detailed statistics and comment of the type contained in
the 1983 report.

Accordingly, the Commission has decided to publish this information
in the present form, as an independent publication. It is hoped that it will
be particularly valuable to readers with a semi-technical background.
The present intention is to publish an update every two years.

M.H. Brennan
Chairman, Australian Atomic Energy Commission
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Executive Summary
Nuctear Power

Nuclear power now accounts for about 13% of the electricity produced in the world,
with France and Belgium generating over 50% of their electricity by nuclear power in
1984. At the end of 1984 there were 318 power reactors totalling 208gigawatts (GWe) in
commercial operation in 26 countries, an increase of 35 reactors and 31 GWe in the
year. A further 226 reactors totalling 210 GWe are under construction or on order.

The nuclear industry is in a period of consolidation and steady evolution with
demonstration of the advantages of standardised designs, improved construction
times, satisfactory load following characteristics and good capacity factors. Plans
have been announced to recycle plutonium stocks in thermal power reactors while
collaborative development of fast breeder reactors continues. Nuclear power plants
are considered to have a significant cost advantage over coal-fired plants, and
especially oil-fired plants, in many countries. The AAEC 'best' projections of installed
nuclear capacity in the Western World are for 293 GWe in 1990 and 398 GWe in 2000,
compared with 210 GWe in 1985. These are slightly lower than comparable recent
projections from the OECD and IAEA.

Uranium Supply and Demand
Western World uranium reserves at the end of 1984 were 1.6 million tonnes U with

an additional 0.64 million tonnes U in a higher cost or sub-economic range. Australia's
reserves are 463000 tonnes U (which represents about 29% of Western World
reserves), followed by South Africa with 191 000 tonnes U, Canada with 176 000 tonnes
U, Niger with 170 400 tonnes U, and the USA with 138 500 tonnes U.

Western World production of uranium in 1984 is estimated to have been 38 000
tonnes U, continuing the decline from the peak years of 1980 and 1981 (44 000).
Australian production in 1984 was 4390 tonnes U, with 3202 tonnes U from the Ranger
mine and 1188 tonnes U from the Nabarlek mine. Production in the Western World is
estimated to be about 43 000 tonnes U in 1990 and 59 000 tonnes U in 2000.

The resources and rates of production can be compared with the annual
requirements for uranium projected for the Western World (AAEC 'best'projections) of
42 500 tonnes U in 1990 and 55 400 tonnes U in 2000. The comparable cumulative
requirements are 274 000 tonnes U by 1990 and 754 000 tonnes U by 2000. Thus the
available reserves are sufficient to satisfy likely demand well beyond 2000 and there
are indications that there will be significant additions to reserves with continuing
exploration. Rates of production should easily be able to meet projected needs.

The uranium market continued to be influenced by inventories equivalent to at least
four years forward consumption, a spot market price below US$20/lb U30B, and new
longer-term major supply contracts above US$30/lb U30B. The spot price continued at a
level below the cost of production for many producers. There were further closures of
higher-cost mines in the USA, reduction in output of some mines in Africa and delay in
commencement of new projects. A major proportion of world supply now comes from a
relatively small number of large, lower-cost orebodies. The average price of deliveries
by US producers to US utilities in 1984 was US$39.43/lb U308, whereas the average
price of imports (40% of total) was about US$22.50llb U,OB. Euratom reported an
average price of US$29.75/lb U308 for deliveries in 1984 under medium to long-term
contracts and spot prices averaging US$19.25/lb U30a (only about 10% of deliveries).
The latest available (1983) price on Canadian exports was US$30.40/lb U3OS.

Conversion
About 90% of current and projected nuclear power reactors are fuelled with

enriched uranium, requiring conversion of uranium to uranium hexafluoride before
enrichment to 2—4% in the uranium-235 isotope. Conversion services are projected to
increase from 30 000 tonnes U per year (t U/a) In 1985 to 40 ODD t U/a in 1990 and
52 0001 U/a in 2000. The present nominal capacity of Western World conversion plants
is 58 000 t U/a, which is substantially greater than projected requirements even in 2000.
Spot market prices for conversion services have been discounted to a low level of less
than US$2.2/kg U compared with US$5—7/kg U for longer-term contracts.

Enrichment
Enrichment services are projected to increase from the 23 million (M) separative

work units (SWU) required in 1985 to 29 MSWU/a in 1990 and 44 MSWU/a in 2000. The
projected nominal capacity of Western World enrichment plants (together with about
2.0—2.4 MSWU/a provided from USSR capacity in 1985—1990) is 34.4 MSWU/a in 1985,
35.4 MSWU/a in 1990 and 35.7 MSWU/a in 1995. Existing capacity and stockpiles
should meet projected demand until the mid-1990s. There are planned expansions in
the USA, Europe and Japan to meet the requirements by 2000.

The major recent development has been the decision by the US Department of
Energy (USDOE) to select the Atomic Vapour Laser Isotope Separation (A VLIS) process
as the preferred technology for future expansion of capacity. In addition, USDOE
announced the placing on standby of the 7.5 MSWU/a Oak Ridge Gaseous Diffusion
Plant and a halt to construction of the centrifuge add-on plant at Portsmouth. The
French gaseous diffusion plant at Tricastin is expected to operate at only 65% of its
full capacity of 10.8 MSWU/a in 1985. Urenco has a current centrifuge capacity of about



1 MSWU/a and is constructing an additional plant in the Federal Republic of Germany.
Increased competition has led to a number of changes in marketing and a reduction

in SWU prices for both long and short term contracts. The USA offered long-term prices
of USS135/SWU for its new Utility Services Enrichment Contract (USEC) to which most
of its customers have converted. France and Urenco have a/so offered contracts with
greater flexibility in terms and conditions and the USA has lost part of its market share
in recent years. The secondary market for trade in surplus separative work has
continued to be strong and substantial discounts are reported to have been offered.

Fuel Fabrication
Fabrication of enriched uranium fuel for light water reactors is carried out by 25

companies in the Western World and capacity is adequate for projected requirements.
Six companies are fabricating natural uranium fuel for heavy water reactors and three
companies are fabricating natural uranium fuel for the small number of gas-cooled
reactors. Nine companies in seven countries have the capability to fabricate fuel
containing plutonium for recycle into light water reactors (LWRs), high temperature
reactors (HTRs) and fast breeder reactors (FBRs).

Spent Fuel Arisings
The AAEC 'best' projection of about 124 000 t heavy metal (HM) for the cumulative

amount of spent fuel arising in the Western World by the year 2000 is substantially
lower than the 138 000 t HM estimated recently by the OECD-NEA for OECD countries
only. The OECD-NEA also estimated that spent fuel storage capacity at-reactor and
away-from-reactor would increase substantially from the present 97 000 t HM (1984) to
192 000 t HM (2000). This increase will occur through the construction of new facilities
and closer packing of fuel in existing facilities.

Reprocessing
France and the UK continue to operate the only commercial reprocessing plants in

the Western World for their own fuel and have contracts for 9000 t of spent fuel from
other countries. Small scale reprocessing plants are being operated by India, Italy,
Japan and the Federal Republic of Germany. The reprocessing capability for LWR
spent fuel is expected to increase from 705 t/a in 1985 to 4375 t/a in 2000. These
estimates can be compared with estimated spent fuel arisings of about 3600 t/a in 1985
and 7800 t/a in 2000. Therefore, less than half the spent fuel produced up to the year
2000 will be reprocessed and the remainder will be retained in retrievable long-term
storage.

Radioactive Waste Management
Vitrification of liquid high-level radioactive waste after reprocessing continues to be

regarded by many countries as the preferred process for solidification of the waste
before final disposal deep underground in stable geological formations. However,
some countries are examining in detail the encapsulation of spent fuel in a suitable
form for final disposal deep underground. France has successfully produced over 250 t
of vitrified waste in its plant at Marcoule and plans to build two additional plants in the
late 1980s. The most promising alternative continues to be SYNROC, which is being
developed jointly by the AAEC and the Australian National University. Agreements
have been entered into for collaboration with several overseas countries in SYNROC
research and development. The optimisation of land burial of low- and medium-level
radioactive waste is continuing in most countries that have nuclear power programs,
as well as the development and assessment of methods for decommissioning nuclear
facilities. The disposal of radioactive waste in the oceans still generates controversy
and technical reviews of the practice are under way by several organisations.

Nuclear Fusion Research
Nuclear fusion research continues to receive considerable funding (estimated at

US$800M/a by the International Energy Agency) because of its potential to provide a
major new energy source for the next century. Four large nuclear fusion research
machines in the USA, USSR, Japan and the UK (for the European Community)
represent investments of USS500M each. At least one is expected to achieve
conditions equivalent to a 'breakeven' reaction in the next few years. 'Breakeven' is
when the energy yield from fusion equals the total energy consumed in operating the
machine. Conceptual design studies for a first-generation test reactor are progressing
in several countries, as well as major research programs on the materials and
engineering problems to be faced.



1. The Place of
Nuclear Power

I.F. Scurr

Energy consumption in the in-
dustrialised countries is expected to
show only moderate growth between now
and the year 2000 according to several re-
cent studies. However, these studies
warn that the relaxation in the oil market
should not be allowed to generate the
belief that lower oil prices are here to stay
nor change the basic aim of reducing
dependence on oil. Although the short
term outlook of the world oil market ap-
pears to be one of oversupply, the
possibility of a major oil supply disruption
still exists. The longer term supply
outlook is not encouraging if it is assum-
ed that the rates at which gas reserves
are discovered will not vary significantly
from historical trends and that no major
technological advances in oil recovery are
made.

Despite substitution with other energy
resources, efforts to conserve energy, and
more efficient use of energy, the world de-
mand for oil is predicted to grow, mainly
because of the large increase in popula-
tion expected in the developing countries
and the rising per capita energy needs in
those countries and the centrally-planned
economy countries. The growth of oil con-
sumption in the developing countries
reflects the fact that non-oil energy
sources typically require enormous
capital investments which many develop-
ing countries can ill afford. Starting in the
1990s, the demand for oil and its supply
will be much more critically balanced. As
production approaches the politically
determined or technical maximum level,
oil consuming nations will become in-
creasingly vulnerable to supply disrup-
tions and sudden price increases. Most
industrialised countries realise that not
only is it in their own interests to reduce
their dependence on oil but also they
have a responsibility to alleviate the
pressure they exert on the oil market, thus
providing greater availability of that
resource for the developing countries.

The increasing use of electricity is pro-
jected to continue as the preferred form
of final energy consumption. The most
conservative electrical growth assump-
tions, coupled with the necessity to retire
older, less efficient generating units, will
require new generating capacity. Limited
installation of oil and gas fired capacity
may occur as a short term expedient, but
the choice of new generating plant in
many countries is now almost entirely
between coal and nuclear energy.

Forecasts of scarcity in a particular
energy source vary considerably because
of the many uncertainties and the
nu.nerous factors involved. The exact-
ness of forecasts is less important than
the fact that in the not too distant future
the relative proportions and importance
of the world's primary energy sources will
change. The present energy resources
(oil, gas, coal and uranium, and the
renewable resource of hydro-power) will

continue to be used for the foreseeable
future but energy requirements will have
to be met increasingly by coal and
nuclear power. Oil accounts for almost
half of the world's total energy needs,
although it appears that it can provide, at
most, a small fraction of any increase in
demand. Its share will therefore gradually
decline as the total world energy demand
grows.

Natural gas fas a resource base
similar to that of oil and is an ideal
substitute for many uses of oil. In the
short term the use of gas will increase in
some western industrialised countries
and in the eastern European centrally-
planned economy countries because of
the major pipeline and liquefied natural
gas projects already planned or under
construction. Natural gas production is
expected to peak somewhat later than oil
production.

Coal, because of its large resource
base, can provide a high proportion of the
additional energy needs in the future and
now represents more than one quarter of
the world's energy supply. It has been
estimated that coal has the potential to
provide between one half and two thirds
of the additional energy needed by the
world in the next few decades. Restraints
on the use of coal include the
geographical distribution of coal reserves
and the fact that coal is a solid which
makes its transport expensive. Deep
water ports, coal terminals and rail lines
have to be provided.

The most favourable sites for
hydroelectric power in the industrialised
countries have already been developed.
Apart from pumped storage and small
hydro units, the possibilities for further
development are mainly limited to parts
of Asia, Africa and Latin America. Large
dams are under increasing attack from
ecologists.

Solar, wind, geothermal and other
means of electricity generation are under
development but there is no indication
that they will be able to contribute
significantly to the electric power needs
of the next century. Fusion power is many
decades away from use even on a small
scale.

Nuclear energy has the potential to
contribute to overall energy supplies in
ways other than through the generation of
electricity. In temperate and cold climates
a large proportion of organic fuels, con-
sisting mainly of oil and gas, is consumed
in the production of low temperature heat
supplies to dwellings and other buildings.
Although this branch of nuclear engineer-
ing is in its infancy, extensive possibilities
exist for the use of nuclear energy in
district heating schemes. Co-generation
and specialised heat-only reactors are be-
ing built in the USSR where nuclear sup-
plied district heating of towns and cities
is said to represent an important part of
that country's long term energy program.
High temperature reactors are also being
developed in several countries to supply
heat for industrial processes. Q



2 World Nuclear
Power Status
I.F. Scurr and J.M. Stead

With 318 nuclear power reactors in
commercial operation and over 3500
operating years of experience worldwide,
nuclear power plants are no longer novel.
Continued evolutionary improvement in
design and operation and the gradual ac-
cumulation of performance data has led
critics of nuclear power to transfer their
attention from such issues as operational
performance (thermal efficiency, capacity
factors and safety) to uncertainties in
reprocessing, waste disposal and decom-
missioning. The debate has also been
widened beyond that of whether nuclear
power is economically competitive with
coal (implicitly acknowledging that it is)
to more general issues of:

The desirability of the increasing use
of electricity.

The desirability of retiring old, small or
inefficient generating plants.

The level of planning margin, i.e. ex-
cess generating capacity beyond an-
ticipated maximum demand.

How investment decisions should be
made on the need for, and type of
future plant.

The Nuclear Power
Scene in 1984

After several years of decreasing
growth in electricity consumption in mosi
industrialised countries, demand
strengthened in the latter part of 1983 and
showed a marked increase in the first six
months of 1984. However, because of a
general excess in generating capacity,
the revival of growth will need to be sus-
tained over a reasonable period before
electric utilities again commit themselves
to large construction programs. The year
was therefore mainly one of consolida-
tion for the nuclear industry, but one
which also saw past efforts starting to
produce significant results.

In Japan, large scale nuclear power
reactors are being built in record time. By
using advanced construction techniques
Takahama unit 3, which achieved initial
criticality in April 1984, was built in thirty-
nine months from the pouring of the first
concrete to fuel loading. Takahama unit 4,
an identical Pressurised Water Reactor
(PWR) which went critical in October, was
built to the same demanding schedule.

France demonstrated load following
to an international audience at the
Tricastin nuclear power station in
November 1984. With indications that
more than 60% of French electricity will
be generated by nuclear power in 1985,
and over 70% by 1990, it will be important
for French reactors to have load following
capabilities.

Notable improvements in operation
were achieved during the year.
Preliminary figures show that average
capacity factors exceeded 70% in at least
eigtn countries, with Finland claiming a

world record with an average load factor
of around 90% for its four reactors.
Power Reactors in
Commercial Operation

At the end of 1984 there were 318
power reactors totalling 208 gigawatts
electrical (GWe) in commercial operation'
in 26 countries, an increase of 35 reactors
and 31 GWe for the year.

The status of national nuclear power
programs at 31 December 1984 for reac-
tors of more than 30 megawatts electrical
(MWe) is shown in Table 1. The distribu-
tion of installed nuclear capacity in the
world is shown in Figure 1.

It is expected that over the next
decade the world's current installed
nuclear capacity will double through the
addition of an average 20 GWe per year.

Whereas nuclear power now accounts
for about 13% of electricity produced in
the world, the percentage in individual
countries varies widely. For instance, the
nuclear capacity of the United States
greatly exceeds that of any other country
but provides only about 14% of US elec-
tricity. Some other countries depend on
nuclear stations for over 30% of their
electricity (see Table 2).

' NOTE: in this case the term 'in com-
mercial operation' means that all ac-
ceptance testing has been completed
and the reactor has been handed over
to the operating utility. Other defini-
tions exist, namely, when the reactor
has been connected to the grid or
when the reactor has commenced full-
power operation.

TABLE 1
NUCLEAR POWER UNITS OVER 30 MWe IN OPERATION,

UNDER CONSTRUCTION OR ON ORDER AT 31 DECEMBER 1984
(Table prepared from nuclear power reactor files of the AAEC)

Country

Argentina
Belgium
Brazil
Bulgaria
Canada
China
Cuba
Czechoslovakia
Finland
France
Germany (OR)
Germany (FR)
Hungary
India
Italy
Japan
Korea (RO)
Mexico
Netherlands
Pakistan
Philippines
Poland
Romania
South Africa
Spain
Sweden
Switzerland
Taiwan
United Kingdom
USA
USSR
Yugoslavia

Total

In
Operation' '

No. MWe'4'

2
5
1
4

13
0
0
3
4

39
5

14
1
5
3

28
3
0
2
1
0
0
0
1
6

10
5
5

35
83
39

1

318

935
3449

626
1640
8069

0
0

1230
2160

31490
1715

13546
410

1004
1298

19026
1798

0
502
125

0
0
0

922
3779
7365
2868
4025
9912

67664
22520

632

208710

Under
Construction'2'

No. MWe'4'

1
2
2
2
9
1
2
8
0

25
6
9
3
5
3

12
6
2
0
0
1
2
3
1
4
2
1
1
7

40
40
0

200

698
2000
2490
1906
6739
300
820

3870
0

30135
3640
9379
1230
1100
2004

11359
5536
1308

0
0

600
820

1800
922

3762
2120

925
925

4294
44870
40434

0

185986

On
Order'3'

No. MWe'4'

0
0
0
4
0
0
0
2
0
1
0
2
0
0
0

12
0
0
0
0
0
2
0
0
0
0
0
0
0
2
1
0

26

0
0
0

3812
0
0
0

2000
0

1455
0

2468
0
0
0

10927
0
0
0
0
0

820
0
0
0
0
0
0
0

2300
953

'0

24735

Total

No.

3
7
3

10
22

1
2

13
4

65
11
25

4
10
6

52
9
2
2
1
1
4
3
2

10
12
6
6

42
125
80

1

544

MWe'4'

1633
5449
3116
7358

14808
300
820

7100
2160

63080
5355

25393
1640
2140
3302

41312
7334
1308
502
125
600

1640
1800
1844
7541
9435
3793
4950

14206
114834
63907

632

419431

(1) In Operation = III declared commercial operation
(2) Under Construction = Foundations have been pouied and erection of main building started
(3) On Order = Firm order placed or approval given (4) MWe = Capacity in net megawatts electrical
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Taiwan
Korea (RO)
Argentina
India
Pakistan

OECD Countries 82.2%

USA 33.0 Spain
France 14.1 Belgium

Other Countries 0.7%

0.4
0.3

Comecon Countries 13.2%

Japan 9.3 Switzerland
Germany (FR) 6.6 Finland
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Canada
Sweden

4.8 Italy
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1.7
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0.8
0.4
0.2
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FIGURE 1 DISTRIBUTION OF INSTALLED NUCLEAR GENERATING CAPACITY
IN THE WORLD, 31 DECEMBER 1984

TABLE 2
PERCENTAGE OF TOTAL ELECTRICITY

GENERATED BY NUCLEAR POWER

Belgium
Bulgaria
Canada
Finland
France
Germany (FR)
Hungary
Japan
Korea (RO)
Spain
Sweden
Switzerland
Taiwan
United Kingdom
USA
USSR

1984(1'

50.8
28.6
11.6
41.1
58.7
23.2
22.2

22.9
20.0(<i'
19.3
40.6
36.5,
52.0<2>
17.3
13.5
9.0<2'

1990
AAEC Estimate

59
35
18
30
71
30
25
27
25
25
45
36
45
22
19
20

World Total -13.0 18

(1) Source: International Atomic Energy Agency
'Nuclear Power Reactors in the World',
Vienna, April 1985 (2) IAEA Estimate

250
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FIGURE 2 , COMPARISON OF NUCLEAR POWER PROGRAMS

. , ; 1980 T01984

Power Reactors Under
Construction and on Order

Power reactors under construction
and on order at 31 December 1984 totall-
ed 210 GWe (226 reactors). Reactors in
the power raising stage or undergoing ac-
ceptance testing are included.

A comparison of the development of
nuclear power programs for the USA, the
non-USA Western World and the Com-
econ countries, over the period 1980 —
1984 is given in Figure 2. It shows Ihe
marked contrast between development in
the USA and the rest of the world.

Retirements
Four small nuclear power reactors,

with a total generating capacity of 500
MWe, were retired during 1984. The plants
were Dresden 1 in the USA which started
commercial operation in 1955, Marcoule
G3 (France, 1956), Karlsruhe MZFR (FRG,
1961), and Douglas Point (Canada, 1961).

Cancellations
Eight power reactors were officially

cancelled in the USA during 1984. Con-
struction of another two units ceased and
is unlikely to be resumed. These 10 reac-
tors would have had a total generating
capacity of 10 GWe. Plans for five reac-
tors (4.6 GWe). in Spain were indefinitely
deferred following government approval
of a revised national energy plan. fj

3 Review of Nuclear
Power by Country

I.F. Scurr and J.M. Stead

Western World Countries
Argentina. Economic difficulties are

causing delays in the plan to have six
nuclear power reactors installed by the
year 2000. The first reactor of the program
started commercial operation in 1974 and
the second in 1983. Funds for the con-
struction of the third reactor, planned to
be in operation in 1987 but already more
than eighteen months behind schedule,
have been reduced by 20%. It has been
stated that the program will be carried
through although on a longer time scale
and it is unlikely that the fourth reactor,
originally planned for operation in 1991,
will now be ordered before 1990.

Austria. The coalition government is
split over the fate of the country's only
nuclear power reactor at Zwentendorf.
Operation of the reactor was deferred in-
definitely following a national referendum
in 1978 when the unit was ready for fuell-
ing and start-up. There is still strong op-
position to the operation of the plant
despite a preliminary agreement with the
USSR to accept its spent fuel. The owners
of the plant therefore announced in
March 1985 that they would sell the unit,
and have commenced a market survey of
potential buyers.

Belgium. Five nuclear power reactors
are in commercial operation. Another two
units, linked to the grid in 1985, will com-
plete the current construction program.
An agreement signed with France in May
1984 gives Belgian utilities a 25% share



in each of two 1450 MWe Pressurised
Water Reactors (PWR) that are being
built at Chooz, on the French side of the
border. In return, Electricite de France has
the option of taking a 50% share in the
next nuclear power reactor to be built in
Belgium. The Belgian economics minister
is reported to have stated that he believes
one, or possibly two, more units will be
needed before the end of the century.

Brazil. The original ambitious plan was
to have nine power reactors totalling
about 10 GWe in service by 1990. That
plan has officially slipped twice, first to
1995 and then to the year 2000. The coun-
try is suffering high inflation, poor
balance of payments and much lower
electricity demand growth than when the
plan was first announced. Nevertheless
the program is proceeding, though slowly.
The first reactor was connected to the
grid in April 1982 but had frequent equip-
ment failures and unscheduled outages
which stretched the commissioning
period to the end of 1984. The second and
third reactors are under construction for
operation in 1989 and 1991. Sites for the
fourth and fifth reactors have been iden-
tified but the start of construction is in-
definite.

Canada. Two nuclear power reactors
began commercial operation in 1984 and
three more are due in 1985. Darlington,
the latest nuclear power station to begin
construction in Canada, is on schedule
and the four units should progressively
enter operation between 1988 and 1992.
New Brunswick Electric Power Company
is planning to add a second unit to the
Point Lepreau nuclear power station for
electricity exports to the USA. Units 1 and
2 of the Pickering nuclear power station
are closed for repairs following detection
of a pressure tube leak in Unit 2 in August
1983. The work of replacing all 390
pressure tubes in both reactors is being
hindered by radioactive carbon-14 dust.

Egypt. Delays have occurred in the
placing of an order for the country's first
nuclear power reactor, to be sited at El
Dabaa. Indications are that financial pro-
blems have now been largely solved and
the Nuclear Power Plants Authority in
Cairo is assessing tenders from selected
reactor suppliers. The country's official
nuclear program calls for installed
capacity of 8 GWe by the year 2005.

Finland. Four nuclear power reactors
are in commercial operation. Two were
supplied by the USSR and two by
Sweden. Feasibility studies for a fifth
unit, of about 1000 MWe, have been car-
ried out by both Russian and French reac-
tor suppliers.

France. Nearly 60% of France's elec-
tricity production was generated by
nuclear power in 1984. By the end of 1992
plants already under construction will in-
crease the nuclear installed capacity to
about 60 GWe, and produce over 70% of
the country's electricity. Because most of
the French nuclear program objectives
have now been attained, and because of
the slowdown in the anticipated growth
of electrical demand, there has been a
progressive reduction in the number of
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new reactor orders in the past four years.
It has been announced that only one reac-
tor will be ordered in 1985 and one in
1986, although the option of ordering a
second in 1986 has been kept open. The
reactor to be ordered in 1985 will be the
last of the French 1300 MWe P4 PWR
design. The first reactor of this series of
20 units was connected to the grid in
June 1984. An order was placed in 1984
for the first reactor of the 1450 MWe N4
series. The N4 design offers greater
operating flexibility than the P4 reactor.

Germany (FR). Two nuclear power
reactors began operation in 1984 and four
more are due in 1985. Although public op-
position to nuclear power is still strong,
construction of an additional seven reac-
tors scheduled for operation between
1986 and 1990 is proceeding smoothly.

Greece. A decision on building a
nuclear plant in Greece has been
postponed until after the year 2000.
Although attempts to exploit lignite
deposits have been unsuccessful, there is
strong public opposition to nuclear
power. The government is said to be con-
sidering the construction of coal-fired
generating plants to overcome a possible
electricity shortage in the early 1990s.

India. Apart from two early US sup-
plied Boiling Water Reactors (BWR) at
Tarapur, the Indian nuclear power pro-
gram consists 0-, Heavy Water Reactors
(HWR) of about 220 MWe, based on the
Candu design imported from Canada. A
total of five reactors are in commercial
operation including the first unit at
Kalpakkam, which began commercial
operation in January 1984 and was the
first reactor based on Indian design and
built without foreign assistance. Five
other reactors of the same design are be-
ing constructed and there are reasonably
firm pl;ios to construct nine more. A 480
MWe HWR design is under development
for introduction in the next decade. India
is also reported to be examining a USSR
offer to supply two VVER-440' units. The
official plan is to have a nuclear capacity
of 10 GWe by the end of the century. Less
than half of that amount is likely to be
achieved.

Iran. The nuclear power program was
brought to a halt after the fall of the Shah
in 1979. Up to that time construction of
four reactors had been started. Units 1
and 2 were being supplied by Kraftwerk
Union (KWU), unit 1 being 75% complete
when cancelled. Although a study of the
technical feasibility of completing the
first unit was due to be completed by
KWU in October 1984, a spokesman has
said that KWU is not prepared to resume
work at the site until after the war bet-
ween Iran and Iraq is ended. It is unlikely
that the reactor could be completed in
less than four years from the resumption
of work. Units 3 and 4 were being supplied
by France.

Israel. According to recent statements
by prominent Israeli officials, Israel is in

1 VVER - Type of PWR designed in the
USSR. The two standard sizes are 440
MWe and 1000 MWe.

advanced negotiations with France for
the purchase of two nuclear power reac-
tors. Some sources argue that unless ex-
traordinary precautions are taken against
terrorist attack, such as locating the plant
underground, it would pose too grave a
security threat to the country. In addition,
now that OECD guidelines require export
credits to be set at the consensus rate, a
nuclear order is unlikely considering the
current weakness of the Israeli economy.
Early last year however, Israel made it
clear that if the West will not sell a power
reactor then it will build a Heavy Water
Reactor of its own design.

Italy. Delays in the Italian nuclear
power program have been mainly due to
siting problems and local opposition.
These problems now appear to have been
resolved and, together with standardisa-
tion based on a 1000 MWe PWR design
the program is expected to regain its
momentum. Start-up dates of 1987 and
1988 have been' scheduled for the two
reactors at Montalto di Castro, where
local opposition delayed initial construc-
tion. Including the 2000 MWe Montalto
station, it is planned to add 12 GWe to the
country's installed nuclear capacity by
1995. Plans for the construction of three
identical, two-unit stations in Piedmont,
Lombardy and Puglia, are well advanced.
The Piedmont station is to be built near
one of the country's first nuclear
generating plants at Trino Vercellese.
Construction is expected to start at the
end of 1985 or early 1986. Construction of
the Lombardy station, at Viadana or San
Benedetto Po, is due to start in the latter
half of 1986. Sites still have to be found
for stations of total capacity 4000 MWe.

Japan. Three new units began com-
mercial operation in 'I984 and four more



Ohi nuclear power station, Japan (Kansai)
(JAIF)

are due in 1985. The latest Japanese of-
ficial target is to have a nuclear installed
capacity of 48 GWe by 1995, producing
28% of the country's electricity. By the
end of the century 62 GWe should be pro-
viding 35% of the electrical demand.

Korea (RO). Prior to the world reces-
sion, the Republic of Korea planned to
have 40—46 nuclear power reactors in-
stalled by the end of the century. Thirteen
of these units were expected to be opera-
tional by the end of 1990. The first three
reactors are in commercial operation. Six
are under construction and should enter
service before the end of 1989. Bidding for
the next two units of the program was
postponed in the 1982—83 period
because of financial difficulties and sagg-
ing growth of electricity demand. Con-
struction is now expected to start in
mid-1986.

Libya. When the US State Department
rejected a licence application to export a
Triga research reactor to Libya in 1975,
the USSR offered a complete nuclear
research centre including a 10 MW
rese&ich reactor, a critical facility and
several ancillary facilities. In 1978 it was
announced that Libya had signed an
agreement in principle to purchase two
Russian reactors for power generation
and desalination. Since that time with the
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advice of Belgian consultants, the
Libyans have apparently requested
modifications to the USSR conventional
VVER-440 reactors to make them more
compatible with Western World safety
standards and the higher seismic risks on
the country's northern coast.

Mexico. Work on Mexico's first nuclear
power station has continued at a reduced
rate because of financial difficulties. Unit
1 is not now expected to begin commer-
cial operation until 1987 or 1988. Con-
struction of unit 2 was suspended in 1982
but was due to recommence by the end of
1984. The country's long-delayed National

Energy Program (1984—1988) was releas-
ed in August 1984 and replaces a 1980
plan to install 20 additional power reac-
tors before the end of the century.
Although the start of construction of a se-
cond station is included in the new plan,
Mexican nuclear industry sources say
that the real need is for a concerted long-
range nuclear program in order to
establish a meaningful industry. Whether
such a program will eventuate depends
on the country's continued financial
recovery over the next few years.

Netherlands. Following a two-year
officially organised public debate, com-
pleted in January 1984, a steering com-
mittee recommended that no new nuclear
plants be built. A majority within the
government's advisory General Energy
Council has rejected this recommenda-
tion and called for an immediate commit-
ment to nuclear plant construction. Fur-
ther, the economics minister has propos-
ed that the Netherlands should build four
1000 MWe reactors to help fill a projected
5 GWe shortfall in generating capacity
which is expected after 1995. Although
Netherlands public opinion is still strong-
ly anti-nuclear, the nuclear option appears
to be gaining more support within the
government which is now beginning to
realise that the only feasible alternative to
building nuclear plants is an increased
reliance on imported coal. The
Netherlands Cabinet has therefore ap-
proved in principle the building of from
two to four 1000 MWe nuclear power reac-
tors. Construction of the first could start
by 1988 and the unit could be in operation
by 1995.

Pakistan. A small 125 MWe power
reactor has been in service since 1972. No
progress has been made on plans for a
second reactor, of 1000 MWe, because of
political and financial problems. The
deadline for bids on this unit has been ex-
tended several times since 1982.

Philippines.The country's only nuclear
power reactor, at Bataan, is nearing com-
pletion and expected to enter commercial
operation in 1985. The high construction
cost of this reactor has led the govern-
ment to place more emphasis on coal-
fired power generation; the construction
of a second nuclear unit is unlikely in the
foreseeable future.

Portugal. The revised Portuguese Na-
tional Energy Plan suggests that possibly
four to six nuclear power reactors may be
installed in the country by the year 2010.
A definite order for the first of these units
would not be expected before 1989.

South Africa. The country's first unit,
Koeberg 1, went into commercial opera-
tion in August, 1984. The second unit is
scheduled for operation in 1985. There are
no known plans for additional nuclear
capacity at present. Nuclear fuel was ob-
tained from France after initial supplies
from the USA were withheld.

Spain. In mid-1984 the government ap-
proved the draft of a new National Energy
Plan covering the years up to 1992. The
Plan fulfils a pre-election pledge to cut
the previous government's planned
nuclear generating capacity from 12500



MWe to 7500 MWe if a socialist govern-
ment won the 1982 elections. According
to the new plan, based on an estimated
average growth in electricity demand of
3.3% per annum, five nuclear units under
construction are to be mothballed.
Spain's electricity consumption rose over
5% in 1984, after rising 4.6% in 1983.
Although the plan states that the situa-
tion will be reviewed every six months and
a decision will be taken on whether to
construct another plant, it does not
specify the type of plant. Government
officials have said it could be coal-fired.
Electric utility spokesmen have criticised
the idea of building new coal-fired plants
while nuclear projects in an advanced
stage of construction are frozen.
However, the government aim is to in-
crease reliance on indigenous coal and
natural gas supplies.

Sweden. A long debate ended in 1980
with a parliamentary decision to com-
plete the country's program of 12 reactors
but to phase out nuclear power by the
year 2010. When the twelfth reactor is
linked to the grid in 1985, nuclear power
will generate over 40% of the country's
electricity. To date, government spon-
sored studies have failed to provide a
viable explanation of how such a large
amount of nuclear generated electricity
will be replaced. Sweden has almost no
indigenous oil or coal. A recent poll in-
dicated that 77% of people think that the
nuclear power policy adopted after 1980
will be reversed before the end of the
century.

Switzerland. The country's f i f th
nuclear power reactor entered commer-
cial operation at the end of 1984 and there
is no other nuclear plant under construc-
tion. However, because a referendum to
halt all nuclear development was
defeated in September 1984, there is the
possibility that action may be taken on a
long delayed plan to build a power reactor
•at Kaiseraugst.

Taiwan. The country's fifth nuclear
unit, Maanshan 1, started commercial
operation in November 1984. There is now
only one reactor under construction.
Because electricity demand is higher
than anticipated, the planning for units 7
and 8, which was deferred in 1982, is like-
ly to be revived. A decision was expected
by mid-1985. If authorised, the two 1000
MWe reactors would be scheduled for
operation in 1993 and 1994.

Turkey. Plans for nuclear power have
suffered years of delay mainly because of
financing difficulties. When letters of in-
tent were issued to three reactor vendors
in December 1983 it was thought that at
least one order would be placed in the
following year. Since then the government
has made frequent postponements of any
decision on bids from Atomic Energy of
Canada and Kraftwerk Union for the pro-
posed nuclear power station at Akkuyu.
The latest Turkish suggestion is that the
vendors would operate the plants
themselves and sell the electricity to
Turkey until the project had been paid for.
Meanwhile, Turkey has agreed to con-
sider a joint PWR proposal from
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Westinghouse and Mitsubishi. The letter
of intent for a second station on the Black
Sea coast, issued to General Electric, ap-
pears to have been suspended until the
Akkuyu project and its financing have
been finalised.

United Kingdom. Even with a con-
siderable program of refurbishment and
modernisation much of the 46 GW of elec-
tricity generating capacity commissioned
in the period 1960—75 will need to be
replaced around the turn of the century. In
1979, the government announced its in-
tention to establish the PWR as a valid
option for the future. A public inquiry into
the building of the first reactor of this type
at Sizewell commenced in early 1983. The
report of this inquiry, the longest and
most costly in British history, has yet to
be handed down. Should the outcome be
favourable, construction o( liie first reac-
tor of this type would start in 1986. Mean-
while, the Advanced Gas Cooled Reactor
(AGR) is to be maintained as a viable op-
tion for new power station orders until at
least 1990.

The life of the British Magnox stations,
originally set at 20 years for accounting
purposes and then 25 years, has now
been formally extended to 30 years.

USA. No orders for nuclear power reac-
tors have been placed in the USA since
1978, and many units ordered prior to that
date have either been cancelled or in-
definitely deferred. The situation varies
widely from state to state, but overall
there is still an excess in generating
capacity caused by the over-estimation in
the early 1970s of future electricity de-
mand. In addition, the long lead times and
economic uncertainty applicable to large
power plant construction in the USA are
major deterrents to utilities considering
new or replacement generating plant.

Financing problems have been par-
ticularly acute in the case of nuclear
power, with plants costing two or three
times the amount anticipated when the
plant was first planned.

Inflation has not been the only cause
of cost escalation. Other reasons are
licensing delays, management shortcom-
ings in construction and quality control,
and regulatory changes requiring altera-
tions in design after construction had
started (backfitting). The situation has
been aggravated by the policy followed by
some state commissions of not allowing
utilities to take the interest costs of fun-
ding new plants under construction into
their current rate structures (interest
costs can be up to 50% of the capital
cost of a new plant). Several utilities, on
the brink of bankruptcy, have been forced
to abandon nuclear plants in an advanced
stage of construction.

A widely accepted view is that,
although the nation may have a need for
additional nuclear power in the near
future, unless significant changes are
made in the licensing procedures,
management and level of public accep-
tance, no new nuclear power stations will
be ordered during the remainder of this
century. There are differing opinions in
the USA on how the present problems

can best be overcome. One view is that
enough utilities have built nuclear reac-
tors within acceptable cost limits, and
have operated them safely and reliably, to
demonstrate that the difficulties with the
current light-water technology are not in-
surmountable, it is pointed out that the
changes that have been applied retroac-
tively to existing reactors at great cost
would be incorporated easily into new
designs. Pre-approval of siting, the licens-
ing of standardised designs, and a revi-
sion of backfitting regulations and hear-
ing processes, could go a long way
towards bringing the lead times in the
USA more into line with those of other
countries. To overcome management pro-
blems and high financial risks it is sug-
gested that companies be created ex-
pressly to build and operate nuclear
power plants. Such companies could be
owned by a consortium of electric
utilities, reactor vendors, architect/
engineers and/or constructors. Another
view is that there should be a return to
smaller, 400—600 MWe reactors to
reduce the overall capital investment and
financial risk. Yet another, more extreme,
opinion is that confidence in the current
LWR is so low that a radical cure is re-
quired. Those who subscribe to this view
suggest the development of the High
Temperature Gas-cooled Reactor (HTGR)
or the Process Inherent Ultimate Safety
(PIUS) reactor concept.

Yugoslavia. The country's first nuclear
power reactor began commercial opera-
tion in 1983. In November, 1981 a Social
Compact on the Development of Nuclear
Power was drawn up. It did not specify
the number of reactors required nor the
total capacity of the program but called
for a national plan and a uniform pro-
cedure for tenders among the various
electric utilities in the country. A recent
review of progress by Jugel, the Associa-
tion of Yugoslav Electric Utilities,
reported that organisational and institu-
tional problems are the main causes of
delays in implementing the program.
Another issue is siting. Each of the six
republics is pressing for local siting,
although it appears to be generally
agi aed that the first of the series of reac-
tors will be built at Prevlaka in Croatia. A
call for architect/engineering consultants
for this unit was made in mid-1984. It has
been estimated that 5 to 6 GWe of install-
ed nuclear generating capacity will be
needed by the year 2005. The preference
seems to be for reactors of about 1000
MWe constructed as joint ventures bet-
ween two or more regional utilities.



Centrally Planned Countries
The centrally planned countries ex-

cluding China, have an overwhelming
technical influence from the USSR and
this is reflected in the types of nuclear
power reactors utilised. In addition to the
use of nuclear power reactors, the USSR
is undertaking an extensive program of
nuclear generated district heating. Three
main types of plant are planned: a stan-
dard nuclear power plant (AES), a nuclear
co-generation plant (ATETZ), and a nuclear
heat-only plant (AST). Steam is already be-
ing supplied, essentially for hot water
heating, to residential and industrial
users close to the Beloyarsk, Chernobyl,
Kursk, Novo Voronezh and Kola nuclear
power stations. The first ATETZ station,
consisting of two VVER-1000 reactors, is
under construction near the city port of
Odessa, and the fir°* AST units are being
built in the cities of Gorky and Voronezh.
Nuclear district heating is also planned
for Czechoslovakia, Germany (DR),
Poland and Bulgaria.

Bulgaria. Two VVER-1000 reactors are
being built at Kozloduy, where four
VVER-440 units are already operating.
Plans for a second station were confirm-
ed in March 1984 when a Soviet-Bulgarian
agreement was signed for the construc-
tion of four VVER-1000 reactors at Belene,
on the Danube. The first of these units is
expected to be in operation by 1990. Site
preparation is also reported to have
started for a 300 MW nuclear process and
district heating reactor to supply the
Sofia area. Feasibility studies for a se-
cond such unit are believed to have been
completed.

China. China has large coal and hydro
resources but they are often far from in-
dustrial centres. The intention therefore is
to install about 10 GWe of nuclear
generated power by the end of the cen-
tury. Because China has no national grid
and the integration of large generating
units would be difficult in some parts of
the country, a 300 MWe PWR has been
designed. The first station using reactors
of this type is being built at Quinshan for
operation in 1989. The reactor vessel has
been ordered from Mitsubishi Heavy In-
dustries of Japan.

Other firm plans include the construc-
tion of two 900 MWe PWRs in Guangdong
Province which would supply South
China and Hong Kong. An order for these
reactors was expected in 1984 but there
have been delays in the approval of the
joint ownership arrangements. The Hong
Kong government finally approved the
plans at the end of 1984. Another two 900

MWe PWRs are to be built in east Jiangsu
Province. Tenders for the supply of these
reactors are expected to be invited in the
near future. Construction of a third 900
MWe PWR station is scheduled to start
before 1990. This station will be located
near Jinzhou, Bo Hai Bay in Liaoning
Province.

Cuba. Construction of a USSR sup-
plied nuclear power reactor has been
rumoured for some years, but reliable in-
formation has been difficult to obtain. It
has now been confirmed that two
VVER-440 reactors are being built near
Cienfuegos. The first unit is scheduled to
be in operation by the end of 1987. More
than 5700 workers, including 270 advisers
from the USSR and Bulgaria, are said to
be employed at the construction site.

Czechoslovakia. Most new coal
resources are high cost being at depth or
in areas where mining is difficult. The
policy therefore is to expand the nuclear
power program rapidly and keep the
dwindling coal reserves for other uses.
Despite the high priority being given to
nuclear power, delays are being ex-
perienced at all construction sites. The of-
ficial target is to have a nuclear installed
capacity of 11 GWe (twelve VVER-440S
and six VVER-1000s) by the year 2000.
Four VVER-440s are now in operation and
eight are being built. One VVER-1000 is
under construction, two are on order and
sites have been identified for another five.

Czechoslovakia is also expanding its
nuclear manufacturing capability and has
started producing vessels and com-
ponents for the VVER-1000 design, in
addition to the VVER-440 which it exports
to other Comecon countries. Up to 1990,
20 VVER-440 reactors will be made, of
which 11 will be for Germany (DR),
Hungary and Poland. Seven VVER-1000
reactors are also scheduled for comple-
tion, five of which will be delivered to
other Comecon countries.

The main sources of nuclear district
heating to the year 2000 will be
Czechoslovakia's 12 planned VVER-440
reactors. A lower-power version of the
USSR designed AST-500, rated at 300
MW, is being designed and the first units
are scheduled for use in the Ostrava
region by 1995 and the Bratislava region
by 2000.

Germany (DR). Five nuclear power
reactors are in commercial operation. It
had been planned to have at least ten
more in operation by 1990 but this is not
now feasible. Only six reactors are under
construction and the operating dates of
the last two have slipped to 1991 and
1992.

Preliminary plans for nuclear district
heating call for adding AST-500 reactors
to the five existing heating networks.

Hungary. The country's first nuclear
power reactor, a VVER-440 unit at Paks,
went into commercial operation in 1983.
Unit 2 began generating its first e'ectricity
in 1984. Two other units are being con-
structed at the same site and are due to
start operating before the end of 1986.
Between 1990 and the year 2000, the Paks

station is to be expanded by the addition
of three VVER-1000 reactors. Nuclear
power stations, presumably containing
VVER-1000 reactors, are planned to be
built at Biske and Bukkabrany after 2000.

Poland. Poland is the least advanced
of the eastern European countries in the
development of nuclear power. Although
a goal of 8.5 GWe by 1990 was set in 1975,
site work on the first nuclear power sta-
tion, at Zarnowiec, did not begin until
1981. Site difficulties, as well as Poland's
financial crisis and political turmoil, have
added delays. The station, which is plann-
ed eventually to contain four VVER-440
units, is not now expected to be in opera-
tion until the mid-1990s. The current pro-
gram also calls for the building of two
other nuclear power stations, each with
four VVER-1000 reactors, at Kujawy and
Warta.

Poland has no firm long-term nuclear
district heating program. However,
preliminary plans call for the construction
of a VVER-1000 ATETZ plant near Warsaw
by 2000 and for Krakow and the Silesia
region early in the next century. AST
units, with capacities of 300 MW to 500
MW, may also be built after 1990.

Romania. In 1978 plans were announc-
ed to construct 16 Candu reactors by the
year 2000. More recent statements in-
dicate that a total of only ten may be con-
structed. At Cernavoda, where the first
four units are to be built, work is reported
to have accelerated significantly since
supplier concerns regarding financing
were resolved in mid-1983. The reactor
building walls have been completed for
two units and foundation work has
started on the third. In 1982 it was an-
nounced that agreement had been reach-
ed with the USSR for the supply of three
VVER-1000 reactors for a site in Moldavia.
There has been no further mention of this
station.

USSR. The USSR has 42 nuclear power
reactors in commercial operation. There
are 40 under Construction and specific
sites have been named for a further 31
units. To support this large program a
reactor fabrication plant, Atommash, has
been built near Volgograd to serve as the
main assembly line for the VVER-1000
reactor series. The plant, originally due to
be in operation in 1980, will ultimately be
capable of producing eight complete
units per year. The first reactor to be built
using 'flow-line technology' for the stan-
dardised VVER-1000 design achieved in-
itial criticality in November 1984. The
technology refers to the delivery of com-
plete factory-made components at the
construction site and the use of specialist
teams moving from site to site to gain the
maximum benefit from the standardisa-
tion of design. The reactor, at
Zaporozhe, has been built in four to five
years whereas earlier VVER-1000 units
have all started operation several years
behind schedule. This indicates that the
production problems are being resolved
and that the aim of bringing 10 GWe per
year into service in the latter half of the
1980s, may now be achieved in the early
1990s. D
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4 Nuclear Reactor
Development:ts
I.F. Scurr

The wide range of nuclear reactor
types is now dominated by the light water
moderated and cooled reactor, fuelled by
low-enriched uranium-235 (2.5 to 5.0%).
Light Water Reactors (LWR) account for
88% of the world's installed nuclear elec-
tricity generating capacity. The percen-
tage will increase with the completion of
plants on order and under construction.
The LWR using pressurised water as
coolant, the Pressurised Water Reactor
(PWR), has continued to gain market
share at the expense of the LWR using
boiling water coolant, the BWR. The
distribution of reactor types in operation
is shown in Figure 3. Two advanced types
under development are included in the
category 'others'; they are the High
Temperature Reactor (HTR) and the Fast
Breeder Reactor (FBR).

Because construction costs of nuclear
power plants are not linear with output,
plants have been increased in size to gain
from economy of scale. Whereas a
decade or more ago the average
capacity/unit in Western World countries
was 300 MWe. with some 600 MWe units
beginning to appear, manufacturers
quickly turned to 900 MWe units and
followed with 1100—1300 MWe units.
Even larger reactors, 1450 MWe, are being
planned. Nuclear power has developed
along similar lines in the Comecon coun-
tries. The standard 440 MWe PWR
(VVER-440) has been replaced by the 1000
MWe (VVER-1000) in the USSR, although
the VVER-440 is still being built in other
Comecon countries. The USSR is also
building 1000 MWe and 1500 MWe
graphite channel BWRs (the RBMK-1000
and RBMK-1500) and it is said that a 2400
MWe version is being planned. The
distribution of size of reactors for
Western and USSR designs is illustrated
in Figure 4.

Of particular importance to capital
cost reduction has been the standardisa-
tion of components and the use of
modules, e.g. increasing the number of
heat removal loops as heat output in-
creases but using identical components
to the smaller output plant. Several
manufacturers are trying the reverse of
this process by reducing the number of
loops, to provide small nuclear plants (300
MWe) for the developing countries,
though none have yet been sold.

Reactor designs are now being in-
fluenced by the desire to reduce still fur-
ther the already low radiation dose to
plant operators, particularly during
maintenance, reduce radioact ive
discharges to atmosphere (particularly
krypton-85) and provide better access-
ibility both for maintenance and eventual
dismantling of the reactor.

Light Water Reactors
The LWR has become much more

complex than originally envisaged. In the
USA. modifications and changes to
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designs resulting from new or amended
regulations have led to a complicated ar-
ray of controls and instrumentation, aux-
iliary cooling systems and other safety
devices, many of the new components be-
ing added on, rather than incorporated in-
to the design. A review of several typical
1000 MWe PWR facilities, has shown that
40% of the 30 000 to 40 000 valves could
be eliminated by taking advantage of the
changes in knowledge and functional re-
quirements that have occurred since the
systems were originally designed. A na-
tional program has been launched to pro-
duce, within five years, a detailed re-
quirements document specifying the
design of simplified, standardised LWR
plants (PWR and BWR). Japan, which has

Paluel nuclear power station. France (EDF-
REC)
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Gas Cooled,
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FIGURE 3 WORLD INSTALLED NUCLEAR GENERATING
CAPACITY BY TYPE OF REACTOR, 30 July 1985

USSR Designs Western World Designs

75

260
O
re
"45

0

£30
a
E
•?1 5

•

-

•

-

.

Fl,

—

, P, , n
<400 401-500 501-900 901-1200 >1200

250

2200
o

8 150
o:
*o
£100

E
= 502

0

Under construction I I
In operation [ ~ j

•

r—i

<250 251-500501-900901-1
, R

200 > 1200
Reactor Size in MWe Net Reactor Size in MWe Net

FIGURE 4 NUMBER AND SIZES OF COMMERCIAL REACTORS



Takahama nuclear power station. Japan
(Kansai) (JAIF)

systematically improved and adapted
LWR design to local requirements (the
first reactors to incorporate fully the first
stage of development went into operation
in 1984), also plans to introduce standard-
ised advanced LWR designs (A-PWR and
A-BWR) by 1988 for operation in the early
1990s.

Standardisation. In the mid-1970s
France decided on rapid expansion of its
nuclear power program which had been
based on a standardised 900 MWe PWR
design since late 1969. The size of the
program, which included the construction
of 34 units (26 with a capacity of 900 MWe
and 8 of 1300 MWe) within ten years,
favoured serial production. France now
has one of the most successful nuclear

Country (Number of reactors) Average construction time

All Liqht Water Reactors (15) 72 months
71 months
59 months
71 months
82 months
94 months

Germany (FR)(1)
yl

USA (3)

All Light Water Reactors (19) 82 months
65 months
49 months

107 months
121 months

All Light Water Reactors (18) 88 months
67 months
53 months

117 months
97 months

115 months

All Light Water Reariors (41)

69 months
45 months
96 months

113 months
136 months

FIGURE 5 • TRENDS IN AVERAGE CONSTRUCTION
TIMES FOR LIGHT WATER REACTORS

Note: Time is measured from start of construction to grid connection and averaged over number
ol units. (Source: IAEA Bulletin. December 1984)

power programs in the world. Successive
governments have supported the program
which now totals thirty-four 900 MWe
units and twenty 1300 MWe units. In addi-
tion, as mentioned in Chapter 3, an order
for the first reactor of a planned 1450
MWe series was authorised in 1984. All
the units are scheduled for operation by
1992.

The production of reactors in standard-
ised series offers two important advan-
tages; the specia.lisation of production
facilities and enhanced quality and
development of the product. Standardisa-
tion also facilitates plant licensing pro-
cedures and results in lower production
and construction costs. The risk in
building large numbers of similar
production-line units is that a defect in
the design cr manufacture of a compo-
nent in one unit is automatically present
in others. French experience has shown
that the increased effect of quality
assurance in batch production reduces
the chance of this happening but, in such
an event, standardisation makes it possi-
ble to concentrate engineering staff and
maintenance teams on the problem
which can then be rectified quicker than
would a variety of problems on differing
reactor systems. Standardisation does
not mean discarding technological im-
provements. All the findings of research
and operating experience are amassed
and incorporated into the design of the
following sets of the series which,
although in full continuity with the
preceding set, may display major
technical and/or economic im-
provements. The result is a series of
largely standardised plant units where
reactor systems are gradually upgraded
in steps as new technical knowledge
becomes available.

Several other countries have adopted
a policy of standardisation of the PWR.
Such standardisation measures ac-
celerated the licensing procedures in the
Federal Republic of Germany in 1981 (the
convoy system) to the extent that permits
were granted in 1982 for the construction
of three almost identical 1300 MWe
PWRs. In Italy three identical, two-unit
nuclear generating stations are to be built
based on a standardised 1000 MWe PWR
design. Korea (RO) has completed studies
for a locally developed 900 MWe PWR to
be built after the country's twelfth reactor.

Construction Times. Reduced con-
struction times for nuclear power plants
are vital to the economics of nuclear units
in competition with fossil fuelled plants.
The higher capital cost of nuclear plant,
inflation and interest rates during the con-
struction period can adversely affect the
nuclear choice. Construction times have
been increasing (Figure 5) especially in
the USA where, in many cases, manage-
ment shortcomings in construction and
quality control, licensing delays, and
regulatory changes requiring alterations
in design after construction has started,
have impaired labour productivity.

Material requirements have also in-
creased. The construction materials for a
new PWR, per kWe installed, increased
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between 1971 and 1982 by a factor of 2.75
for concrete, 2.4 for cabling, 6.2 for work
hours of craft labour, and 7.1 for work
hours of non-manual field and engineer-
ing services.

In other countries, construction times
have been stabilised or even reduced.
Standardisation, the use of multiple unit
sites and industrial specialisation (e.g.
only a single pressure vessel and a single
turbo-generator manufacturer) and a con-
tinuity of orders have enabled France to
reduce the average construction time for
a 900 MWe series reactor to about five
years, and that of a 1300 MWe series
reactor to about six years. Many
measures for reducing construction times
have been put into practice in Japan. The
average construction time for the four
nuclear power reactors which achieved
initial criticality in that country in 1984
was about four years, well within the 54
month construction time that Japanese
electricity utilities have been aiming for.
Construction of the three 1300 MWe
PWRs which were granted construction
permits in the Federal Republic of Ger-
many in 1982 is reported to be on
schedule. A construction time of six years
is expected. Past difficulties in the USSR
have been related to the creation of a
manufacturing and supply base
necessary for such a large construction
program. These difficulties are slowly be-
ing overcome and, in addition to develop-
ing flow-line techniques for the manufac-
ture of the VVER-1000 design, the USSR is
introducing improvod construction
techniques. The first reactor to benefit
was connected to the grid in December
1984. It was reportedly built in four years.

Load-Following. In the past, nuclear
power plants have been operated as 'base
load' stations (i.e. required to deliver the
maximum amount of power whenever on
line) while the hourly, daily or seasonal
variations in network demand are met by
oil-fired power plants, gas turbines, hydro
plants or coal-fired plants. In some coun-
tries nuclear power now constitutes such
a high proportion of total generating
capacity that much effort is devoted to
adapting PWR output to variations in grid
demand (load following). A new reactor
control mode, called the grey mode or G
mode, has been developed in France. This
uses grey rod clusters absorbing fewer
neutrons than the previously used black
rods and servo-actuated for fast response
to grid demand. The new control rods are
already in commercial operation at
several French plants and are being
backfilled at others. In a demonstration
of remote control and load-following at
the Tricastin nuclear power station, the
electrical power was reduced from 900
MWe to 450 MWe in less than 10 minutes
(at 5% of full power per minute). The
power was held at a reduced level for half
an hour with frequency control, the power
level slipping to 370 MWe because of a
decreasing power demand. The reactor
was then taken up to 820 MWe in less
than 8 minutes (a power ramp of nearly
6% per minute). After another pause, the
reactor was brought up to 945 MWe.
14

Operating Performance. If nuclear
power plants are base loaded, perfor-
mance can be adequately measured in
terms of capacity factor (load factor),
defined as the amount of electricity
generated over a period as a percentage
of the amount that would have been
generated had the unit been operating at
full power. Care should be taken when
comparing capacity factors from different
sources. Full power is sometimes taken
to be the reactor designed power and at
other times as the turbine nameplate
rating or the maximum power at which
the reactor is licensed to operate.
Although the capacity factor is still a
valuable economic indicator, showing the
return on investment, it is not an ade-
quate indicator of technical performance

Bruce nuclear power station, Canada
(Atomic Energy of Canada Ltd)

for a reactor which may be available but
not fully utilised under load-following
operation. In such cases the technical
performance can best be measured by
the availability of the plant. Unfortunately,
internal reporting systems differ and com-
parison of performance using published
availability factors is not always possible.
In some countries, the availability factor
is based on estimates of available energy,
i.e. the amount of energy the unit would
have been able to produce during the
period (whether or not it was called upon
to do so) as a percentage of what would
have been produced at full power. In other
countries, availability/unavailability is
reported as the percentage of time that
the unit is on/off line.

The performance of nuclear power
plants has been variable and the factors
influencing performance have not been
easily resolvable. Although it can be
shown that performance has generally
been better in some countries than
others, and some electricity utilities have
done better than others, variations have
occurred in similar plants built by the
same manufacturer or operated by the
same utility or across national boun-
daries. The relatively poor performances
of some LWRs ha\e taken time to
diagnose and rectify but most have been

improved to a level of over 65% capacity
factor. Eight countries achieved over 70%
in 1984. This figure is comparable with
fossil fuelled stations of similar size
operated in the same country. The causes
of unavailability of nuclear power plants
have been shown to be very similar to
those of fossil fuelled plant, i.e. failures in
heat removal and transport systems
(pumps and heat exchangers) and turbo-
generators.

Nuclear aspects of performance have
generally been very good with fuel ele-
ment failure less than 0.01% and radioac-
tive leakages rare. Significant progress in
extending fuel burnup, together with im-
proved fuel management procedures, has
facilitated the use of longer operating
cycles. Energy extracted/tonne of fuel ir-
radiated has gradually increased and the
current level of 30 000 megawatt days per
tonne (MWd/t) is expected shortly to be
raised to 40 000 MWd/t and can be raised
further.

Heavy Water Reactors
Heavy water moderated and cooled

reactors (HWR) using natural uranium
fuel are marketed by Canada as the Can-
du reactor. They have about 5% of the
reactor market, mainly in Canada and
developing countries (Argentina, India,



Super-Phenix FBR. France (Cogema)

The advanced gas-cooled reactor (AGR), a
low enriched uranium oxide fuelled
graphite moderated reactor developed by
the UK from the Magnox reactor, has had
technical problems in design and
development. Ten units ordered between
1965 and 1970 have experienced major
delays in construction and operation. The
problems are gradually being resolved.
Two other twin unit stations, under con-
struction since 1980, are reported to be on
schedule for 1988 completion. It is not
clear whether further AGRs will be built.

High Temperature Reactors
The high temperature reactor (HTR) is

a development of the gas-cooled graphite
moderated reactor which uses enriched
fuel homogeneously dispersed in the

Republic of Korea and Romania) which
view its natural fuel cycle, and high
availability with on-line refuelling, as more
than offsetting its higher capital cost
(reactors with on-line refuelling can have
a 10 to 15% higher capacity factor than
other reactors). The Candu reactor has an
excellent safety record. The possibility of
a high local construction content and
local fuel manufacture are attractive addi-
tional features. The first two Candu reac-
tors built at the Pickering Nuclear Power
Station in Canada are undergoing
replacement of the 6 m long by 10 cm
diameter Zircaloy-2 (almost pure zir-
conium) tubes which contain the fuel
bundles under pressure. They are being
replaced by zirconium-niobium tubes and,
following inspection and analysis of
similar tubes in Pickering 3, it has been
announced that post-1971 Candu
pressure tubes can be expected to
operate reliably for many years.

Gas-Cooled Graphite
Moderated Reactors

The gas-cooled, graphite moderated
natural uranium fuelled reactors (GCR),
designated Magnox in the UK, continue to
operate successfully in the UK and
France although they are no longer built.

moderator and hence is physically
smaller and capable of using a variety of
fuels without major design changes. A
commercial prototype, Fort St. Vrain, has
been operating in the USA and another
prototype in Germany (FR) is undergoing
testing prior to commercial operation. The
high temperature output ( ~ 1000 C) of
these reactors should enable them to find
a commercial niche (e.g. for steel produc-
tion) but probably not this century.

The successful marketing of the HTR
requires that reprocessing facilities be
developed for the unique fuel, consisting
of fuel particles coated with silicon car-
bide (for fission product retention)
homogeneously dispersed in a graphite
matrix. Significant progress has been
achieved in Germany (FR) where non-
radioactive fuels have been successfully
reprocessed.

Fast Breeder Reactors
Although natural uranium resources

are now estimated to be much larger than
envisaged in the 1950s, the original argu-
ment for developing the fast reactor is
still valid. Nuclear energy, as a long term
contributor to the world's energy supply,
will eventually need a more resource effi-
cient reactor system. The fast reactor, by
utilising depleted uranium from enrich-

ment plants and plutonium from spent
fuel, would provide the option of exten-
ding the economic use of nuclear power
from several decades to many hundreds
of years.

Several countries have major fast reac-
tor programs. A number of experimental,
demonstration and industrial scale plants
are in operation or in various stages of
construction or planning (Table 3). The
French program is the most advanced
with Super Phenix I, the Western World's
first commercial-size prototype fast reac-
tor, due for operation in 1986.

As experience has accumulated, fast
reactor designs have converged towards
a standardised well developed system
with well understood and predictable pro-
perties. Two basic concepts, the pool and
the loop, are used in the design of present
day fast reactors. The advantages and
disadvantages of the two design con-
cepts appear to be finely balanced
although preference appears to be turn-
ing towards the pool design. Both
designs have primary and secondary
sodium coolant systems and sodium to
water heat exchangers (Figure 6).

The pool concept incorporates the
primary pump and intermediate heat ex-
changer within the primary vessel. This
concept provides high integrity against
loss of coolant by having vessel penetra-
tions above the sodium level. The large
mass of sodium (1800 tonnes in the case
of the Russian BN 600 reactor) within the
containment vessel also reduces thermal
shocks and slows down changes during
both normal and abnormal operating con-
ditions. The latest fast reactors in opera-
tion or under construction in France, the
United Kingdom and the USSR use this
design concept.

With the loop concept, the primary
pumps and intermediate heat exchangers
are in vessels separate from the core.
Fast reactors under construction or plan-
ned in the Federal Republic of Germany
and Japan use the loop design.

One of the main problems has been
the development of reliable equipment for
sodium circuits, including circulation
pumps and sodium/water steam
generators. The steam generator is the
major weak link. BN 350 in the USSR,
Phenix in France and the PFR in the
United Kingdom, have all had steam
generator problems. Water is the final
fluid in the system for the operation of the
turbo-alternators and the heat ex-
changer/steam generator between
sodium and water has proved to be a
major problem. Sodium reacts violently
with water. Instrumentation has been in-
stalled for early detection of leaks. Cir-
cuits are also protected by rupture discs
and surge tanks. The problem has been
transformed from a safety to an
economic one.

The fuel cycle has a central role in the
commercialisation of the fast reactor. The
time between fuel discharge and return to
the reactor as fresh fuel should be as
short as possible to minimise the overall
(in-core and out-of-core) fuel inventory
and maximise the fuel doubling time.
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Irradiated fuel discharged from a reactor
still generates significant heat and is
highly radioactive. Whereas LWR fuel is
stored for three years before reprocess-
ing, it is intended to reprocess fast reac-
tor fuel within one year and have it back in
the reactor within eighteen months
(allowing four months each for reprocess-
ing and refabrication). An experimental
fast reactor (EBR-II) which has operated in
the USA since 1963, is notable for having
an integral pyrometallurgical reprocess-
ing and refabrication plant to provide an
integrated fuel cycle for its metal fuel. An
extension of this concept is that of fast
reactor 'parks' whereby a number of units
with a total electrical capacity of 5—10
GWe would be grouped, together with a
reprocessing plant, a fuel fabrication
plant and a waste treatment plant. There
would be no necessity for transport of
fresh or spent fuel or of waste between
plants, and there would be many other ad-
vantages including safety, safeguards,
etc.

Fuel cycle costs can only be estimated
at present. Although indications are that
reprocessing and refabrication costs
originally, on a per kg basis, may be 5—20
times greater than for the LWR, the view
on a kWh basis is more optimistic
because of:
• higher burnup of fuel (100000—

150000 MWd/t compared with
30 000—45 000 MWd/t for LWRs);

• higher fuel rating (150 kW/kg metal ox-
ide (MOX) compared with 35 kW/kg
MOX for LWRs);

• higher thermal efficiency (40% com-
pared with 30% for LWRs).
This should be acceptable because

the fast reactor has no natural uranium
supply or enrichment costs. Projections
by French and United Kingdom groups
suggest that when several commercial-
size fast reactors are operational in the
early part of the next century, fast reactor
fuel costs will be 90% of those of the
LWR.

As with LWRs, capital costs will differ
from country to country because of varia-
tions in labour costs, safety re-
quirements, interest rates, etc. Super
Phenix I will have taken eight to nine
years to build at a cost of just over twice
that of a French LWR of the same
generating capacity. However, French
LWRs now being built are standardised
second generation plants whereas Super
Phenix I carries the high costs of a proto-
type. Based on the experience gained in
the construction of Super Phenix I, ways
are claimed to have been found which will
save on plant and material in the Super
Phenix II series. These savings, and those
obtained through replication of reactors
plus improved performance to 1500 MWe,
with no appreciable increase in the
physical size of the plant, are expected to
reduce the capital cost to below 1.6 times
that of a French LWR. All fast reactor
designers (France, USSR, UK and USA)
foresee fast reactor capital costs, per
kWe installed, eventually reaching within
10—20% of that for LWRs. The disadvan-
tage of the higher capital cost has always
16

TABLE 3
MAJOR FAST BREEDER REACTOR DEVELOPMENT SCHEDULE

(Early Experimental Breeders are not shown In this Table)

REACTORS POWER SCHEDULE

MWth MWe 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

FRANCE
Rapsodie 40
Phenix 605 270
Super Phenix I 3000 1242
Super Phenix II 3600 1500

GERMANY (FR)
KNK 58 21
SNR 300 762 327
SNR 2 3420 1300

ITALY
PEC 118

JAPAN
Joyo 100
Monju 714 280
DFBR 2550 1000

UK
Dounreay 72 15
PFR 670 250
CDFR 3300 1250

USA
EBR II 62.5 20
Fermi I 200 66
FFTF 400

USSR
BR5 10 -
BOR 60 60 12
BN 350 1000 150
BN 600 1470 600
BN 800 2100 800
BN 1600 4200 1600
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been recognised and it is assumed that
the lower fuel cycle cost will lead to an
electricity production cost at least equal
to that of an LWR.

Plutonium generation in the fast reac-
tor is a contentious issue yet all current
thermal reactors which use natural or low
enriched uranium fuel produce large
quantities of plutonium. The greater the
uranium-238 content of the fuel, the
greater is the amount of plutonium pro-
duced per unit of irradiation. Thus we
would expect, and events bear out, that
Candu reactors (natural uranium fuelled)
produce more plutonium than LWRs (3%
enriched uranium-235), LWRs produce
more plutonium than fast reactors (15%
fissile Pu) and fast reactors produce more
plutonium than a research reactor like the
Australian research reactor HIFAR (75%
enriched uranium-235). The net plutonium
output of a fast reactor is only one quarter
to one half that of a thermal reactor of the
same electrical output. Alternatively, the
fast reactor can be operated to consume
more plutonium than it produces keeping
the material in excess of immediate
needs to a minimum. In the extreme case
the blanket could be omitted and replac-
ed.with heavy metal reflectors making the
fast reactor the supreme plutonium in-
cinerator.

Plutonium Recycle
Plutonium has long been regarded as

an alternative reactor fuel. Indeed, more
than 25% of the heat generated in an
LWR results from the fissioning of
plutonium produced within the fuel during
the operation of the reactor. The spent
fuel contains plutonium and unused
uranium-235, the relative amounts depen-
ding not only on the type of reactor but
also on the length and intensity of the
radiation. About 30 t of spent_fuel, with a
plutonium content of 200 —"250 kg, is
discharged each year from a 1 GWe LWR.
Plutonium discharged from existing reac-
tors and reactors under construction will
grow rapidly over the next decade or so to
more than 100 t/a. Countries with large
thermal reactor programs and without
significant uranium resources (such as
France, United Kingdom, Germany (FR)
and Japan) had planned to use the
plutonium to fuel a new generation of fast
reactors, not now likely to appear in com-
mercial numbers until the next century.
The problems and cost of spent fuel
storage and safeguarding the ever in-
creasing inventory of plutonium are
therefore important issues.

In the USA, plutonium recycle was
stopped by the 1977 political decision to
defer indefinitely commercial reprocess-
ing as an initiative to reduce the risk of
proliferation. Few other countries see this
measure as a solution to the proliferation
problem; as time passes, the radioactivity
of the spent fuel decreases so that it is
more readily treated and becomes more
liable to diversion.

Plutonium and uranium recycling in
LWRs has been successful ly
demonstrated in several countries. No
operational problems have arisen in reac-

tors with mixed plutonium/uranium oxide
(MOX) fuel making up to 30% of the core.
The European nations (Belgium, France,
Germany (FR) and Italy) who had chosen
LWRs but lacked major indigenous
uranium resources have been at the
forefront in research and development.

Electricite de France (EOF) has recent-
ly decided to recycle plutonium in its
PWRs. The first reload of mixed-oxide fuel
containing 8 tonnes of heavy metal (HM)
will be placed in one of EDF's 900 MWe
PWRs at the end of 1987. A second 900
MWe PWR will receive an MOX reload in
1988, and two more in 1989 when EOF in-
tends to recycle approximately 32 t HM.

In 1980 the electricity utilities in the
Federal Republic of Germany decided on
a program of thermal recycling of all ex-
cess plutonium which is not needed for
immediate use in fast reactors. Accor-
dingly, a total of 21.5 t HM (incorporating
600 kg of fissile plutonium) of MOX fuel
has been fabricated over the last four
years. It is planned that an additional
17 t HM (472 kg fissile plutonium) of fuel
will be fabricated in 1986 and a further
10—20 t HM (300—600 kg fissile
plutonium) in 1987—90.

Japan is developing an advanced ther-
mal reactor (ATR) which can be con-
figured to accept a range of compositions
of plutonium and uranium-235 coming
from reprocessed LWR fuel. An ATR,
named Fugen (165 MWe), began opera-
tion in March 1979 and is to be followed
by a 600 MWe reactor of the same type
scheduled for operation in the early
1990s. In a separate program MOX fuel
elements are being tested In LWRs.

Claims have been made for and
against recyle of plutonium on economic
grounds. These are considered marginal,
depending as they do on estimates of the
future costs of reprocessing, natural
uranium and enrichment. Individual coun-
tries are likely to consider plutonium
recycling more in relation to waste
management policies, national economic
balances, indigenous energy resources
and safeguards.

In the absence of more advanced
plutonium fuelled reactors, the use of
plutonium in LWRs is expected to in-
crease. However, recycle in today's LWRs
provides only minimal conservation of
resources and the degradation of the
fissile content of the plutonium with the
number of recycles makes it only an in-
termediate measure. The large stocks of
degraded plutonium that will arise will re-
quire that it be used as fuel in some other
reactor type. The fast reactor is the one
best suited for this purpose. Plutonium
recycled in a thermal reactor loses little of
its effectiveness as fuel for a fast reactor.

Decommissioning
The decommissioning of nuclear

facilities is not new to the nuclear in-
dustry. Although no large power reactors
have been dismantled, several prototvr>~
and experimental reactors have oeen
decommissioned. Proven processes are
available for the decontamination of pip-
ing systems, components and structures.
The problems associated with power
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reactor decommissioning are expected to
be mainly related to demolition, transport
and disposal of large unwieldy sections
of radioactive metal and concrete
resulting from the dismantling of reactors
larger, and with a higher residual radioac-
tivity, than those dismantled in the past.

Several alternative approaches to
decommissioning have been proposed,
based on three main options which have
been given different titles and vary slight-
ly in scope from country to country, as
follows:
• Stage 1 (also known as mothballing,

safe storage and SAFSTOR) — This
stage is the period immediately follow-
ing final shutdown in which the
nuclear fuel is discharged and all
radioactive fluids and waste are
removed from the site. Some non-
radioactive components may be
disassembled and removed but the
plant is essentially left intact.
Surveillance, maintenance and securi-
ty requirements are similar to those
under normal plant operation.

• Stage 2 (also known as entombment
and ENTOMB) — The installation is
reduced to the minimum size possible
without penetration into the most
highly radioactive or contaminated
areas. Generally, all structures and
systems outside the containment are
decontaminated to unrestricted
release levels. The remaining non-
releasable items are confined within
the containment which is then inter-
nally reinforced for a long term
storage. The residual structure would
normally occupy only 5-10% of the
original area of the plant. Surveillance,
security and maintenance continue
but at reduced levels compared with
those required under Stage 1.

• Stage 3 (also known as dismantling,
greenfielding and DECON) — In
decommissioning to this stage, all
plant, components, and materials are
removed and the site can be released
for redevelopment or for general use
by the public. There is no further re-
quirement for surveillance.
Combinations of the options are possi-

ble, the choice depending to a con-
siderable extent on features specific to
the plant in question. Stage 1 is, by itself,
impractical. Original planning in the
United Kingdom was to complete Stage 2
and place a mound over the residual
structure. Views are now more in line with
those of other countries that completion
to Stage 3 is the only acceptable final
solution.

In an evaluation of the alternatives it is
necessary to consider not only the extent
of decommissioning but also the
timescale within which the objectives are
to be achieved. If the objective is to
release the land for unrestricted use it
may be decided to complete Stages 1, 2
and 3 as an ongoing project within 10 to
15 years of shutdown. However, the
radiological problems associated with
dismantling are greatly alleviated by the
rapid decline in activity over the first 30 to
50 years (depending on the type of reac-
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tor) after shutdown. There are therefore
considerable practical and economic ad-
vantages in deferring Stage 3 for up to 30
years or longer (although it should be
noted that after 100 years the radioactivity
levels would decline only very gradually
so t.^at there would be very little benefit in
furt'her deferral). Because suitable sites
for nuclear power plants are valuable
assets, it is likely that the sites will be re-
used. In such cases it may be decided to
complete Stages 1 and 2 within 7 to 10
years of shutdown but defer Stage 3 for
up to 30 years or longer.

Decommissioning costs will vary ac-
cording to the type of reactor, the stage of
decommissioning chosen, and the

Work on decommissioning the Windscale
AGR, UK (UKAEA)

timescale selected. Although costs can
only be estimated at the present state of
experience, it is clear that they will be very
site-specific. The general figure of 10 to
15% of the cost of new construction
which is often adopted can be very
misleading, especially in the case of US
reactors owing to the wide range of US
construction costs.

Decommissioning of commercial-size
reactors has commenced oi is at an ad-
vanced stage of planning in the USA,
United Kingdom, France and Germany
(FR). The 60 MWe PWR at Shippingport
(USA) is scheduled to be dismantled by
the first quarter of 1990 at a current
estimated cost of US$98 million. The
Shippingport reactor vessel is almost the
same size as a modern large power reac-
tor vessel. The experience gained at Ship-

pingport will also be valuable in that the
reactor vessel is to be removed and ship-
ped off site in one piece. In the United
Kingdom, the 33 MWe Windscale pro-
totype AGR is being dismantled at a 1984
estimated cost of £40 million.

The US Nuclear Regulatory Commis-
sion (NRG) has recently proposed a ruling
which would require electricity utilities
and licensees to assure funds for decom-
missioning based either on a facility-
specific cost estimate or on an amount
prescribed by the regulations. The
amount proposed is US$100 million (1984
dollars) adjusted for inflation at a rate
twice the change in the Consumer Price
Index. Some people within the nuclear in-
dustry feel that a more realistic figure
would be US$120 — 170 million. U



5 Economics of
Nuclear Power
I.F. Scurr

Generating costs and forecasts of the
costs of new power stations are
calculated and presented in many dif-
ferent ways. Each method of calculation
has its use and each yields a diffefent
answer. Some forecasts of nuclear
generating costs include the cost of reac-
tor decommissioning and final waste
disposal, others do not. Future cost
calculations in current money give a dif-
ferent quantitative answer to those using
constant money. Unfortunately, costs are
often quoted without due reference to the
method of calculation or the purpose for
which they were evaluated. This has led
to confusion and intense argument about
unit power costs from nuclear plants.

It has long been recognised that the
capital cost of nuclear power plants is
significantly higher than that of coal/oil-
fired plants (capital cost of nuclear ~ 65%
of power costs, whereas for coal it is
~35%).The initial capital cost advantage
of coal/oil-fired units is offset by the lower
fuel cost of nuclear power units.

There are three commonly used
methods of calculating generating costs;
each has several variants:
• Annual costs/unit of electricity

generated are published by utilities
worldwide, and are frequently quoted
when comparing stations in operation.
This method, although of interest to
accountants, is inappropriate for an in-
vestment decision defending as it
does on the operating and fuel costs
for the particular year and spread out
over the units of electricity sent out in
that year. Whether capital borrowing
should be included at historic or cons-
tant value and whether the discount
rate should be positive or negative are
interesting accountancy debating
points.

• Costs of future generation are pro-
duced from time to time by govern-
ment departments, utilities and by in-
dependent economic analysts. Most
calculations use some form of present
value, levelised cost, or lifetime
generating cost in which income and
expenditure, discounted to some com-
mon date, must be matched. It is

generally conceded that discounted
levelised costs in real terms provide
the best basis for inter-fuel com-
parison of plants operating under
equivalent conditions. However,
levelisation throughout the lifetime of
the plant raises the natural difficulty of
forecasting. The resultant cost
estimates will depend on the ground
rules used and the assumptions
adopted (e.g. plant economic lifetime,
discount rates, equilibrium load fac-
tors, construction times, etc). Calcula-
tions are often made against a range
of assumptions where specific input
parameters are regarded as being par-
ticularly uncertain. For example,
calculations are normally performed
for a range of assumed load factors or
a range of discount rates in order to
test the sensitivity of the conclusions.

• The levelised cost technique can be
taken a stage further by analysing how
the introduction of one or more new
power plants of different or the same
type influence the total generating
cost of the grid network. This method
acknowledges that power stations
have dif ferent operational
characteristics and they must be op-
timised to provide a minimum overall
cost. The electrical grid consists of
plants of various sizes, ages, efficien-
cies and fuels. Even where there is
zero growth in demand for electricity it
can be economically attractive to
replace old inefficient plants if a net
cost advantage arises. Additional
assumptions have to be adopted for
the future growth of the system, pat-
tern of future station construction and
net fuel savings made possible by
reduced use of older and less efficient
plant.
A comparison of costs between coun-

tries is not advisable because costs de-
pend very much on local conditions. For
instance, the capital costs of nuclear
units may differ because of such factors
as design requirements, siting conditions,
plant size, labour productivity and
material costs. The cost of electricity
generated by a coal-fired plant is very sen-
sitive to the price of delivered coal and
therefore to the source of the coal, the
siting of the plant and to transport costs.
The cost of coal-fired generation can also
be influenced by the extent of measures
taken to control atmospheric pollution,
measures very likely to be extended in the
future.

Neither nuclear nor coal-fired plants
can be said to provide cheaper electricity
in all circumstances. Individual situations
need to be assessed a"d investment deci-
sions made only after consideration of
the whole electrical system. However, it is
important to know whether and under
what circumstances nuclear power can
produce electricity cheaper than that
generated from coal. The comparative
economics of nuclear and coal-fired sta-
tions is strongly influenced by several im-
portant uncertainties, the apparent ad-
vantage of one method of generating
electricity over the other depending very

much on the validity of the assumptions
considered appropriate. Reactor con-
struction lead time assumptions range
from 6 to 16 years, capacity factors from'
65% to 80%, and reactor economic
lifetime from 20 to >;0 years.
• Construction times — Capital costs

constitute the u'?minant portion of
total nuclear electricity costs. Capital
costs have been exacerbated in the
USA by changing licensing regulations
and decreasing labour productivity.
Nuclear prospects improve if lead
times (and hence interest charges) are
reduced by standardisation of designs
and by co-locating several reactors on
single sites with common services.

• Capacity factors — The capacity
factors for large nuclear and coal
generating plants are now similar in
most industrialised countries, with an
edge being held by nuclear. Higher
capacity factors favour nuclear plants
more than coal-fired plants because
nuclear costs are generally insensitive
to fuel costs and the higher carrying
charges associated with nuclear in-
vestment can be spread over a larger
number of kilowatt hours generated.

• Fuel costs — The competitiveness
of nuclear power is very dependent on
the future price of coal. Nuclear and
coal fuel costs increased significantly
from 1973 to 1982, with coal fuel costs
increasing more rapidly than nuclear
fuel costs. Although the cost of fuel for
fossil-fuelled plants has now levelled
off in response to the low price of oil,
most forecasts predict that coal prices
will increase in the longer term.

• Plant economic lifetime — Estimated
economic lifetimes of nuclear plants
are gradually being extended. This
lowers the cost/unit of electricity over
the life of the plant. Some forecasts in-
clude an estimated cost for interim
additions in order to extend the life of
plant.
The official published generating

costs in countries with nuclear power pro-
grams show that nuclear generated elec-
tricity is, and will continue to be, as cheap
or cheaper than electricity produced by
fossil-fuelled stations. Using a simple set
of standardised assumptions and na-
tional estimates of future plant perfor-
mance, capital and fuel costs, the OECD
has presented estimates' of the levelised
generating costs (in 1981 values) for
plants coming on line in 1990 in Japan,
the USA and eight member countries in
Europe. For Japan and the eight Euro-
pean countries it was calculated that
nuclear power would have a cost advan-
tage ranging from 29% (Netherlands) to
75% (France). In the USA, nuclear and
coal competitiveness depended on the
region considered, breaking even on
average.

1 The Costs of Generating Electricity in
Nuclear and Coal-fired Stations (A
report by an Expert Group) - OECD-
NEA, Paris, 1983 D
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6 Nuclear Power
Projections
I.F. Scurr

Forecasts, although essential for plan-
ning, require frequent updating to match
changing conditions. The latest AAEC
projections of installed nuclear capacity,
at January 1985, are given for the Western
World in Table 4 in three categories,
'high', 'best' and 'low'. Projections in the
'high' category represent the continuation
of programs consistent with announced
plans, but bearing in mind the likely con-
straints and demonstrated capacity of
each country to achieve its aims. The
'best' projections are considered to be the
most likely to be achieved in the time
frame. The 'low' projections assume a
significantly reduced rate of nuclear
power growth arising from the existence
of considerable restraints on the develop-
ment of nuclear power.

The revised projections are lower than
those predicted by the AAEC in 1983 and
are equivalent to a slippage of about 5
years in the overall program. The current

TABLE 4
AAEC PROJECTIONS

OF INSTALLED NUCLEAR CAPACITY

IN THE WESTERN WORLD, GWe (Net)
1990 1995 2000 2005 2010 2015

High 303 381

Best 293 334

Low 273 304

477

398

334

651

508

390

822

636

469

996

761

548

'best' estimate for the year 2000 is 398
GWe, whereas the 1983 estimate was 472
GWe. For the year 2010, the 'best'
estimate is 636 GWe, compared to 737
GWe estimated in 1983.

The 'best' projections for individual
Western World countries are given in
Table 5. These projections have been used
to derive the requirements for uranium
and fuel cycle services discussed later in
this report.

Allowance has been made for reactor
retirement after 30 years from the date of
commercial operation. France is a special
case in this respect because about 25
GWe of nuclear capacity will be due for
retirement between 2010 and 2015. For
the 'best' projection it was assumed that
there would be no overall growth in
French nuclear generating capacity dur-
ing this period; all reactors entering ser-
vice would replace retired nuclear plants.

The US nuclear power program has the
potential to affect the estimated values
for the Western World more than any
other country. No new orders have been
placed in the USA since 1978 and none
are expected until the uncertainties
associated with nuclear power in that
country have been resolved. To that end, a
national program has been launched to
simplify and standardise light water reac-
tor technology, to reduce construction
times to about six years, and to address
such issues as the difficulty of funding
new plants and the uncertainty of current
licensing requirements. Although the con-
struction program is expected to regain

TABLE 5
AAEC 'BEST PROJECTIONS OF NUCLEAR CAPACITY FOR

INDIVIDUAL COUNTRIES AND GROUPS,
WESTERN WORLD, GWe (Net)

(Based on data available at 1 January 1985)

Argentina
Austria
Belgium
Brazil
Canada
Denmark
Egypt
Finland
France
Germany (FR)
Greece
India
Indonesia
Iran
Israel
Italy
Japan
Korea (RO)
Mexico
Netherlands
Pakistan
Philippines
Portugal
South Africa
Spain
Sweden
Switzerland
Taiwan
Turkey
UK
USA
Yugoslavia
Others'1'

Western World
OECD

1984

0.9
0.0
3.4
0.6
8.1
0.0
0.0
2.2

31.5
13.5
0.0
1.0
0.0
0.0
0.0
1.3

19.0
1.8
0.0
0.5
0.1
0.0
0.0
0.9
3.8
7.4
2.9
4.0
0.0
9.9

67.7
0.6
0.0

181.1
171.2

1985

0.9
0.0
4.4
0.6
9.9
0.0
0.0
2.2

36.1
16.4
0.0
1.0
0.0
0.0
0.0
1.3

22.8
1.8
0.0
0.5
0.1
0.6
0.0
1.8
4.7
9.5
2.9
5.0
0.0

11.8
75.0
0.6
0.0

209.9
197.5

1986

0.9
0.0
5.4
0,6

10.1
0.0
0.0
2.2

37.9
17.6
0.0
1.2
0.0
0.0
0.0
1.3

22.8
2.7
0.0
0.5
0.1
0.6
0.0
1.8
5.6
9.5
2.9
5.0
0.0

11.8
86.6
0.6
0.0

227.7
214.2

1987

0.9
0.0
SA
0.6

11.4
0.0
0.0
2.2

43.1
17.6
0.0
1.2
0.0
0.0
0.0
1.3

23.7
3.7
0.0
0.5
0.1
0.6
0.0
1.8
5.6
9.5
2.9
5.0
0.0

12.3
97.3
0.6
0.0

247.3
232.6

1988

0.9
0.0
5.4
0.6

11.4
0.0
0.0
2.2

46.5
19.2
0.0
1.4
0.0
0.0
0.0
2.3

26.9
4.6
0.7
0.5
0.1
0.6
0.0
1.8
6.6
9.5
2.9
5.0
0.0

13.6
104.4

0.6
0.0

267.7
251.4

1989

0.9
0.0
5.4
0.6

12.2
0.0
0.0
2.2

49.9
19.2
0.0
1.4
0.0
0.0
0.0
3.3

28.3
6.4
0.7
0.5
0.1
0.6
0.0
1.8
7.5
9.5
2.9
5.0
0.0

14.2
106.7

0.6
0.0

279.9
261.6

1990

0.9
0.0
5.4
1.9

13.1
0.0
0.0
2.2

53.8
20.4
0.0
1.7
0.0
0.0
0.0
3.3

29.3
7.3
0.7
0.5
0.1
0.6
0.0
1.8
7.5
9.5
2.9
5.0
0.0

14.2
110.3

0.6
0.0

293.0
272.4

1995

1.6
0.0
5.4
1.9

14.8
0.0
0.9
2.2

65.5
24.2
0.0
2.1
0.0
0.0
0.0
7.0

37.5
8.5
1.3
0.5
0.1
0.6
0.0
1.8
8.5
9.5
2.9
6.8
1.5

15.2
112.5

1.6
0.0

334.4
307.2

2000

2.2
0.0
6.8
4.4

15.4
0.0
1.8
3.2

72.2
25.5
0.0
3.2
0.6
1.2
1.0

12.0
51.4
11.5
3.3
2.4
0.1
0.6
1.0
1.8

10.5
9.5
3.8

10.9
2.7

16.4
120.0

2.6
0.0

398.0
352.8

2005

3.0
0.0
8.0
6.0

19.0
1.0
4.0
4.0

80.0
35.0
0.0
5.0
2.0
3.0
1.0

18.0
62.0
16.0
6.0
3.0
1.0
2.0
2.0
4.0

15.0
11.0
5.0

13.0
4.0

24.0
145.0

5.0
1.0

508.0
436.0

2010

4.0
0.0
9.0
9.0

23.0
2.0
6.0
5.0

86.0
45.0

1.0
6.0
3.0
4.0
2.0

25.0
74.0
22.0
8.0
4.0
1.0
2.0
3.0
6.0

21.0
13.0
6.0

16.0
4.0

29.0
165.0

7.0
5.0

636.0
535.0

2015

5.0
0.0

10.0
12.0
26.0
3.0
8.0
6.0

86.0
55.0

2.0
8.0
4.0
6.0
3.0

30.0
85.0
26.0
10.0
5.0
2.0
3.0
5.0
8.0

27.0
15.0
7.0

20.0
5.0

34.0
225.0

10.0
10.0

761.0
626.0

(1) 'Other countries Include Algeria, Australia, Bangladesh, Chile, Iraq, Ireland, Libya, Malaysia, Morocco, New
Zealand, Norway, Peru, Saudi Arabia, Syria, Tunisia and Venezuela.
Most of these countries have at one time been reported as being Interested in nuclear power but no firm
plans exist They have therefore been assessed as a group and are included in the Western World total only.
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its momentum, there is little indication at
present of when this is likely to happen or
how successful the country will be in
reducing lead times. The 'high' projec-
tions for the USA were derived on the
assumption that electricity demand and
the success of the reforms will lead to
new reactor orders in the early 1990s and
that a few of the currently deferred units
will be completed. A total of 15 GWe has
therefore been added to the period 1995
to 2000. For the 'best' projection 8 GWe
was added during this period. For the
'low' projection it was assumed that elec-
tricity growth will remain low or delays in
implementing the reforms will occur.
Under those conditions no new reactors
are likely to enter service before the end
of the century but 4.5 GWe of nuclear
capacity could be retired from service and
several reactors under construction could
be cancelled. As shown in Table 6 the
values obtained with this rationale agree
reasonably well with projections made by
the US Department of Energy.

The 'best' projection for the OECD
group of countries is compared with the
OECD-NEA projection to the year 2000 in
Table 7. The 'best' projection for the world
is compared in Table 8 with the latest
IAEA projection to the year 2000.

The 'best' projections for individual
Comecon countries and China are given
in Table 9. Installation of nuclear

generating plant is being given high priori-
ty in these countries and the installed
nuclear capacities are expected to in-
crease significantly over the next 30
years. It is forecast however that Ifie
Comecon group will reach only about 60
GWe ('low' = 51, 'high' = 85) in 1990, as
opposed to a target of 100 GWe. The lower
value is expected because of continuing
reactor manufacturing and construction
delays. Recent indications are that the
problems are being solved and it is
estimated that 159 GWe will be installed
by the end of the century. Although this is
30 GWe less than projected by the AAEC
in 1983, the current estimates for the year
2010 are almost equal to the values
forecast in 1983.

The AAEC estimates of world installed
nuclear capacity are given in Table 10.
One of the most important determinants
of the growth of nuclear power is the
future demand for electrical energy. Elec-
tricity forecasts fluctuate over a period of
time, affected by pessimism in bad times
and optimism in good times. However,
because the choice of feasible generating
sources over the next 30 years is largely
restricted to coal or nuclear, the pro-
spects for continued growth of the
world's nuclear program appear to be
relatively firm. d

TABLE 6
COMPARISON WITH US DEPARTMENT

OF ENERGY ESTIMATES OF
INSTALLED NUCLEAR CAPACITY

IN THE USA, GWe (Net)

1990 1995 2000 2005 2010
AAEC

High 111 115 130 180 230
Bast 110 112 120 145 185
Low 100 105 105 120 145

USDOE11'
High 121 127 140 — —
Best 114 122 130 163 195
Low 112 113 110 — —

(1) Energy Projections to the year 2010 from US
Department of Energy DOE-PE-0029/2 (October
1983)

TABLE 7
COMPARISON WITH OECD-NEA

ESTIMATES OF INSTALLED
NUCLEAR CAPACITY IN OECD

COUNTRIES. GWe (Net)

1990 1995 2000

TABLE 8
COMPARISON WITH IAEA

ESTIMATES OF INSTALLED
NUCLEAR CAPACITY IN
THE WORLD, GWe (Net)

1965 1990 2000

AAEC
Best 272

OECD(1) 277

307 352

318 368

(1) Summary of Nuclear Power and Fuel Cycle
Data in OECD member countries, OECD-NEA,
Paris (March 1985)

AAEC
High
Best
Low

IAEA*1'
High
Low

260
241
222

273
253

387
352
324

398
366

712
561
463

725
485

(1) Nuclear Power: Status and Trends 1984, IAEA,
Vienna (1984)

TABLE 9
AAEC 'BEST PROJECTIONS OF NUCLEAR CAPACITY

FOR INDIVIDUAL COMECON COUNTRIES
AND CHINA, GWe (Net)

(Based on data available at 1 January 1985)

Bulgaria
China
Cuba
Czechoslovakia
Germany (DR)
Hungary
Poland
Romania
USSR
Comecon +

China

1984

1.6
0.0
0.0
1.2
1.7
0.4
0.0
0.0

22.5

27.4

1985

1.6
0.0
0.0
1.2
2.1
0.8
0.0
0.0

25.4

31.1

1986

1.6
0.0
0.0
2.0
2.5
0.6
0.0
0.0

27.3

34.2

1987 1988 1989 1990

2.6
0.0
0.0
2.9
2.5
1.2
0.0
0.0

31.6

40.8

2.6
0.0
0.0
2.9
2.5
1.6
0.0
0.6

35.6

45.8

2.6
0.0
0.0
3.3
2.9
1.6
0.0
0.6

40.4

51.4

3.5
0.0
0.4
3.3
3.4
1.6
0.0
1.2

46.4

1995

5.5
1.2
0.4
6.7
6.4
36
1.2
2.4

81.0

59.8 108.4

2000 2005

6.6 6.0
4.1 7.0
1.2 2.0
9.9 13.0
9.4 14.0
4.6 6.0
3.6 8.0
4.0 6.0

1 20.0 1 75.0

163.6 239.0

2010

8.0
10.0
3.0

15.0
17.0
8.0

13.0
8.0

230.0

312.0

2015

9.0
15.0
4.0

18.0
21.0
10.0
18.0
10.0

280.0

385.0

TABLE 10
AAEC PROJECTIONS OF INSTALLED

1990

High 388

Best 353

Low 324

1995

527

423

389

NUCLEAR CAPACITY IN THE WORLD, GWe (Net)

2000

712

562

463

2005

970

747

567

2010

1216

948

696

2015

1473

1146

826
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7 Uranium
Resources,
Production and
Requirements
J.M. Silver

World Uranium Resources
Uranium is not & very rare element in

the Earth's crust although it is only pre-
sent in rocks at a mean content of 2—3
parts per million. The level is similar to
that for arsenic, beryllium, molybdenum
and tungsten.

Estimates of major national resources
of uranium given in Table 11 are from the
Bureau of Mineral Resources Information
Release (Canberra, March 1985) prepared
by the Bureau's Uranium Resources
Evaluation Unit. Except for recent up-
dates for Australia, Niger and USA, the
estimates are from the report 'Uranium —
Resources, Production and Demand'
(OECD/NEA-IAEA Paris, December 1983).
This biennial report, commonly referred to
as the 'Red Book', is prepared by a Joint
Working Party of the OECD Nuclear
Energy Agency and the International
Atomic Energy Agency. The estimates ex-
clude China, certain Eastern European
countries and the USSR for which insuffi-
cient information is available.

Uranium resources are classified for
international comparison as 'Reasonably
Assured Resources' and 'Estimated Addi-
tional Resources'. These categories are
each divided into two recovery cost
ranges. Reasonably Assured Resources
in the lower cost range of up to
US$80/kgU (US$30/lbU3O8) can be equated
with mining 'reserves'. Estimated Addi-
tional Resources — Category 1 equates
with inferred or possible ore. Higher cost
ranges are sub-economic. The cost
ranges should not be confused with
market prices. The recovery costs refer to
the marginal production cost and exclude
past expenditures, provision for future in-
vestment, profit and taxation.

In 1970, the estimate of uranium
resources published in the Red Book was
2.4 million tonnes U. The current estimate
(Table 11) is 3.7 million tonnes U. The ma-
jor increase is in the low-cost Reasonably
Assured Resources (reserves). These have
more than doubled from 645 000 tonnes U
to 1 607 000 tonnes U. Significant in-
creases have occurred in Australia, Brazil,
Canada, Niger and South Africa.
Decreases have occurred in the USA and
Sweden. The increases are due to world-
wide programs of exploration together
with a higher cost range value in $ per kg
U for the low-cost category. Decreases
are due to increased estimates for pro-
duction cost (Sweden and USA) and
cumulative production (USA).

Australian Uranium Resources
Australia's low-cost Reasonably

Assured Resources (reserves) are 463 000
tonnes U. Australia therefore has the
largest uranium reserves of any Western
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World country. On a continental basis,
Africa with 540 000 tonnes U has 34%,
Australia 29% and North America 20% of
Western World reserves.

The resources and grades of the major
Australian uranium deposits, from
company-announced data, are given in
Table 12. Several of these estimates refer
to in-situ resources in contrast to tha
recoverable resources included in the
Reasonably Assured Resources category.
The Nabarlek deposit in the Northern Ter-
ritory has been completely mined and a
significant proportion of the ore has been
processed and exported or stockpiled for

TABLE 11
ESTIMATED RESOURCES OF URANIUM IN tonnes U

AS AT 31 DECEMBER 1984<1>

(From BMR Australian Uranium Resources, Canberra, March 1985)

Cost Range'2' to
USSBO/kg U

(USS30/lb U3O8)
Country

Algeria'5'
Argentina'5'
Australia'6'
Brazil"'
Canada'8'
France
Gabon
India
Namibia
Niger*9'
South Africa
Sweden
USA
Other Countries'11'

Total

Reasonably
Assured

Resources'^'

23400
16900

463000
130600
176000
56200
18700
31700

1 1 9000
170400
191000

2000
138500(1°>
70200

1607600

Estimated
Additional
Resources

Category 1(4>
.

6300
251000
73900

181000
26600

1300

4800
30000

283600
99000

300

30400
14700

1002900

Cost Range'2'
USS80-130/kgU

(USS30-50/lb U3OB)

Reasonably
Assured

Resources'3'

Estimated
Additional

Resources
Category l'4>

.

4000
63000

.

9000
11300

4700
10900
16000

.

122000
37000

300000'10'
52200

640100

.

.

126000
.

48000
6300
8300

14600
23000

.

48000
43000
52200
36600

406000

Notes:
(1) Data for countries other than Australia, USA and Niger
from Uranium-Resources Production and Demand, Joint
Report by the OECD Nuclear Energy Agency and the Interna-
tional Atomic Energy Agency (Pans) 1983. No estimates are
available for the USSR, Eastern Europe and China.
(2) USS per kilogram U is the accepted international method
of quoting uranium costs and prices. These cost categories
must not be confused with market prices; previous develop-
ment costs or profits are not included. USS80 per kilogram U
= USS30/lb U,0 approximately.
(3) Reasonably Assured Resources (RAR) refers to uranium
that occurs in known mineral deposits of such size, grade
and configuration that it could be recovered within the given
production cost ranges, with currently proven mining and
processing technology. Estimates of tonnage and grade are
based on specific sample data and measurements of the
deposits and on knowledge of deposit characteristics.
Reasonably Assured Resources have a high assurance of
existence and in the cost category below US$80/kg U
(US$30llb U,O,) are considered as Reserves.
(4) Estimated Additional Resources Category 1 refers to
uranium in addition to Reasonably Assured Resources that
is expected to occur, mostly on the basis of direct
geological evidence, in extensions of well explored deposits
and in deposits in which geological continuity has been
established but where specific data and measurements of
the deposits and knowledge of the deposits' characteristics
are considered to be inadequate to classify the resources as
RAR. Such deposits can be delineated and the uranium
subsequently recovered, all within the given cost ranges.
Estimates of tonnage and grade are based on such sampl-
ing as is available and on knowledge of the deposit
characteristics as determined In the best known parts of the
deposit or in similar deposits. Less reliance can be placed
on the estimates in this category than on Ihose for RAR.
(5) The national total published as mmable resources has
been adjusted by BMR for milling losses assumed as 10%
(6) Data for Australia compiled by BMR as at 31 December
1984.
(7) The national total published as in-sllu resources has
been 'djusted by BMR for mining and milling losses assum-
ed as 20%.
(8) The resources for Canada are reported as being mmable
at prices up to Can$130 per kilogram U and between
CanS130 and 200 per kilogram U.
(9) Uranium Supply and Demand Update OECD Nuclear
Energy Agency information release dated 19 June 1984.
(10) December 1983 estimates published by United Slates
Atomic: Energy Clearing House. Vol 10. No.40. October 1
1984
(11) Austria. Cameroon, Central African Republic, Chile. Den-
mark (Greenland). Egypt, Finland. Germany (FR), Greece. Ita-
ly, Japan. Republic of Korea. Mexico. Peru, Portugal.
Somalia. Spain, Turkey, Zaire



Ranger uranium mine. Northern Territory
(ERA)

future export. A major feasibility study of
the Olympic Dam deposit has been com-
pleted by the joint venturers WMC and BP
Australia Ltd, and production of gold is
planned to begin in 1987 to be followed by
copper and uranium in 1988.

World Uranium Production

World uranium production for 1984 is
estimated to be 38 000 tonnes U, continu-
ing the decline from the peak years of
1980 and 1981 (44 000 tonnes U).

The Western World produced about
777 000 tonnes U to the end of 1984. Of
this quantity, the USA produced 40%,
Canada 22% and South Africa 14%. The
remainder was produced mainly by
France, Niger, Namibia, Australia, Gabon
and Zaire in that order. Australia has pro-
duced about 3.5% of the total.

Canadian production of about 11 170
tonnes U in ,984 is 29% of the Western
World total. The increase from 8075 ton-
nes U for 1983 was mainly due to the first
full year's production from the Key Lake
Mine.

1 Retention pond 2
2 Retention pond 3
3 Retention pond 4
4 Waste rock dump
5 Ore stockpiles
6 Acid plant stack
7 Tailings dam

8 Yellowcake calciner stack,
precipitation drying and
packing area

9 Crushing are:.
10 Coarse ore stockpile
11 Borrow pit
12 Borrow pit
13 Mine pit
14 Low grade ore stockpile
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In the USA, production was about 5700
tonnes U continuing the sharp reduction
from the record production of 16 800 ton-
nes U in 1980. Mines and mills continued
to reduce or cease production owing to
low prices, lack of demand and rising
costs. Unconventional uranium produc-
tion continued to increase its share of
total production. Uranium recovered as a
by-product of phosphoric acid fertiliser
production together with in-situ or solu-
tion mining was about 30% of total
uranium production.

South African production (about 5700
tonnes U) has been reduced, owing to
lower prices and falling demand, from the
level of 6000 tonnes U/a maintained since

1980. Uranium is produced wholly as a by-
product of the mining and treatment of
gold (and copper) ores and their tailings
dumps. Buyer interest in South Afiican
uranium is limited, owing to world over-
supply and national/international concern
at trade with South Africa. Several mines
are reducing or ceasing uranium recovery.

Output (about 3500 tonnes U) from the
Rossing Mine in Namibia is also falling,
owing to national/international concern
about trade.

Niger produced 3276 tonnes U, from
the Akuta and Arlit mines. Production
was reduced from over 4270 tonnes U in
1982 owing to falling demand.

Deposit

Olympic Dam'2'

Jabiluka

TABLE 12
MAJOR AUSTRALIAN URANIUM DEPOSITS

Resources Ore grade State'1'
tonnes U % U3Oe

Company

305000 0.08 SA Western Mining Corp. Ltd
BP Australia Ltd

176000 0.39 NT Pancontinental Mining Ltd/Getty
Oil Development Co. Ltd

Ranger 100128

Yeelirrie

Beverley

Koongarra

Westmoreland

Officer Basin

Nabarlek'4'

South Frome Group

Ben Lomond

Lake Way

Mt Painter

Honeymoon

Maureen

Bigrlyi

(1)NT= Northern Territory

44500

13700

11300(3)

10200

8500

2100

4300

4000 (3)

3400

3200

2900

2500

1600

0.24

0.14

0.27

0.27

n.a.

n.a.

1.84

n.a.

0.24

0.11

0.10

0.15

0.12

0.34

; WA = Western Australia;

NT

WA

SA

NT

Q

WA

NT

SA

Q

WA

SA

SA

Q

NT

Energy Resources of Australia Ltd

Western Mining Corp. Ltd

Oilmin NL, Transoil NL.
Petromin NL, Western Nuclear

Denison Australia Pty Ltd

Queensland Mines Ltd & Partners

PNC Exploration (Aust.) Pty Ltd

Queensland Mines Ltd

Australian Associated Resources
and Partners Ltd

Minatome Australia Pty Ltd

Delhi International Oil Corp,
Vam Ltd, Westinghouse Electric

Oilmln NL and Partners

CSR Ltd, Mt Isa Mines Ltd,
Teton Australia Ltd

Getty Oil Development Co Ltd

Central Pacific Minerals and
Partners

Q " Queensland; SA = South Australia

(2) At Olympic Dam the uranium occurs with copper, gold and silver

(3) Refers to minable reserves not in situ resources as for the others

(4) AAEC estimate of remaining ore stockpile

TABLE 13

ESTIMATES OF
FUTURE URANIUM PRODUCTION (tonnes U)

Country
USA
Canada
South Africa

Namibia
Niger
France
Gabon
Others
Unknown

Sub total
Australia
Total (rounded)

1980(1)

16800
7145

6146
4042

4170
2634

1033

600
.

42570
156!

44130

1985

6000

12000
5000
3500
3000

2500
1000

1000
.

34000
4000

38000

1990

8000
12000

4500
4000
4000
2000
1000

1500
.

37000
6000

43000

2000

8000
12000
4500
4000

6000
1500

1000

3000
9000
49000
10000

59000

(1) Actual

France produced 3168 tonnes U and
Gabon 1000 tonnes U. Minor producers
were Argentina, Belgium, Brazil, India,
Japan, Portugal, Spain and Germany (FR).

Australian production in 1984 was
4390 tonnes U. The Ranger mine in the
Northern Territory produced 3202 tonnes
and the Nabarlek mine 1188 tonnes.

Estimates of future Western World
production are shown in Table 13. The
estimates are based on the current
reserves, costs of production and assess-
ment of long-term demand for uranium. It
assumes that supply and demand will not
be significantly affected by import and ex-
port restraints on trade either nationally
or internationally.

5.0

4.0

3.0

2.0

4 £1.5
e
'c
to
3 1.0
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0)
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~ Estimated additional resources USS80-
_ 130/kgU

Reasonably assured resources USS80-
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/
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Reasonably assured resources
<USS80/kg U /

/
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1 1 1

1980 1985' 1990 1995 2000 2005 2010

FIGURE? CUMULATIVE URANIUM
RETIREMENTS v. RESOURCES
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Ore concentration mill at I'Ecarpiere.
France

TABLE 14
ANNUAL URANIUM REQUIREMENTS*11 AAEC 'BEST PROJECTION'2'

('000 tonnes U)

Country 1984 1985

Argentina 0.1 0.1
Belgium 1.0 0.7
Brazil 0.0 0.1
Canada 1,3 1.2
Finland 0.4 0.3
France 5.2 6.3
Germany (FR) 2.3 2.3
India 0.2 0.1
Italy 0.3 0.2
Japan 3.1 2.8
Korea (RO) 0.6 0.6
Netherlands 0.0 0.1
South Africa 0.1 0.3
Spain 1.3 0.7
Sweden 0.9 1.5
Switzerland 0.3 0.4
Taiwan 0.7 0.7
UK 2.2 2.2
USA 12.7 14.4
Yugoslavia 0.1 0.0
Western Europe 138 14.5
Western World 33.0 35.1
OECD 30.8 32.9

199O 1995 2000 2005 2010 2015

0.1 0.2 03 0.4 0.5 0.7
0.6 0.8 09 1.1 1.0 1.2
0.1 07 0.9 1.4 1.1 2.0
1.5 1.8 2.1 2.1 2.4 3.0
0.4 0.3 0.7 06 07 0.8
7.8 9.0 88 80 9.5 10.5
3.2 2.5 2.7 4.8 5.7 6.1
0.3 0.3 04 06 0.9 1.1
0.5 1.4 1.8 3.0 3.7 3.6
3.8 5.7 6.5 7.7 8.9 9.2
1.1 1.5 1.7 2.5 3.2 3.1
0.1 0.4 0.3 02 0.6 0.7
0.3 03 0.6 0.9 1.0 1.4
1.1 1.4 1.8 2.1 2.8 3.3
1.1 1.0 08 10 2.2 1.5
0.2 0.5 07 08 1.1 0.7
0.7 1.3 1.9 1.9 2.2 2.5
2.6 1.8 2.4 4.0 3.3 3.2

16.5 14.3 17.1 23.1 27.6 35.5
0.0 0.3 05 0.6 1.4 13

17.9 19.6 21.8 27.7 34.2 36.1
42.5 46.2 55.4 72.0 87.6 101.0
39.7 41.0 47.0 59.9 71.8 82.3

(1) For Western World countries with major programs
(2) For equivalent nuclear power projections see Table 5

TABLE 15

COMPARISON OF ESTIMATES OF URANIUM REQUIREMENTS
FOR THE WESTERN WORLD ('000 tonnos U)

(Figures In brackets are % changes relative to corresponding AAEC 1985 estimates)

1984 1985

AAEC 'best1 (June 1985) 33.0 35.1

Uranium Institute
'most probable' (Sept 1984)

Nukem(June 1985)

NAC (April 1984)

NUEXCO (Dec 1983)

41.9

(+19)

38.3
(+9)

49.0 52.0
(+48) (+48)

37.7 40.4
(+14) (+15)

OECD-NEA(1) (April 1985) 32.3 33.6

1990 1995 2000 2005 2010 2015

42.5 46.2 55.4 7r.O 87.6 102

51.3 56.7
(+21) (+23)

43.3
(+2)

57.0 68.0 76.0
i+34) (+47) (+37)

40.7
(-4)

41.5 50.8 59.5 (1) OECD members only
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World Uranium Requirements
The AAEC estimates of the annual re-

quirements for uranium of individual
countries and groupings in the Western
World are given in Table 14. They are bas-
ed on the 'best' projections of installed
nuclear power capacity given in Table 5.
These AAEC estimates are compared in
Table 15 with those published recently by
other organisations. Although each
organisation has its individual assump-
tions on fuel characteristics and con-
sumption and nuclear power projections,
the annual totals for the Western World
are similar.

Estimates of cumulative requirements
are given in Table 16. Current reserves
are sufficient to meet cumulative con-
sumption well into the 21st century (see
Figure 7). There is good evidence from the
current level of Estimated Additional
Resources that with continued explora-
tion there will be significant additions to
future reserves. Projected rates of produc-
tion should also be readily able to meet
the estimated needs.

Uranium Market Review
Utilities with a surplus of uranium and

affected by the continuing high rates of
interest on borrowings remained as active
sellers on the spot and short-term market.
The spot price for uranium continued to
be at levels well below the cost of produc-
tion for many mines. There were further
closures of higher-cost mines in the USA
and reduction in output by mines in
Africa. New projects continued to be
delayed or suspended indefinitely. A
major proportion of world supply now
comes from a relatively small number of
large, lower-cost orebodies.

Annual cons>jmption is steadily in-
creasing so annual production and con-
sumption were in balance at the end of
1984. The spot and short-term market
prices continued to be below.US$20 per
pound U308 under the influence of a
world-wide inventory equivalent to at least
four years' annual consumption. New
longer-term major supply contracts were
above US$30/lb U3O8. The reduced pro-
duction levels should begin to have an up-
ward pressure on the short-term market
during 1986 particularly if trade em-
bargoes with South Africa include the
purchase of uranium. The longer-term
market should be aware that production
levels could quickly increase under the in-
fluence of higher prices. Therefore major
long-term contracts are likely to be
negotiated at prices close to the current
levels.

The US Department of Energy reported
an average price of US$39.43/lb U30B for
1984 deliveries by US producers to US
utilities. This is the weighted average bas-
ed on identifiable spot-prire sales and
market-price contract settlements. Higher
values (>US$47/lb U308) applied to
deliveries under floor-price contracts. The
average price for all domestic supply was
about US$37/lb U3Oa and the average
price of imports was about US$22.50/lb
U3Oa. Imports represented about 40 per
cent of deliveries to US utilities. Imports
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were mainly from Canada (65 per cent)
and South Africa (25 per cent).

Euratom reported that the average
price for 1984 deliveries under medium to
long term contracts was US$29.75/lb U308
compared to US$31/lb U30a for 1983. Spot
price deliveries averaged US$19.25/lb
U3O8 compared to US$23.25/lb U30a in
1983. Spot price deliveries were less than
10 per cent of a total of 11 000 tonnes U
delivered in 1984.

The average price for Canadian ex-
ports was US$30.40/lb U3O8 in 1983. Q

TABLE 16

CUMULATIVE URANIUM REQUIREMENTS-

AAEC 'BEST PROJECTIONS ('000 tonnes U)

1984 1985

USA 12.7 27.1

Western Europe 13.9 28.4

Japan 3.1 5.8

Western World 33.0 68.1

OECD 30.8 63.7

1990 1995 2000 2005 2010 2015

107 183 263 370 496 657

115 210 314 440 593 771

25.3 50.6 81.2 119 161 207

274 498 754 1083 1480 1960

256 461 683 959 1287 1680

TABLE 17
AAEC PROJECTED REQUIREMENTS FOR
CONVERSION SERVICES COOO tonnes U/a)

1984 1985 1990 1995 2000 20052010

USA

Western
Europe

Japan

Western
World

OECD

14.9

10.0

3.3

30.1

28.2

12

13

3

30

28

17

18

4

40

38

15

21

6

47

41

17

22

7

52

45

21

30

8

69

59

29

38

10

89

75

TABLE 18
COMMERCIAL CONVERSION PLANTS

Country

USA

Owner Location

Allied Metropolis,
Chemical Illinois

Sequoyah Fuels Sequoyah, Okla.

Canada Eldorado

France Comurhex

UK

Total

British
Nuclear
Fuels Ltd

Port Hope, Ont.

Pierrelatte

Springlields,
Lanes.

Capacity (tonnes/a)
Present Future

12700 no expansion

9100 no expansion

14700

12000 14000
(mid 1980s)

9500 as market
requires

58000



The AVLIS enrichment process — laser
experiment laboratory (CEA)

8 Uranium
Conversion

J.L Dowdell

In uranium conversion, the crude
yellowcake undergoes chemical process-
ing to achieve a high degree of purifica-
tion and to produce the compound
uranium hexafluoride (UF6) which is readi-
ly handled in the form of a gas in the
subsequent enrichment process.

About 90% of current and projected
nuclear power reactors are fuelled with
enriched uranium so the yellowcake has
to be . converted to UF6. Thus the
necessary conversion services are closely
related to uranium requirements, but
there is usually a time lag of nine months
between yellowcake production and UF6

production.

Conversion Requirements
The AAEC projections of requirements

for conversion services for the Western
World are given in Table 17, based on the
'best' projections for nuclear power pro-
grams to the year 2010.
World Conversion Plant Status

Conversion services are provided by
five commercial producers in the Western
World as listed in Table 18. Total installed
capacity is 58000 tonnes U per year
(t U/a) which is substantially in excess of
current requirements of about 30 0001 U/a,
and even of projected requirements of
52 000* t U/a in 2000.

Of the current" commercial producers
Eldorado Resources, Canada, is the only
one to have undertaken a major expan-
sion of capacity recently. The company
has constructed an 18000 t U/a facility
for the refining of U30e and its conversion
into U03 near Blind River, Ontario. It is

converted from UO3 to UF6 at Port Hope,
Ontario, where a new facility of 90001 U/a
has been built next to the existing
refineries. Canadian export policy dic-
tates that export of uranium must be in
the form of UF6. However, a number of ex-
emptions have been granted in the last
few years as a result of the current over-
supply situation. The exemptions are bas-
ed on the Canadian uranium upgrading
policy clause which allows exemptions

where Eldorado conversion services are
not commercially competitive. Uranium
producers have successfully argued that
Eldorado conversion prices do not allow
their product to achieve commercial com-
petitiveness with spot market prices for
UF6.

Comurhex, France, will shortly achieve
a moderate increase in capacity, expan-
ding its 12 0001 U/a plant to 14 0001 U/a
The remainder of the current commercial
producers have not announced any inten-
tion to increase capacity, although the
British Nuclear Fuels Ltd (BNFL) plant at
Springfields can readily be expanded if
market demand permits.

The Uranium Enrichment Corporation
of South Africa (UCOR) has constructed a
'commercial' size (5001 U/a) plant at
Pelindaba. However, the plant has been
placed on standby as the capacity is not
required.

Nuclebras of Brazil has deferred con-
struction of a 500 t U/a plant owing to
successive reductions in Nuclebras' in-
vestment budget. Brazilian electricity
utilities have contractual agreements
with Comurhex which meet current re-
quirements for UF6.

A number of companies operate
smaller scale pilot or demonstration type
plants for conversion to UF6. They are:
PNC, Japan (200 t U/a); Nuclebras, Brazil
(90 t U/a) and UCOR, South Africa.

Conversion Prices
Prices for refining and converting

uranium oxide concentrates (yellowcake)
to uranium hexafluoride because of the
depressed demand situation have been
held low and ranged from US$5.00 to
US$6.85/kgU during 1984. Spot market
purchase of natural UF6 on the secondary
market led to a discounted price range of
SUS2.2 to US$0.66/kgU for conversion ser-
vices. I—I

9 Uranium
Enrichment

J.L. Dowdell

World Enrichment and
Capacity Status

Four suppliers o.'fer separative work
services world-wide. They are USDOE
with two operating diffusion plants in the
USA; Eurodif with a diffusion plant
operating in France; Urenco with cen-
tr i fuge plants operating in the
Netherlands and the UK; and
Techsnabexport in the USSR.

USA. In the USA, completion of the
Cascade Improvement Program (CIP), and
the Cascade Uprating Program (CUP) in
1983 led to total installed commercial
enrichment capacity of 27.3 million
separative work units per year (MSWU/a).
However, the current over-supply crisis in
the US enrichment industry has resulted
in the 7.5 MSWU/a Oak Ridge diffusion
plant being placed on standby, and con-
struction of the centrifuge add-on plant at
Portsmouth being halted. The centrifuge
plant was planned for expansion from 2.2
MSWU/a (in 1988) to 13.4 MSWU/a, depend-
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ing on demand. European based in-
dustry has now captured approximately
50% of the Western World market for
enriched uranium, and the USA has an
oversupply of expensive product (an in-
ventory of approximately five years).

In an effort to become more com-
petitive with other commercial producers,
USDOE selected, in June this year, the
Atomic Vapour Laser Isotope Separation
(AVLIS) process as the technology for ad-
vanced uranium enrichment. The AVLIS
process was preferred to the gas cen-
trifuge process because of its superior
technical and economic potential. The
first AVLIS plant is planned for operation
in the 1990s.

Europe. In France, the first cascades
of the Eurodif plant at Tricastin came on
stream in 1978. The full nominal capacity
of this plant (10.8 MSWU/a), is available.
However, full production has not been
achieved owing to a surplus of separative
work previously contracted by the
shareholders from USDOE. The plant is
expected to operate at 65 per cent
(7 MSWU) rated capacity during 1985.
Eurodif is a multinational company
established in 1973, its shareholders be-
ing national bodies in France, Italy,
Belgium, Spain and Iran. Iran's
withdrawal from the company has been
the subject of litigation.

Urenco is also a European based sup-
plier of separative work services. Its
shareholders represent the interests of
UK, Germany (FR) and the Netherlands
and it operates under the Treaty of Almelo
of 1971. .Urenco operates demonstration
plants at Capenhurst, UK and Almelo,
Netherlands, each with a capacity of 0.2
MSWU/a. Urenco is also operating the
first sections of commercial plants at
each of these sites. At Almelo, plant
capacity totals 0.625 MSWU/a. At
Capenhurst, plant capacity totals 0.42
MSWU/a. The ultimate capacity of the
commercial plants at each of these sites
is likely to be 1.0 MSWU/a and will be
brought on line as demand increases.
Urenco is also constructing a 1.0 MSWU/a
plant at Gronau, Germany (FR). Achieve-
ment of initial capacity of 0.4 MSWU/a is
expected in 1986.

Other Capacity. The USSR has offered
services through its State Trading Com-
pany, Techsnabexport. Estimates of
capacity range from 7 to 10 MSWU/a. A
growing proportion of this capacity will be
required for nuclear power generation by
Comecon members.

Capacity under construction or plann-
ed for additional services is:
• Japan (PNC) — 0.25 MSWU/a in a

demonstration plant at Ningyo Toge
employing the centrifuge process.

• Japan (FEPC) — 1.5 MSWU/a to com-
mence operations in 1991 at Rok-
kashomura, Aomori, also using cen-
trifuge technology.

• South Africa (UCOR) — 0.3 MSWU/a
employing a South African developed
aerodynamic process. The plant is
under construction at Pelindaba and
scheduled for operation in 1987.

Argentina (CNEA) — 250 SWU/a
employing a diffusion technology and
constructed at Pilcaniyeu. The plant
was expected to achieve production
capability of 20% enrichment (for use
in research reactors) by 1984. Budget
reductions have delayed this achieve-
ment. It is now expected that, by the
end of 1985, the plant will produce low
enriched uranium (0.85% U235) for use
in a Heavy Water Reactor to extend
fuel burnup.
Brazil (Nuclebras) — 640 SWU/a
from a demonstration plant in
Resende using the German nozzle pro-
cess. An Initial operational capacity of

' ' '> '"•'•;• '•'.-'. Vv-''^- '• ':( TABLE19 .";•".• ' ••!':' /''' '<'' '•'."•
; GROWTH OF SEPARATIVE WORK CAPACITIES (MSWU/a)':; ;

(1) CNEAcapac
the above la

Company Country 1983 1985

USDOE USA 27.3 19.8
Eurodif France 10.8 10.8
Urenco Neth.. UK. 0.8 1.8

Germany (FR)

Techsnabexport USSR 7.0 7.0

Subtotal 45.9 39.4

UCOR South Africa
CNEA(1) Argentina
PNC /FEPC Japan
Nuclebras Brazil - 0.01
USDOE (Avlis) USA

Total 45.9 39.4

1990 1995

19.8 19.8
10.8 10.8

1.8 3.0

7.0 7.0

39.4 40.6

0.3 0.3

0.2 1.75
0.06 0.06

40.0 42.7 + Avlis

;;t \'\'
, »"i '.' ' »

Ity Is so small (250 SWU/a) relative to other plants that Its capacity does not v/arrant Inclusion in
ble. Rather, the fact Is noted that CNEA does have enrichment capacity

0.01 MSWU/a is expected to be achiev-
ed in 1985.
Growth of the world's separative work

capacity is illustrated in Table 19.
In addition to these enterprises,

research and development is undertaken
by the following companies:
• Steag, Germany (FR), which operates a

500 SWU/a pilot plant in Kalsruhe for
the development of the separation noz-
zle process.

• CEA, France, which operates pilot
plants for the development of the
chemical exchange (CHEMEX) pro-

Enrichment plant at Pierrelatte, France
(CEA)

28



Enrichment plant at Tricastin, France
(Eurodif)

cess at Pierrelatte and Saclay. CEA
also does laboratory research into
laser isotope separation processes,
molecular separation processes and
plasma separation processes.

• ASAHI, Japan, which operates a
laboratory scale chemical exchange
plant at Hyuga and is a.'so construc-
ting on the same site a 2000 SWU/a
pilot plant, expected to be operational
in 1986.

World Enrichment
Requirements

The AAEC projections of the enrich-
ment services requirements are shown In
Table 20 based on the 'best' projections
for nuclear power programs to the year
2015.

The committed commercial produc-
tion capacity of about 40 million SWU/a
(see Table 19) is sufficient to meet the
projected annual requirements to about
2000. Current excess installed capacity
and high product inventory levels have led
to operation of plants at less than full
capacity in an effort to reduce costs
which are associated with carrying high
inventory product levels, and in the case
of the USA, decisions to close plants and
pursue development of the AVLIS pro-
cess.

Increased market competition for
enrichment services has led to a number
of changes In marketing, and an accom-
panying reduction in SWU prices both for
long term contracts and in the secondary
market. The USA having had its market

share fall to about 47 percent during 1984,
now offers a new Utility Services Enrich-
ment Contract (USEC) to which most of
its US customers have converted. The
USEC offers flexibility in delivery
schedules and quantities, a minimum
contract period of 10 years, a ceiling price
escalated according to cost recovery
variables, and allows purchase of up to 30
percent of customer needs from other
sources. Eurodif responded quickly to the
terms of the USEC by offering a Flexible
Service Contract which is aimed at cap-
turing the 30 percent freed by the USEC.

The USEC's 'requirements'
characteristic has been the primary cause
of the reduction in volume of transactions
on the secondary market for enrichment
services during the first half of 1985 to
one third that of the same period in 1984.
Secondary market prices for enrichment
services are reported to have ranged from
SUS95—115/SWU for 1985 delivery for
USDOE original material certified as 'in
excess', and from $80—90/SWU for 1985
delivery for non-USDOE material or US
origin material not certified to be 'in ex-
cess'.

Long Term Contractual enrichment
services prices offered by USDOE during
the 1985 fiscal year were, SUS135/SWU
for USEC, SUS157/SWU for Requirements
Contracts and SUS153/SWU for Ad-
justable Fixed Commitment Contracts. It
is believed that European based enrich-
ment services suppliers offered prices ap-
proximately equal to that of the USEC
during this period. D
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$^"$'«'-V' • " " ' • ' TABLE 20 'ufc..; ='; , ,
Jps -̂*" *"" AAEC PROJECTED REQUIREMENTS FOR "' ' v"-\ ,-...,

ENRICHMENT SERVICES (millions SWU/a)

1984 1985

USA 10.3 10
Western Europe 9.7 10
Japan 3.1 2
Western World 24.2 23
OECD 23.0 22

1990 1995 2000 2005 2010 2015

12 12 14 18 21 28
12 16 19 23 28 33
3 4 5 6 7 9

29 35 44 54 67 82
27 32 38 47 55 68

' ',. I

"
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10 Fuel Fabrication
J.L Dowdell and J.M. Silver

The various reactor types, e.g. LWR,
OCR, AGR, and FBR, each have a unique
fuel design and the fabrication of fuel
assemblies requires specialised plant.
Typically an LWR fuel element assembly
consists of an array of 3.3 m long fuel
rods (16 x 16 for PWR and 8 x 8 for BWR)
held together by spacer grids along its
length and bolted or welded into a plate at
one end (see photograph).

Fuel Fabrication Plant Status
The status of fuel element manufac-

ture in the Western World is summarised
in the following sections under the types
of fuel produced.

A number of companies have plans for
increasing their capacities. They include
Conuar, Argentina; BN, Belgium;
Nuclebras, Brazil; CFC, France; ALKEM,
Germany (FR); FN, Italy; Enusa, Spain.

Enriched uranium oxide fuel. The de-
mand for oxide fuel is rising as the
number of operating nuclear power plants
(mainly LWRs) continues to increase.
Companies active in manufacturing oxide
fuels for LWR systems are shown in
Table 21.

BNFL is the only manufacturer of the
low enriched (^2% U 235) uranium oxide
fuel for the advanced gas cooled reactors
being installed and operated in the UK.

Natural uranium oxide fuel. Heavy
water moderated and cooled power reac-
tors using natural uranium oxide fuel are
in operation in Argentina, Canada, India,
South Korea and Pakistan.

Companies that produce natural
uranium oxide fuels are shown in Table
22.

Companies with firm plans for expan-
sion are CNEA and IDAE. Both Argentina
and India, like Canada, base their nuclear
power programs on Heavy Water Reac-
tors.

Natural uranium metal fuel. There are
no plans to build further gas cooled reac-
tors (OCRs). Thus the demand for the
GCR natural uranium metal fuel for
refuelling will probably stay at about 2000
t U/a during the lifetime of these reactor
systems. In Europe the nominal capacity
for the manufacture of metallic uranium
fuel amounts to 3535 t U/a.

Table 23 lists companies active in this
field.

Plutonium-bearing fuels. Plutonium
bearing fuels consist of prototype
Plutonium oxide fuel elements for fast
breeder reactors, and mixed oxide (UCy
Pu02) for thermal and fast breeder reac-
tors. The following companies manufac-
ture plutonium-bearing fuels on a small
scale.

CEA, France BN, Belgium
SIGN, France ENEA, Italy
Rockwell, USA ENI, Italy
PNC, Japan BNFL, UK
ALKEM, Germany (FR)

( See company listing in the Glossary for
full titles.)
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Significant programs in research and
development for mixed oxide fuel (MOX)
elements are now being carried out by
BN, CEA, SIGN. ALKEM and PNC. BN and
CEA, in an effort to promote MOX fuell-
ing, having formed a marketing company
to sell MOX for LWRs to fuel vendors. Q

One of the stages in the assembly of PWR
fuel rods (BNFL)

TABLE 21
MANUFACTURERS OF OXIDE FUEL FOR LWR REACTORS

...

Company'11 Country Current Capacity
(tonnes U/a)

Conuar Argentina 150
BN Belgium 17
FBFC Belgium 400
Nuclebras Brazil n.a.
FBFC France 600
CFC France 400
NB Germany (FR) 150
R8U Germany (FR) 700
Exxon Germany (FR) 300
IDAE India 24
Coren Italy 50
FN Italy 250
JNF Japan 756

Company'1' Country Current Capacity
(tonnes U/a)

MNF Japan 420
NFI Japan 365
KNFC Korea 10
INEN Mexico n.a.
Enusa Spain 100
Asea-Atom Sweden 400
BNFL UK 200
BSW USA 400
CE USA 275
Exxon USA 700
NFS USA na
W USA 1 000

(1) See company listing In the Glossary for full titles
n.a. = not available.



TABLE 22
NATURAL URANIUM OXIDE

FUEL CAPABILITIES

Company']' Country Current Capacity
(tonnes U/a)

CNEA
CE (Can)
CanGE
WCL
IDAE
PAEC

Argentina
Canada
Canada
Canada
India
Pakistan

n.a.
250
550
750
200
20

(1) See company listing in the Glossary
lor full titles n.a. = not available

TABLE 23
GCR FUEL FABRICATION

CAPABILITIES
Company'1' Country Current Capacity

(tonnes U/a)
BNFL UK 2500

SICN

CN

France

Italy

1000
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(1) See company listing In the Glossary
for lull titles

11 Spent Fuel
Treatment

J.L Dowdell and C.J. Hardy

The fissioning of nuclear fuel, which
provides the heat energy for the genera-
tion of electricity, also builds up fission
products which absorb neutrons. Spent
fuel is discharged from a reactor and
replaced when the combination of
neutron absorption by fission products
and the reduction in fissile content no
longer allows the nuclear chain reaction
to continue efficiently. The spent fuel an-
nually discharged from a 1000 MWe LWR
contains about 30 tonnes of uranium, one
tonne of fission products, 250 kg of
Plutonium and about 30 kg of other tran-
suranium elements: americium, curium
and neptunium.

Spent fuel may be directly placed into
retrievable long-term storage or
reprocessed. Retrievable storage allows
the option of eventual reprocessing.
However, several studies are under way in
the USA, Canada and Sweden to examine

TABLE 24
ANNUAL LWR SPENT FUEL ARISINGS

COOO tonnes heavy metal)

1984 1985

USA 1.7 1.7
Western Europe 1.3 1.3
Japan 0.5 0.5
Western World 3.6 3.6
OECD 3.5 3.4

1990 1995 2000 2005 2010 2015

2.6 2.6 2.5 2.9 3.8 4.5
2.4 3.1 3.4 4.3 4.8 6.0
0.7 0.9 1.2 1.4 1.6 1.8
6.0 7.1 7.8 9.8 11.8 14.7
5.7 6.6 7.0 8.5 10.0 12.2

TABLE 25
CUMULATIVE LWR SPENT FUEL ARISINGS'1'

('000 tonnes heavy metal)

1984 1985

USA 13.4 15.1
Western Europe 5.9 6.9
Japan 2.7 2.9
Western World 23.0 26.6
OECD 22.5 25.9

1990 1995 2000 2005 2010 2015

26.2 39.5 52.1 64.8 81.9 103.1
17.8 32.0 48.7 67.8 91.6 119.0
4.9 8.2 1.3.1 19.8 28.4 38.2

53.3 86.9 124.4 167.4 222.4 290.4
51.1 82.5 116.9 154.8 201.7 258.5

(1) Since commencement at nuclear power programs

the permanent disposal of spent fuel
elements. Reprocessing can remove the
fission products and allow recovery of the
residual uranium and plutonium.

Storage
Spent fuel storage comprises at-

reactor (AR) or away-from-reactor (APR)
storage. The fuel may be held in water
pools or, in the more recent development,
in a dry gaseous atmosphere as is the
case in the Wy I fa" Station in the UK. A
number of countries are investigating
alternative dry methods including surface
caisson storage, sub-surface caisson
storage, cask storage and vault storage.

Included in APR storage is that at cen-
tral reactor sites within a given region, at
specifically licensed facilities such as the
closed General Electric reprocessing
plant at Morris, Illinois (which was never
operated as a reprocessing plant), and
specifically planned APR facilities. The
average design capacity of these
specifically planned facilities is 1000 to
5000 tonnes U; they are to be built on a
modular basis which provides for expan-
sion as required.

A new concept in APR storage is inter-
national spent fuel storage, but no
facilities presently exist and no regula-
tions are in preparation. However, both
France and the UK have reprocessing
contracts which have required them to
store foreign source fuel. International
spent fuel storage initially requires a
volunteer host country which would put
forward criteria on safety, materials con-
trol, physical protection, site selection
and licensing procedures which must be
agreed to by any other participating coun-
try. There are no international guidelines
or regulatory procedures set down for the
storage of spent fuel. China has offered
to provide international spent fuel storage
to the year 2000. Although a Federal
Republic of Germany consortium, Inter-
Nuclear Services GmbH, has contracted to
be a sole agent for transporting European
spent fuel to China, there is no indication
that any utility has taken up the Chinese
offer.

Tables 24 and 25 show AAEC projec-
tions of annual and cumulative spent fuel
arisings based on the 'best' projections
for nuclear power in the Western World.

The OECD-NEA estimated, in its April
1985 edition of the Summary of Nuclear
Power and Fuel Cycle Data in OECD
Member Countries, that spent fuel
storage capacity (AR and APR) would in-
crease from 96 700 t HM (actual) in 1984
to 192000 t HM in 2000 compared with
cumulative arismgs of 138000 t HM in
2000. The increase would occur through
construction-of new facilities and closer
packing (re-racking) in existing facilities.
Current storage capacity covers total
OECD requirements and is also well in ex-
cess of AAEC projections of cumulative
arisings from the Western World (23 000
t HM in 1984 and 124 4001 HM in 2000). It
must be noted however that although
there is sufficient total AR storage to
meet arisings, storage periods have been
increasing and some reactor sites have
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already commenced re-racking to
maximise existing capacity. One reason
for the extension of interim storage
periods is that decisions on the
reprocessing/permanent direct disposal
options are being deferred. Permanent
direct disposal requires operation of a
commercial repository. It would not
appear that legislation governing, and
technical developments for the operation
of, these repositories is likely to be attain-
ed by the year 2000, even in Sweden and
Canada, the two countries that have ex-
pressed the greatest interest in this
option.

Reprocessing
The uranium and plutonium recovered

in reprocessing spent fuel can be recycl-
ed as mixed oxide fuel for light water
reactors or used to fuel fast breeder reac-
tors. Reprocessing and plutonium recycle
are regarded as essential parts of the
breeder fuel cycle by countries that have
reprocessing facilities.

The only commercial operating
reprocessing facilities in the Western
World, in France and the United Kingdom,
have international contracts for over 9000
tonnes of spent fuel together with their
domestic arisings. Spent fuel of USSR
origin from Finland and the Comecon
countries will be reprocessed in the
USSR. Small-scale facilities are operating
in India, Italy, Japan and Germany (FR).

Reprocessing Capability
In France, Cogema operates a 1200

t U/a uranium metal (GCR fuel) reprocess-
ing plant (UP1) at Marcoule. At La
Hague, Cogema operates a 400 t U/a
plant (UP2) for reprocessing LWR fuel.
The plant's capacity is to be scaled up to
800 t U/a. The additional capacity is
scheduled to be operational in the late
1980s and is to be used to fulfil domestic
contracts. Another reprocessing plant
under construction at La Hague, UP3A,
has a design capacity for LWR fuel of
800 t U/a and.is also expected to be
operational by the late 1980s. This plant is
to be used solely for foreign contracts.

At Sellafield in the United Kingdom,
BNFL is refurbishing a plant (B205) with a
reprocessing capacity of 1500—2000
t U/a for GCR fuel. BNFL also has under
construction at the same site, a multipur-
pose plant capable of handling AGR and
LWR fuel. The plant capacity is 12001 U/a
and is expected to be operational at
about 1001 U/a by 1990. The UKAEA has
a pilot plant operating at Dounreay,
reprocessing fuel from the FBR prototype
reactor at that site. BNFL has announced
plans to construct a demonstration FBR
reprocessing plant at Dounreay to sup-
port European FBR collaboration.

Belgoprocess, Belgium has a 60 t U/a
oxide fuel reprocessing plant at Mol. This
former Eurochemic plant commenced
operation in 1966 but was shut down in
1974 because it was found to be
uneconomic. The Belgian parliament has
approved reactivation of the plant. An in-
ternational industry group, SYBELPRO,
has estimated that the plant could be
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reactivated to resume operation in 1992
with a capacity of 120 t U/a.

PNC, Japan operates at Tokai Mura, a
2101 U/a (design capacity) demonstration
LWR fuel reprocessing plant. The plant
has an effective capacity of 1701 U/a and
has been shut down several times for
lengthy periods for major repairs. The
utility grouping, FEPC, in attempting to
achieve Japanese commercial capability
in all sectors of the nuclear fuel cycle,
plans to construct a commercial size
reprocessing plant of capacity 800 t U/a
by 1995.

TABLE 26
PLANNED REPROCESSING

CAPABILITIES FOR LWR FUEL
(tonnes U/a)

1985 1990 1995 2000

France 400 1600 1600(1) 1600(1)

UK - 100 1200 1200(1)

Belgium - - 120 120
Japan 170 170 970 970
India 100 100 100 100
Germany (FR) 35 33 85 85

Total'1' 705 2005 4375 4375

(1) Compare spent fuel arisings lor Western World
from Table 24

Fuel reprocessing plant at Marcoule,
France (Cogema)

IDAE, India has a 100 t U/a uranium
oxide reprocessing plant operating at
Tarapur. The plant can reprocess both
PWR and HWR fuel. HWR fuel from the
Rajasthan reactors is being processed.
IDAE has refurbished and reactivated its
Trombay plant which was decommission-
ed in 1972. The plant now reprocesses
fuel from research reactors. IDAE plans to
construct a 100" t HM/a reprocessing
plant at Kalpakkam.

GWK, Germany (FR) has had a pilot
scale reprocessing plant of 35 t U/a
capacity in operation at Karlsruhe since
1970. This was refurbished and recom-
menced operation in October 1982. DWK
plans a 350 t U/a plant for reprocessing
LWR spent fuel. It is expected that the



plant, to be sited at Wakersdorf, Bavaria
will be operational in the early 1990s.

ENEA, Italy operates a small mixed ox-
ide pilot plant of capacity 51 U/a at the La
Trisaia research centre and an LWR fuel
pilot plant of capacity 10 t U/a at Salug-
gia.

CNEA, Argentina, has almost com-
pleted construction of a 51 U/a LWR fuel
pilot plant. The plant is expected to be
operational in 1986.

Small oxide reprocessing plants (100
t U/a) are planned by Spain and Pakistan.

The AGNS plant at Barnwell, South
Carolina, USA, was placed on standby
owing to licensing difficulties during the
Carter Administration. The US Govern-
ment has been making budget authorisa-
tions for the maintenance of the facility.
Reprocessing received qualified political
approval in 1981 under the Reagan Ad-
ministration, but it would appear that
private industry is not interested in
operating the plant, given the uncertainty
regarding government policy and licens-
ing requirements.

The reprocessing capability for LWR
spent fuel in the Western World, sum-
marised in Table 26, is planned to in-
crease from 705 t U/a in 1985 to about
4375 t U/a in 2000. This can be compared
with the estimated arisings of LWR spent
fuel (see Table 24) of about 3600 t U/a in
1985 and 7800 t U/a in 2000. Therefore, it
must be concluded that less than half the
spent fuel arising up to 2000 will be
reprocessed, even assuming that the
presently planned plants come into pro-
duction on schedule. The remainder of
the spent fuel will be retained in
retrievable long-term storage at-reactor or
away-from-reactor. D

12 Radioactive
Waste Management

J.L Dowdell
(Compiled from material supplied by

J.M. Costello and K.D. Reeve)

Radioactive waste produced during
the operation of nuclear power stations
and nuclear fuel cycle facilities may be of
gas, liquid or solid form. It is categorised
as low-level, medium-level or high-level
depending upon radioactivity levels.

The basic objective in the disposal of
radioactive waste is the protection of man
and the environment from unacceptable
harm. In effect this means achieving a
sufficient degree of isolation or dilution of
waste so that any return of radionuclides
to the biosphere is at a rate and/or con-
centration sufficiently low as not to pre-
sent an unacceptable biological hazard.
Radioactive waste is managed by apply-
ing three principles:
• Dilution and dispersion of short-lived

or very dilute radioactive wastes. The
radioactivity may be reduced to accep-
table levels by dilution in the environ-
ment. Quantitative physical, chemical
and biological data and knowledge of
dispersion phenomena and reconcen-
tration factors at the specific disposal
site are essential.

• Concentration and containment of
long-lived radioactivity. This waste is
confined in specially engineered struc-
tures; thus uranium mill tailings are
disposed of into above-ground or sub-
surface retention systems, and it is in-
tended to dispose of solidified highly
radioactive waste from spent reactor
fuel by deep geological burial.

• Delay and decay storage of very short-
lived radioactive waste to permit its
decay into non-radioactive species.
These principles are applied separate-

ly or in combination, depending on the
nature and concentration of the radioac-
tivity in the waste, its toxicity, mobility,
radioactive half-life, and type of radioac-
tive emission (alpha-particle <* , beta-
particle /3, gamma-ray x or neutron).
These characteristics govern the choice
of management procedures to be
adopted.

Low- and Intermediate-Level
Waste

Waste with low- and intermediate-
levels of radioactivity is produced in a
variety of forms by commercial nuclear
power reactors, research reactors,
nuclear fuel cycle facilities, and from
medical, industrial and research uses of
radioisotopes. Because of its ra-
dionuclide content or physical form it
does not have the intense radioactivity
and high heat generation rate that
demands the unique management
measures necessary for high-level waste.
However, some of this waste which is
contaminated with long-lived alpha emit-
ting nuclides does have to be given
special attention to limit the rate of its
return to the biosphere.

Waste containing intermediate levels
of alpha-emitting long-lived materials, e.g.
Plutonium, is considered to require isola-
tion from the biosphere for longer periods
than can be accepted for the shorter-lived
beta/gamma emitters in the bulk of the
waste. Accordingly, countries producing
this type of waste, typically from
reprocessing plants, special fuel fabrica-
tion plants and research facilities, plan to
package the waste and dispose of it in
underground repositories, some of which
may also be designed to accept high-level
waste.

The tailings from the mining and mill-
ing of uranium ores constitute the largest
tonnages of solid low-level waste. Some
particularly bulky items can result from
the repair and decommissioning of
nuclear facilities.

In one year generation of 1000 MWe in
an LWR is estimated to produce about
300 m3 of conditioned, solid low-level
waste containing about 150 terabec-
querels of activity (5 x 103 curies), and the
nuclear fuel reprocessing plant a cor-
responding 30 m3 of solid waste, contain-
ing up to about 400 terabecquerels (10
curies).

The bulk of low-level waste is buried in
suitably sited shallow earth trenches. The
volume of this waste is often reduced by
compaction or incineration before
transport to the burial site.

Recent estimates of intermediate-level
waste arisings from LWR power genera-
tion and its fuel cycle per 1000 MWe
generated per annum, are about 7 m3 con-
taining about 7.5 petabecquerels of activi-
ty (2 x 10s curies), and 85 m3 of solid waste
from reprocessing of the spent fuel, con-
taining about 37 petabecquerels of activi-
ty (106 curies).

Intermediate-level waste contains
much the same beta/gamma emitting ra-
dionuclides as low-level waste but at a
higher level of specific activity such that it
requires shielding to permit safe handl-
ing. This type of waste has been disposed
of in shallow land sites in some countries
with provision of additional barriers, such
as encapsulation into concrete or
bitumen and addition of concrete linings
in the repository or provision of specially
engineered structures. The main alter-
native disposal route for this waste and
for low-level waste not placed in shallow
trenches is the use of dry abandoned
mines or mined cavities at depths of a
few hundred metres. One good example
of this practice was the Asse salt mine in
Germany (FR) which was used as a test
facility for low- and intermediate-level
waste from 1967 to 1978, and which
serves as a research and development
model for the new repository planned at
Gorleben.

The dumping of packaged low- and
intermediate-level waste, usually incor-
porated in concrete in steel drums, into
the deep ocean has also been practised
for several decades, and since 1975 under
an international treaty known as the Lon-
don Dumping Convention. Over the period
from 1967 to 1982 this practice was car-
ried out annually by a few European coun-
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tries at a site in the North Atlantic. Some
European countries opposed this practice
and several South Pacific nations also op-
posed the commencement of trial dump-
ing of similar waste in the South Pacific
Ocean proposed recently by Japan. No
disposal of waste has taken place in the
North Atlantic since 1983 pending the
reports of several inquiries which are be-
ing carried out by the IAEA, the OECD-
NEA, the London Dumping Convention
members and the UK government.

High-Level Waste
High-level waste (HLW) consists of the

fission products and unwanted actinide
elements contained in spent nuclear fuel.
It is produced, usually as a concentrated
liquid, in the reprocessing of the fuel.
However, spent fuel itself can be regard-
ed as HLW if a decision is taken to
dispose of it without reprocessing.

Some countries are examining in
detail the encapsulation of spent fuel in a
suitable form for ultimate disposal in a
deep underground repository, e.g.
Canada, Finland, Sweden, Switzerland
and the USA. The most recent and detail-
ed proposal was provided by Sweden in
1983 (the KBS-3 proposal). In this, about
6000 t U in spent fuel is planned to be
stored initially for 40 years, and then en-
capsulated in thick copper canisters, with
voids filled with lead and sealed. The en-
capsulated fuel would be placed in a min-
ed repository at a depth of 500 m in a
granite formation. Detailed studies of the
potential ways in which the waste might
return to the biosphere and the resulting
levels of radiation in future years, were
also described.

Reprocessing of the fuel discharged
yearly from a 1250 MWe LWR gives rise to
20 m3 of high-level waste concentrate.
This is a solution of nitric acid which con-
tains about 0.5% of the uranium and
Plutonium, together with about 99% of
other actinide elements and fission pro-
ducts, other than rare gases and iodine
originally present in the spent fuel.

In Belgium, France, India; Japan, the
UK and the USA, high-level waste solu-
tions from commercial nuclear fuel
reprocessing have been stored in
stainless steel tanks for periods up to 25
years. The tanks require cooling to
remove fission product heat, secondary
containment to restrain any leakages
from entering the environment, redundant
spare tanks for transfer of solution in the
event of tank failure, and constant super-
vision. Storage of high-level waste solu-
tion is an interim measure before
solidification of the waste into a stable,
practically insoluble glass or ceramic
form suitable for disposal, e.g. by burial in
deep geologic formations.

Solidification of High-level
Waste

Solidification of high-level waste solu-
tion involves evaporation of nitric acid
and water, calcination of residual nitrates
of fission products and actinides into ox-
ides, and conversion of the oxides into a
stable waste form. Candidate waste

forms include variants of glass, ceramics,
and also multibarrier matrix waste forms
in which the high-level glass or ceramic
waste forms are incorporated into metal
matrices. Several engineering alternatives
have been developed for the evaporation
and calcination operations, and for fusing,
casting or pressing the waste forms.
These operations must be carried out and
maintained by remote control owing to
the high level of radioactivity.

Vitrification
Vitrification is the immobilisation of

waste in glass. The only established
engineering scale process is the use of
borosilicate glass. France has developed
a process successfully to a commercial
scale at its AVM (Atelier Vitrification Mar-
coule) plant at Marcoule. Over 250 t of
radioactive glass has been produced in
the plant. Two additional plants in France
are to start up in 1988 and 1989 and will
be capable of jointly producing 600 t of
glass per year.

Although the UK developed its own
vitrification technology in the 1960s and
1970s, it was decided in 1981 to use
French technology under licence. A
vitrification plant is being built at
Sellafield to commence operation in the
late 1980s. Belgium and Germany (FR) are
reported to have negotiated contracts for
access to AVM technology for possible
application at, respectively, the former
Eurochemic reprocessing site at Mol and
the Karlsruhe reprocessing plant. French
technology was also considered for
solidification of high-level wastes in the
US. However, US vitrification technology
has been chosen for immobilising US
defence wastes at the Savannah River
plant on grounds of process simplicity
and cost. The Defence Waste Processing
Facility at Savannah River is under con-
struction and is scheduled to be in opera-
tion in 1988. The plant has a budget of
US$900 million. US technology has been
chosen for vitrification of liquid HLW
stored at the closed West Valley
reprocessing plant which was the only
commercial nuclear fuel reprocessing
plant to have operated in the USA. It is ex-
pected that this solidification operation
will commence in 1987.

India has a vitrification plant at
Tarapur with a production capacity of 4
kg/hour and another is under construction
at Trombay. A vitrification process called
PAMELA, developed by Germany (FR), is
to be demonstrated on a technical-
industrial scale at Mol in Belc'um. It is in-
tended to incorporate waste from former
reprocessing operations into borosilicate
glass beads embedded in a lead matrix,
or into blocks of borosilicate glass. Other
countries with plans for vitrification
plants include Germany (FR), Italy and
Japan.

Pyrex glass from the 'Harvest' waste
solidification plant. UK (CRA Services Ltd)
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Advanced Waste Forms -
SYNROC

Alternatives to borosilicate glass with
the prospect of improved retention of
radioactive waste have been studied over
many years, particularly in the USA. The
most promising alternative is now
recognised to be a synthetic rock known
as SYNROC which is being developed by
the Australian Atomic Energy Commission
and the Australian National University,
where it was first developed by Professor
Ringwood. SYNROC combines three
refractory and leach resistant minerals
which are capable of accepting most of
the high-level radioactive waste consti-
tuents into their crystal lattices. These
minerals are known to havr> been stable in
a variety of geological and geochemical

The 250 tonne hydraulic press for
SYNROC formation (AAEC)

environments for millions of years. The
main advantages claimed for SYNROC
over borosilicate glass are its ther-
modynamic stability, its greater
resistance to leaching by water especially
at high temperatures and its potential for
allowing greater flexibility in disposal
schGrnss

Under a joint AAEC/ANU SYNROC
development program a major plant is be-
ing built at the AAEC Research Establish-
ment, Lucas Heights, to demonstrate the
fabrication of large-scale, SYNROC
monolithic blocks containing simulated
non-radioactive waste. In a laboratory
scale experiment, small blocks of
SYNROC will be produced in a high activi-
ty handling facility, and small blocks con-
taining selected actinide elements will be
produced in a glove-box line. These small
blocks will be leach-tested and compared

with the performance of glass blocks.
This information is essential to the
establishment of SYNROC's predicted
ability to retain fission product elements
and actinides safely over geological time.

Collaborative agreements have been
signed with the UK, Japan and Italy, and
other countries have also shown interest
in collaboration.

Geologic Disposal of High-
level Waste

The ultimate disposal of the bulk of
the radioactive wastes of the nuclear
power industry deep underground will ef-
fictively 'close1 the nuclear fuel cycle,
which starts with the mining of uranium,
often deep underground.

No country disposes of high-level
radioactive wastes underground at pre
sent. Many countries have active research
programs involving in situ experiments
and geological investigations for the
establishment of demonstration and
commercial high-level waste repositories.
Geological media under study include
bedded and domed salt deposits,
crystalline rocks, basalt, clay and tuff.

Technical data gathered in these
research programs are required to satisfy
regulatory bodies and the public that the
solidified HLW can be disposed of safely.
The Stnpa mine in granite in Sweden is
being operated as an NEA sponsored pro-
ject. A Canadian underground laboratory
in granite is due to be completed in 1986.
A considerable amount of information on
deep salt deposits was obtained at the
Asse salt mine in Germany (FR) which is
now being operated for research pur-
poses. An underground laboratory in a
clay formation at Mol, Belgium, is under
construction.

Specification of minimum perfor-
mance of each barrier in a multi-barrier
concept is tending to be regarded by the
IAEA and OECD-NEA as unnecessary if
the concept as a whole is radiologically
satisfactory.

By contrast, the Australian Science
and Technology Council report on
Australia's Role in the Nuclear Fuel
Cycle, May 1984, recommended develop-
ment of international guidelines and
codes of practice for the storage and
disposal of spent fuel and high-level
wastes including an agreed basis for
assessing the adequacy of the waste
form and the repository performance over
long periods. The IAEA is assessing inter-
national standards and criteria for
underground disposal of high-level
radioactive wastes.

The effectiveness of these disposal
concepts and technologies will only be
established in any absolute sense over
thousands of years. Considerable
reliance will therefore have to be placed
on developing a fundamental understan-
ding of the properties and behaviour of
the waste forms and their constituents
and in modelling this behaviour over long
periods. Extensive research is underway
to develop this understanding and to in-
crease confidence in the concept. d
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13 Status of
Nuclear Fusion
Research
J.K. Parry

The dream of using unlimited sources
of cheap hydrogen to provide the world's
energy supplies has tantalised scientists
since the beginning of the nuclear age. If
the nuclei of light elements such as the
isotopes of hydrogen can be made to fuse
together to form a heavier nucleus there
is a net release of energy. Under normal
conditions fusion does not proceed
because nuclei are prevented from com-
bining by coulomb repulsion of their like
electrical charges. Thus the atomic par-
ticles in the fusion fuel require heating to
temperatures of 100 million degrees or
more before the thermal energies can
overcome the electrical repulsion and
achieve a satisfactory fusion rate. These
conditions are found in the centre of stars
and fusion energy is known to be the
fundamental energy source in the
universe.

At these very high ter,.peratures all
matter is fully ionised and exists as a mix-
ture of free charged partir'es, positive
ions and electrons called a plasma. The
plasma fuel in a star is held together by
its large mass and gravity. However for a
controlled fusion reactor on Earth this is
not an option and the two practical
methods of plasma containment are
known as inertial confinement and
magnetic confinement. In inertial
systems, small quantities of the hydrogen
isotopes are encapsulated as tiny pellets
and subjected to intense heat and
pressure by bombardment from high
energy lasers or ion beams. Although
reasonable progress is being achieved,
the magnetic confinement program is
currently favoured for the big 'front runn-
ing' projects and wins the major share of
the funding. The idea of using magnetic
fields to confine the hot plasma and
isolate it from the vessel walls is based
on the fact that charged particles follow
the magnetic field lines. We can therefore
construct magnetic 'bottles' to contain
the plasma. Probably the best known
magnetic bottle is the Tokamak, a
toroidal magnetic system that originated
in the USSR in the 1960s.

For reactor operations there are three
important basic parameters. These are
the temperatures of the ions and elec-
trons, their densities (nj and ne) and the
time for which the plasma holds together,
or, more correctly, the time for which it re-
tains its energy (^ $• The product of den-
sity and energy confinement time nrE can
be considered as a measure of how effi-
ciently the plasma i j thermally insulated
from its surroundings. For the most readi-
ly combustible fusion fuel, a mixture of
deuterium and tritium, the product nrE

must approach I0'4cnv3 s with the
appropriate ion temperatures equivalent
to 100 million degrees for a breakeven
condition to be achieved. Breakeven, that
is, when the equivalent energy yield from
36

fusion equals the total energy consumed
in confining and heating the plasma, is
the first major milestone for fusion
development. There is now a high level of
confidence by most people working in the
field that scientific breakeven will soon be
demonstrated. The Tokamak, which has
been pre-eminent in plasma physics
research for over a decade, is the design
chosen for the major 'front-running' pro-
jects coming into operation. The four
large Tokamaks, JET (European Com-
munity), TFTR (USA), JT-60 (Japan) and
T-15 (USSR), represent investments of
about USS500M each and at least one of
them is expected to reach plasma condi-
tions equivalent to a breakeven condition.
As a measure of confidence, current an-
nual spending on fusion by member
states of the International Energy Agency
is about USS800M, representing 12% of
total energy funding.

The step beyond the current machines
is not so clear. An extensive conceptual
design study has been underway since
1979 by the USA, USSR, Japan and the
European Community under the auspices
of the International Atomic Energy
.Agency International Tokamak Reactor
Workshop (INTOR). This study concluded
that if the proper arrangements were put
in place allowing the initiation of an inten-
sive design program, a first generation ex-

A hydrogen plasma discharge in the rotating
field experiment (Rotamak): part of the
fusion research program at the Lucas
Heights Research Establishment (AAEC)

perimental test reactor could operate in
the 1990s. However the collective en-
thusiasm of the early 1970s which largely
reflected the shock of the first Arab oil
crisis, has waned with the perception of
declining forecasts of future energy
demands. Governments and funding
agencies are wary of moving too quickly
on the formidable engineering problems
of ..reactor technology and materials
beforelhe physics is properly understood.
Although there are significant design
studies in hand in the major countries for
the next generation machines it is
unlikely that a prototype reactor will be
tested within the next twenty years. D
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