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This thesis is concerned with the use of the synoptic approach within decision
making concerning nuclear waste management. The synoptic approach to
decision making refers to an approach to rational decision making that assumes as
an ideal, comprehensiveness of information and analysis. Two case studies are
examined in which a high degree of synoptic analysis has been used within the
decision making process. The case studies examined are the Windscale Inquiry
into the decision to build the THORP reprocessing plant and the Nirex safety
assessment of nuclear waste disposal. The case studies are used to test Lindblom's
hypothesis that a synoptic approach to decision making is not achievable.

In the first case study Lindblom's hypothesis is tested through the evaluation of
the decision to build the THORP plant, taken following the Windscale Inquiry. It
is concluded that the incongruity of this decision supports Lindblom's hypothesis.
However, it has been argued that the Inquiry should be seen as a legitimisation
exercise for a decision that was effectively predetermined, rather than a rigourous
synoptic analysis. Therefore, the Windscale Inquiry does not provide a robust test
of the synoptic method. It was concluded that a methodology was required, that
allowed robust conclusions to be drawn, despite the ambiguity of the role of the
synoptic method in decision making. Thus, the methodology adopted for the
second case study was modified. In this case study the synoptic method was
evaluated directly. This was achieved through the analysis of the cogency of the
Nirex safety assessment. It was concluded that the failure of Nirex to provide a
cogent synoptic analysis supported Lindblom's criticism of the synoptic method.
Moreover, it was found that the synoptic method failed in the way that Lindblom
predicted that it would.
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1. DECISION MAKING IN NUCLEAR WASTE MANAGEMENT
THE USE OF THE SYNOPTIC APPROACH

1.1. INTRODUCTION

This thesis is concerned with the use of the synoptic approach within decision
making concerning the management of nuclear waste. The synoptic approach to
decision making refers to an approach to rational decision making that assumes as
an ideal, comprehensiveness of information and analysis concerning a given
problem [/] in order that the ‘correct' decision may be identified. Two particular
examples of decision making concerning nuclear waste management are
considered, in which a high degree of synoptic analysis is used within the decision
making process. The two case studies examined are the Windscale Public Inquiry
into the decision to build the THORP reprocessing plant, and the Nirex safety
assessment of nuclear waste disposal. The synoptic approach to decision making
may be compared to the incremental approach outlined by Lindblom, under which
policy is developed through incremental changes to existing policy, rather than
through synoptic analysis. Lindblom argues that synoptic analysis is not a
credible approach to decision making. In this thesis, the performance of the
synoptic analyses undertaken in the case studies are used to test the synoptic
approach. It is found that Lindblom's criticism of the synoptic approach is
vindicated. However, due to the ambiguous role that synoptic analysis may play

in decision making, this conclusion must be qualified.

] Braybrooke (1970) pp 40,41



1.2. THE SYNOPTIC APPROACH

The synoptic approach to decision making aims to generate ‘correct’ decisions
through comprehensive analysis. In order that the correct decision may be
identified, the objectives to be achieved must be identified and prioritised:
methods for achieving the objectives must be identified, evaluated and compared;
and finally the best out of all of the possible solutions must be chosen. Lindblom
[2] has identified the following four steps in synoptic decision making:
prioritisation of objectives, identification of possible solutions, identification of
consequences, and final choice. These four steps are described in more detail

below.

1. Prioritisation of Objectives

The objectives to be met in the solution of a problem must be
identified. Having identified the objectives to be achieved by
problem solving, the objectives and the values they encompass,
must be scrutinized in order to prioritise the objectives and thus
obtain criteria by which to govern the choice between possible

solutions.

2. Identification of Possible Solutions

All of the possible means of achieving the values identified must
also be identified. If some options were not considered it is
possible that the best means of achieving the values identified

would be excluded. The wisdom of a choice will depend on

2 Lindblom (1965) pp 137-138
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whether the best choice has been made; [3] therefore all the

alternative means of achieving a particular set of objectives should

be identified. [4]

3. Identification of Consequences

Each of the possible solutions to the problem must be examined
exhaustively in order to identify the probable consequences of
adopting each of the solutions. If the solutions were not examined
exhaustively it is possible that unforeseen benefits, or disbenefits,
would be neglected. Unsought consequences are as important as

desired objectives when alternative strategies are evaluated. [5]

4. Final Choice

The final choice must be made between each of the possible
solutions in order to enable the decision maker to achieve the
optimal result, given the criteria identified in (1) above. The
advantages and disadvantages of all of the possible options must be

weighed up and used to identify the best strategy.

Under the synoptic approach the task of rational decision making is to select that
one of the possible options which will lead to the preferred set of consequences.
Thus the synoptic approach aims to achieve the best decision. This may be
compared to the provisionally optimal decision which is aimed for under the

incremental approach. Given that the synoptic approach aims for the best

3 Simon (1976) p65
4 Simon (1976) p67
5 Simon (1976) p65
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decision, all of the consequences that follow from the chosen strategy are relevant
to the evaluation of its correctness, not simply those consequences that were
anticipated. [6] Furthermore, the synoptic approach does not allow for the fact
that the subsequent outturn of events may present a better strategy. These
considerations, and other problems with the synoptic approach are discussed

below.

1.2.1. Problems With The Synoptic Approach

The synoptic approach to decision making suffers from a number of fundamental
deficiencies which have been extensively discussed in the literature (see for

example [7] [8] [9] [10] [11] [12]). These limitations are outlined below:

1. The limitations of human intellectual capacity. [/3]

The synoptic ideal insists on comprehensiveness of analysis. [/4]
The structure of the problem, all the relevant facts and values, the
relationship between the decision and possible future decisions and
future information that may become available in the future must all

be understood in great detail. [/5] This is not a credible

requirement.
6 Simon (1976) p67
7 Braybrooke (1970) pp 48-57, p113
8 Lindblom (1965) pp 138-143
9 Quinn (1980)

10 Collingridge (1982) pp 21-33

11 Wildavsky (1979) pp 6-8

12 Simon (1976) pp 65-69,81-82,197
13 Lindblom (1965) p138

14 Braybrooke (1970) p50

15 Collingridge (1982) p21



2. Limitations on the information available. [16]

The raw data available to achieve comprehensive policy analysis is

not available.

3. Limitations on the resources available for problem analysis. [/7]

A problem requires a solution within a finite amount of time and
within a limited budget allocation, the indefinite commitment of
time and resources required in order to identify the optimum

solution is not a viable option.

4. Prioritisation difficulties. [ 78]

The identification of the objectives to be met through a given
solution; the quantification of the benefits and disbenefits obtained;
and the amalgamation of this information to allow the prioritisation
of potential solutions to a given problem is not feasible. There are
a number of intrinsic difficulties which invalidate a quantitative
approach to objective prioritisation. [/9] For example, a given
solution will incorporate a number of different social values which
cannot be compared and contrasted to the values incorporated
within other solutions without a detailed knowledge of the context.

[20] In addition, social values change over time. [2/] More

10
17
18
19
20
21

Braybrooke (1970) pS0
Braybrooke (1970) pS0
Braybrooke (1970) pS1

Braybrooke (1970) pp 23-36
Braybrooke (1970) pp 23-26, 29-33
Braybrooke (1970) pp 26-29
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importantly, there will be social disagreement on the relative

importance of different social values. [22]

5. Fact and value are related. [23]

The decision analyst will not know which values are relevant to the
prioritisation process until the consequences of the possible
problem solutions has been identified. This demands an iterative
approach between the analysis of desired objectives and possible

outcomes. [24]

6. The synoptic ideal is not able to contend with the openness of the

system of variables.

In actual policy making situations it will not always be possible to
identify a closed system of variables that is of sufficient size to
encompass all of the information required for the problem. [25]
Braybrooke and Lindblom have commented:

"the analyst is therefore left with an open analytical system

mirroring the far-reaching interactions that his analytical system is
designed to encompass." [26]

7. The synoptic ideal is not adapted to the analyst's need for strategic

sequences of analytical moves. [27]

The synoptic ideal demands that the decision maker achieves a

22
23
24
23

26
27

Braybrooke (1970) pp 33-36
Braybrooke (1970) p52
Lindblom (1965) p142
Braybrooke (1970) p53
Braybrooke (1970) p53
Braybrooke (1970) p53
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comprehensiveness of information and understanding, but it does
not provide the decision maker with any guidance on how to
achieve this ideal. Thus, Braybrooke and Lindblom have stated
that the synoptic approach does not:

"specify the details of a dynamic process in such a way as to
convert an impossible task into a feasible one." [28]

The synoptic approach does not allow prioritisation of the welter of
information that will inundate the decision maker. Work in one
area of investigations will have repercussions in another area.
However, the synoptic approach does provide the decision maker

with a strategy to contend with this constant feedback situation.

8. The synoptic ideal is not adapted to the variety of forms in which policy

problems actually arise. [29]

The concept of a policy problem as a detached conundrum
requiring a solution algorithm does not adequately adhere to the
variety of evolving situations that require policy adoption and
modification in the real world. For example, many decisions are
triggered by the suggestion of a new proposal rather than the
identification a particular problem - which turns the synoptic ideal

"upside down". [30]

Moreover, the satisfactory resolution of a given situation will not
only be dependent on the extant circumstances, but also on those

that will arise in the future. [3/]

Braybrooke (1970) p53
Braybrooke (1970) p54
Braybrooke (1970) p56
Braybrooke (1970) pS5
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1.3. INCREMENTALISM

A contemporary formulation of the incremental approach to decision making has
been presented by Braybrooke and Lindblom, who present the thesis that decision
makers do not actually use the synoptic approach. Instead, they argue that
decision makers have developed a much more sophisticated system that is able to
by-pass the problems of the synoptic approach. They argue that decision makers:
"have in fact hit upon a mutually reinforcing and defensible set of
evaluative practices that, if clearly understood, would raise great doubts in

their own minds as to whether the received ideals are worth aspiring to
even as ideals." [32]

The name that they assigned to the strategy identified was "disjointed

incrementalism”. [33] The principles of this strategy are outlined below.

1. Incremental Evaluation. [34]

The policy options chosen for analysis by the decision maker are
only marginally different from the status quo. [35] Policy analysts
do not start from nothing, but have an idea of present conditions,
policies and objectives. [36] In order to identify possible
improvements the alternatives that they consider focus on
incremental alteration of the existing position, and information is

derived from historical and contemporary experience. [37]

32 Braybrooke (1970) p23
33 Braybrooke (1970) p61
34 Braybrooke (1970) pp 83-88
35 Braybrooke (1970) p84
36 Braybrooke (1970) p&3
37 Braybrooke (1970) p84
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2. Limitation on the Number of Alternatives Considered. [38]

The consideration of only incremental changes immediately limits
the number of alternatives considered. In addition, discontinuities
in the adjustments by which the possible increments are varied also

limits the number of policy alternatives that are considered. [39]

3. Limitation on the Number of Possible Consequences Considered. [40]

Analysts neglect the analysis of consequences that they consider to
be unimportant, but in addition consequences which are
uninteresting to the analyst, remote, imponderable, intangible and
poorly understood are also neglected - no matter how important.
[41] Itis inevitable that inadvertently important consequences may

be omitted. [42]

4. Objectives Adjusted to Policies Available. [43]

There is a fundamental sense in which the proximate ends of policy
are governed by the means available. [44] Outcomes established as
policy objectives are derived in large part from the range of means

which are actually available. [45]

38
39
40
41
42
43
44
45

Braybrooke (1970) pp 88-90
Braybrooke (1970) p88
Braybrooke (1970) pp 90-93
Braybrooke (1970) p90
Braybrooke (1970) p90
Braybrooke (1970) pp 93-98
Braybrooke (1970) p93
Braybrooke (1970) p93
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5. Reconstructive Treatment of Data. [46]

Understanding, objectives and options change over time. This
alters the conception of the problem and it becomes reconstructed.
The strategy is not rigidly bound to treat problems in their original

form [47]

6. Serial Analysis and Evaluation. [48]

Policy making proceeds through a long chain of policy steps [49] -
it is not a once and for all accomplishment. Analysts return time
after time to approximately the same objectives; the same
incremental policy change options and the same analytic context,

[50] in order to move iteratively towards desired objectives.

7. Remedial Orientation of Analysis and Evaluation. [5/]

The characteristics of the strategy - serial, incremental and
exploratory - lead the decision maker to seek to avoid or move
away from disagreeable situations rather than to choose as the
desired objective a move fowards, a particular goal. [52] Under the
strategy the decision maker is less concerned with pursuing a better

world than avoiding a worse. [53]

Braybrooke (1970) pp 98-99
Braybrooke (1970) p98
Braybrooke (1970) pp 99-102
Braybrooke (1970) p99
Braybrooke (1970) p100
Braybrooke (1970) pp 102-104
Braybrooke (1970) p102
Braybrooke (1970) p104
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8. Social Fragmentation of Analysis and Evaluation. [54]

It is integral to the strategy that analysis and evaluation are
undertaken by a wide spectrum of society. [55] The social
fragmentation of decision making and the mechanism of disjointed
incrementalism are further elucidated by Lindblom in "The
Intelligence of Democracy”. [56] Lindblom introduces the term
"partisan decision maker" to describe a decision maker who makes
decisions calculated to serve his own goals. [57] These decisions
are adjusted to the context arising from the decisions from the other
partisans. Lindblom identifies a variety of different methods of
adjustment including "parametric”, [58] "deferential”. [59]
"calculated" [60], and negotiated [61]. The analysis of various
aspects of policy at different points in society with no apparent
coordination led Braybrooke and Lindblom to use the term
"disjointed" in the name of the strategy. [62] (The term also refers
to the remedial rather than comprehensive approach to decision

making. [63])

In response to possible criticisms of the lack of completeness and
co-ordination that the strategy engenders Braybrooke and

Lindblom comment:

54
55
56
57
58
59
00
61
62
63

Braybrooke (1970) pp 104-106
Braybrooke (1970) p104
Lindblom (1965)

Lindblom (1965) p29
Lindblom (1965) p37
Lindblom (1965) p44
Lindblom (1965) p52
Lindblom (1965) pp 54-84
Braybrooke (1970) p105
Braybrooke (1970) p106
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"Disjointedness has its advantages - the virtues of its defects - chief
among them the advantage of preserving a rich variety of
impressions and insights that are liable to be "co-ordinated” out of
sight by hasty and inappropriate demands for a common plan of
attack." [64]

Incrementalists argue that the limitation of possible policy options considered and
the involvement of a large spectrum of society in decision making under the
strategy of disjointed incrementalism overcomes the major failings of the synoptic
approach that arise due to the limitations of analysis and the problems of

incorporating value.

1.3.1. Incrementalism in Business Decision Making

The work of Braybrooke and Lindblom was largely concerned with decision
making in public policy. However, Quinn has extended to their work to decision
making in business. [65] Following a study of the way that companies arrived at
strategic changes, [66] Quinn concluded that managers in major enterprises
consciously and proactively move forward incrementally. [67] Quinn
commented:

"The most effective strategies of major enterprises tend to emerge step by

step from an iterative process in which the organisation probes the future,

experiments and learns from a series of partial (incremental) commitments
rather than through global formulations of total strategies." [68]

Although Quinn considered that, compared to the public policy decisions
considered by Braybrooke and Lindblom, business executives took a more

proactive approach and consciously surveyed a wider departure from the status

64 Braybrooke (1970) p106
65 Quinn (1980)

66 Quinn (1980) p2

67 Quinn (1980) p(x)

68 Quinn (1980) p58
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quo; [69] the central conclusion, that it is literally impossible to predict all the
events and forces that will shape the future, [70] and that actual strategies evolve
over time, [7/] remained unchanged. Quinn argued that the essence of strategy is
to achieve a posture that is sufficiently strong and flexible that goals may be
achieved despite the unforeseeable ways external forces may actually interact
when the time comes. [72] The importance of flexibility is emphasised in Quinn's
definition of "logical incrementalism":

"it 1s logical that one proceed flexibly and experimentally from broad

concepts toward specific commitments, making the latter concrete as late

as possible in order to narrow the bands of uncertainty and to benefit from

the best available information. This is the process of logical
incrementalism." [73] (Author's emphasis)

1.3.2. Incrementalism in Technology Policy

The ideas of Braybrooke and Lindblom are extended to decisions concerning
technology policy by Collingridge. (See [74] [75] [76] [77] [78] [79] [80]) Itis
concluded that in order to be able to meet the prescriptions of partisan mutual
adjustment a technology must be flexible. [§7] An inflexible technology is
indicated by four physical properties: long lead time, large unit size, capital
intensity and the need for a supporting infrastructure. [8§2] Although the
involvement of a large number of partisans in the decision making process may

allay the problems that arise due to a lack of knowledge and understanding -

69 Quinn (1980) p100

70 Quinn (1980) p53

71 Quinn (1980) p43

72 Quinn (1980) pl64

73 Quinn (1980) p56

74 Collingridge (1980)

75 Collingridge (1982)

76 Collingridge (1983)

77 Collingridge (1989)

78 Collingridge (1990)

79 Collingridge (1992)

80 Collingridge (1994)

81 Collingridge (1983) p229
82 Collingridge (1990) p181



which is especially acute for decision making in technology policy - this will be
ineffective if the decision is inflexible and not open to meliorative actions. Thus
the system outlined by Braybrooke and Lindblom for redressing the errors of
previous decisions - through serial attack and socially fragmented analysis -
becomes futile unless the decision is flexible. [83] Collingridge has concluded

that all inflexible technologies perform badly. [84]

1.4. THE CASE STUDIES

This thesis is concerned with the use of the synoptic method within decision
making concerning nuclear waste management in the UK. Two particular case
studies are considered. Firstly, the Windscale Public Inquiry into the decision to
build the THORP reprocessing plant, and secondly the Nirex safety assessment of
nuclear waste disposal. Much work has already been undertaken on decision
making in nuclear waste management (see for example [85] [86] [87] [88] [89]
[90] [91] [92] [93]) and the particular approach taken within this thesis has been
chosen in order to avoid replicating previous studies. Both of the decisions
studied display an extraordinarily high level of inflexibility and, overtly, an

overwhelming reliance on synoptic techniques. This will be explored below.

83 Moreover, decisions to develop inflexible technologies are expected to display certain
characteristics which reduce the amount of criticism to which the decision is exposed.
[Collingridge (1990) p182]
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1.4.1. THORP

In 1992, BNFL (British Nuclear Fuels) completed construction of a £1.8 billion
plutonium separation facility known as THORP, the Thermal Oxide Reprocessing
Plant. The decision to build this plant was very controversial and was the subject
of a 100 day Public Inquiry in 1977. Overtly, the Windscale Inquiry was an
extraordinary example of synoptic analysis. Pearce has described the Inquiry
process as:

"a quasijudicial process in an administrative framework, designed to bring
all the relevant evidence to light in order to apprise the Secretary of State
of the fullest information possible for him to make a reasonable decision
on the issue." [94]

One commentator remarked:

"several million words were poured into the ear of Mr Justice Parker,
sitting as planning inspector, and almost as many more were offered for
insertion through the eyes in the form of books, pamphlets, and research
papers. And not only words but equations, and orders of magnitude, and
readings from radiation-sensitive instruments, and calculations in micro-
curies and millirems, and measurements of actinides in porphyra and of
transuranic isotopes in molluscs and sediments, and hopes of abundant
energy, and fears of barbarian collapse, and visions of what the world will
be like in fifty years time." [95]

Peter Shore, the then Secretary of State for the Environment stated that:
"In handling Windscale ... I wanted to ensure as thorough an investigation
as I could devise. I needed it for my own purposes as Secretary of State,
in order to ensure a fully reasoned and informed decision - a decision that

was in all the circumstances and with due allowance for human fallibility -
right!" [96]

Following the Inquiry, the Inspector recommended that THORP should be built.
However, the case for reprocessing has since collapsed. In March 1993, the

decision to allow THORP to operate was the subject of three Governmental

94 Pearce (1979) p92
95 Taylor in Guardian (1977) p(v)
90 Shore (1979) p232



reviews, [97] and the possibility of abandoning the plant, post-construction. was
under consideration. It is therefore argued that the synoptic analysis undertaken at
the Windscale Inquiry was not successful. The incongruity of the Windscale
decision is considered within the thesis and it is concluded that the Windscale
Public Inquiry vindicates the position of the incrementalist - the attempt to arrive
at a rational decision through a synoptic approach was a failure. However, given
the context in which the Windscale Public Inquiry was undertaken this conclusion
must be qualified. Although, overtly, the decision to build THORP was made as a
result of the synoptic analysis undertaken at the Windscale Inquiry, it has been
argued that the decision was effectively predetermined by the historical context in
which the decision arose. [98] [99] [100] For example, Wynne has argued that:
"The Windscale Inquiry was a ceremonial of collective self-delusion with
the judiciary left to plug the authority gap between the belief in objective
control and the reality of ad hoc historical developments. ... in the nuclear

issue, even in the age of participation, we have so far seen in Britain only
unwitting rituals". [101]

The role of synoptic analysis as a legitimisation exercise for controversial
decisions has been further considered elsewhere (see for example [/02]) and will
not be considered here. However, the ambiguity of the role of the Windscale
Inquiry has important implications for the use of this case study as a test of the
synoptic model. The historical development of the decision to build THORP is
discussed in the thesis. It is concluded that the 'decision’ to build THORP
emerged over time, and was effectively determined prior to the Windscale Public
Inquiry. Therefore, the use of the Windscale Inquiry as a test of the synoptic

method is not robust.

97 Marshall (1993) 15 March 1993 pp 8,9
98 Wynne (1982) p33

99 Williams (1980) pp 316-317

100 Wynne (1980) pl66

101 Wynne (1982) p176

102 O'Riordan (1988) pp 80-81,383
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The lessons from this case study are used to ensure that the second study does
provide a robust test of the synoptic method. In order to achieve a robust
examination of the viability of the synoptic method as a decision making tool, the
conclusions that are drawn must be independent of the political constraints faced
by the decision makers. Therefore, in the second case study a different method of

testing the synoptic approach is adopted.

1.4.2. Nirex

In order to achieve a robust examination of the viability of the synoptic method as
a decision making tool, this case study adopts an approach which is independent
of the political constraints faced by the decision makers. Nirex, the Nuclear
Industry Radioactive Waste Executive, propose to dispose of nuclear waste in an
underground repository. In order to obtain regulatory approval to dispose of
nuclear waste, Nirex are required to prepare a radiological safety assessment of
the long term behaviour of the disposed waste. This requirement is equivalent to
the third stage of the synoptic method which requires the exhaustive examination
of the consequences of a proposed policy. In order for the synoptic method to
offer the decision maker a viable approach to decision making, each one of the
four stages must be achievable. Under Lindblom's hypothesis, it is predicted that,
due to the overwhelming information demands of the synoptic method, the safety
assessment work undertaken by Nirex will fail to provide a cogent analysis of the
radiological safety of the proposed disposal facility. The analysis of the cogency
of the safety assessment, independently of the decisions taken concerning nuclear

waste disposal, overcomes the problem highlighted in the first case study.
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It is in Nirex's interest to prepare a safety assessment which is cogent,
comprehensive and coherent and they are spending £6 million per year on a
research programme involving 14 universities and 11 other research organisations.
[/03] In 1989, Nirex commented that:
"by gaining a fundamental understanding of the processes concerned,
descriptive mathematical models can be formulated which, together with

measured data, can be used to make confident predictions about the distant
future” [104]

Under Lindblom's hypothesis, it is predicted that the attempt by Nirex to make
"confident predictions" [705] will fail. Most of this thesis is concerned with an
analysis of the safety assessment reports which have been published by Nirex, in
order to justify their claim that they are able to predict the radiological impact of
the proposed repository. It is argued that the inconsistencies, inadequacies, and
absurdities found within these documents demonstrate that Nirex are not able to
provide a synoptic analysis of the consequences of nuclear waste disposal.
Moreover, it is found that the synoptic method fails in the way that Lindblom
predicts that it would. Thus, the problems found in the safety assessment are seen
to arise due to lack of understanding, lack of data, lack of resources, and the open-
endedness of the analysis required. This poses a particular problem for Nirex as it
is found that work in one area of investigation often has repercussions in another
area. However, the synoptic approach does not provide Nirex with a strategy to
contend with this constant feedback. It is therefore argued that, given that it is not
possible to provide a synoptic assessment of the safety of nuclear waste disposal,

this case study vindicates Lindblom's criticism of the synoptic method. [/06]

103 Nirex (1992) Safety Assessment

104 Nirex (1989) Deep Repository Project, pH1

105 Nirex (1989) Deep Repository Project, pH1

106 This conclusion may be compared to the Collingridge (1984) study of the the use of
expert advice in the control of environmental lead which also vindicates Lindblom's
criticism of the synoptic method.
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1.5. SUMMARY

Two synoptic analyses undertaken within the nuclear waste decision making
process are considered within this thesis, the Windscale Public Inquiry and the
Nirex safety assessment of nuclear waste disposal. In these case studies an
extensive effort has been expended in order to attempt to achieve a comprehensive
understanding of the decisions taken. Such an approach to decision making has
been termed 'synoptic' by Lindblom, due to the high degree of synopsis, or
comprehensiveness of view the decision maker attempts to achieve. [/07] The
synoptic approach has been widely criticised and Lindblom has argued that such
an approach to decision making is not achievable. [/08] Lindblom argues that it
is not possible to identify 'correct' decisions through comprehensive analysis.
Instead, he suggests that decision making should be seen as a process, rather than
a one-off event. Under this approach the fundamental importance of flexibility is

stressed.

In the first case study, the success of a decision taken following a Public Inquiry
was used to test Lindblom's hypothesis that the synoptic approach to decision
making is not achievable. The decision to construct the THORP plant was the
subject of a Public Inquiry held in 1977. Overtly, the Inquiry was held in order to
provide the Secretary of State for the Environment with the information required
in order to allow him to make the "right" [109] decision concerning the
construction of the plant. This thesis briefly evaluates the success of the decision
taken following the Inquiry. It is concluded that the incongruity of the Windscale

decision vindicates the position of the incrementalist. However, due to the

107 Lindblom (1965) p138
108  Lindblom (1965) p138
109  Shore (1979) p232
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ambiguous role of the synoptic analysis undertaken at the Inquiry it is important to

qualify this conclusion.

Given the context in which the Windscale Inquiry was held, it will be argued that
the outcome of the Inquiry was constrained by the development of the decision
that had already taken place. Therefore, the Inquiry should be seen as a
legitimisation exercise, rather than a rigourous synoptic analysis. Consequently,
the Windscale Inquiry does not provide a rigourous test of the synoptic method. It
was concluded that a methodology was required, that allowed robust conclusions
to be drawn, despite the ambiguity introduced by the political constraints faced by

decision makers.

In order to obtain a robust test of the synoptic method, a methodology was
adopted for the second case study which is robust to the criticism that the synoptic
method plays a political role and is peripheral to the decision making process. In
the second case study the viability of the synoptic method was evaluated directly.
In order to obtain regulatory approval to dispose of nuclear waste, Nirex are
required to prepare a radiological safety assessment of the proposed repository. It
is in Nirex's interest to prepare a safety case which is cogent, comprehensive and
coherent, and they are spending £6 million per year on a safety assessment
research programme. The requirement to provide a safety assessment is
equivalent to the requirement in synoptic decision making to undertake an
exhaustive examination of the consequences of a proposed policy. The analysis of
the safety assessment, independently of the decisions taken overcomes the
problem highlighted in the first case study. Most of the thesis is concerned with
an analysis of the Nirex safety assessment research programme. It is concluded

that the failure of this programme (o achieve a cogent synoptic analysis of the

28



long-term behaviour of the proposed repository supports Lindblom's criticism of

the synoptic approach.
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2. THE SYNOPTIC ANALYSIS OF THE DECISION TO BUILD THORP

2.1. INTRODUCTION

In 1977 a Public Inquiry, the Windscale Public Inquiry, (/] [2] [3] [4] [5] [6] [7]
was held to consider the proposal by British Nuclear Fuels (BNFL) to build
THORP, the Thermal Oxide Reprocessing Plant. [8] Ostensibly, the Inquiry was
held in order to provide the Secretary of State for the Environment with the
"fullest information possible”, [9] in order to allow him to make the "right" [10]
decision concerning the construction of the plant. Within this chapter the
Windscale Inquiry is treated as an attempt at a synoptic approach to decision
making and is used to test Lindblom's hypothesis that a synoptic approach is not

achievable.

2.2. THE CASE FOR THORP

Reprocessing achieves the separation of spent nuclear fuel, removed from a
nuclear reactor, into plutonium, uranium and wastes. BNFL's case for

reprocessing put forward at the Windscale Inquiry as follows:
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"The justification for reprocessing irradiated fuel is that it enables the
recovery and reuse of the valuable uranium and plutonium which it
contains. This represents an economically attractive and very substantial
contribution towards energy conservation. Such recycling accords with
sound waste management principles” [1/]

These three factors, plutonium recovery, uranium recovery, and waste
management will be considered below. The alternative to reprocessing, spent fuel

storage, will also be considered.

2.2.1. Plutonium Recovery and Reuse

From the very early days of the nuclear industry, it was recognised that nuclear
power would be more expensive than electricity generated by coal-fired stations.
[/2] However, it was argued that the value of the plutonium, produced as a by-
product of the generation of nuclear electricity and extracted by reprocessing,
would make up for short-term losses. [/3] This was accounted for in the finances
of the early nuclear power stations with the so-called 'plutonium credit' Thus,
when the UK nuclear power programme was announced in 1955 plutonium was
valued at "many thousands of pounds a kilogram". [/4] Inclusion of this credit
brought the cost of nuclear power down to roughly the same cost as coal fired
electricity. For example, the White Paper "A Programme of Nuclear Power"
forecast:

"the cost of electricity from the first commercial nuclear stations comes to

about 0.6d. a unit. This is about the same as the probable future cost of

electricity generated by new coal-fired power stations ... . If no credit were

allowed for the plutonium the cost of nuclear power would be substantially
more than 0.6d. a unit." [/5]

11 BNEFL (1977) p7

12 Cmd. 9389 (1955) p5
13 Cmd. 9389 (1955) pS
14 Cmd. 9389 (1955) p5
15 Cmd. 9389 (1955) p5



The reason that plutonium was considered so valuable was its potential use in fast
breeder reactors or FBRs. [/6] In a fast breeder reactor, "fast" neutrons, which
travel at a greater speed than in an ordinary reactor, are fired at plutonium which
is surrounded by uranium. This releases heat and, in addition. more neutrons
which may be captured by the uranium to generate more plutonium (hence the
term "breeder"). [/7] [/8] The FBR is theoretically able to make much more
efficient use of fuel. In the early days of nuclear power it was thought that
shortage of uranium fuel for ordinary "thermal" nuclear reactors would be the
limiting factor in the development of nuclear electricity. [/9] It was therefore
argued that the FBR was essential to the maintenance of a long-term UK nuclear
power programme. The UK has been developing the FBR since the early 1950s
and has spent over £4 billion on its development. [20] However, despite this
degree of investment the FBR has not proved to be economic. The operation of
the prototype fast breeder complex at Dounreay in Scotland costs about £60
million per year. [2/] Yet, the electricity the reactor produces is worth only £12
to £14 million per year. [22] In 1988, the Government announced that the reactor
would not be funded after 1994. [23] Moreover, despite the initial projections and
the vast amounts of money spent on the FBR programme, the predicted uranium
scarcity it was designed to relieve has not transpired. The House of Commons
Energy Committee wrote in 1990:

"The fast reactor is therefore an insurance policy against a problem

(uranium scarcity) which might happen in the first half of the 21st century

(perhaps 2020-2030) but which equally might not occur until the 22nd
century, or not at all" [24]

16 Cmd. 9389 (1955) pp 4,5

17 Energy Committee (1990) 4 July 1990, vol I, p(ix)
18 Cmnd. 6618 (1976) pp 41,43

19 Energy Committee (1990) 4 July 1990, vol I, p(xi)
20 Department of Energy (1991) p60

21 Department of Energy (1991) p61

22 Department of Energy (1991) p61

23 Enerey Committee (1990) 4 July 1990, vol I, p(ix)
24 Energy Committee (1990) 4 July 1990, vol I, p(xviii)
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Apart from use in FBR reactors it is also possible to use plutonium in ‘ordinary’
reactors. However, due to the difficulties of handling plutonium it is much more
expensive to fabricate plutonium, or mixed oxide (MOX). fuel than uranium fuel.
[25] In addition, there is also evidence that MOX fuel is more expensive to
manage than standard fuel when it leaves the reactor. [26] For safety reasons, it is
currently only possible to use one third MOX in a reactor. [27] Over all, the cost
benefits of using MOX instead of standard fuel would be only 5-10%. [28]
However this "saving" is calculated on the basis that the plutonium is a by product
of reprocessing and is provided at zero cost. [29] The cost of reprocessing is
neglected. Ironically, MOX fuel is not suitable for use in the Magnox [30] and

AGR [31] reactors used by existing nuclear power stations in the UK.

The separation of plutonium for which there is no use presents significant
problems. In 1990, Britain's stockpile of plutonium totalled nearly 30 tonnes. [32]
Plutonium is very expensive to store, requiring safeguards against terrorism and
protection against radioactivity. Plutonium storage costs are generally considered
to be in the region of $1000 to $2000 per kg per year [33] [34] which is equivalent
to $30-60M/year for the UK stockpile. The absurdity of the current situation is
illustrated by the fact that although the rationale for reprocessing spent fuel and
building up a plutonium stockpile was to breed yet more plutonium in FBRs, fast
reactors are now increasingly seen as a way of attempting to eliminate rather than
breed plutonium. [35] John Collier, former Chairman of the Atomic Energy

Authority [36] which was responsible for the development of the breeder reactor,

25 Williams (1990) p2
26 CEGB in Energy Committee (1989) p(xv)
27 CEGB in Energy Committee (1989) p(xv)
28 CEGB in Energy Committee (1989) p(xv)
29 BNFL in Energy Committee (1989) p(xiii)
30 Williams (1990) p5

31 BNFL in Energy Committee (1989) p(xiii)
32 Energy Committee (1990) 4 July 1990, vol I, p(xix)
33 Nuclear Energy Agency (1985) pS8

34 Nuclear Energy Agency (1989) p64
35 Energy Committee (1990) 4 July 1990, vol I, p(xix)
36 Shaw (1990) p6
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has now suggested that the design of the FBR should be modified in order to make

an attempt at destroying plutonium. [37]

2.2.2. Uranium Recovery and Reuse

In addition to plutonium, unused uranium is also separated through reprocessing
and it is possible to reuse this in a reactor. However, the uranium recovered from
spent fuel is contaminated with radioactive uranium 'isotopes’. Although these
isotopes have the same chemical properties as natural uranium, they have different
nuclear properties. This results in additional costs at each stage of fuel
manufacture and lower fuel efficiency. [38] The isotopes 'U-232' and 'U-236/,
which do not occur naturally, [39] present particular problems. U-232 breaks
down to a product that emits gamma rays. A contamination level of just 2 parts
per billion of U-232 will increase the gamma dose rate to a level 10 times that
from fresh uranium after two years. [40] The isotope 'U-236' reduces the fuels
effective reactivity by absorbing neutrons that would otherwise initiate a release

of energy. [41]

As was the case for plutonium, any "savings" calculated due to the use of uranium
separated during reprocessing assume that the cost of reprocessing is ignored. [42]
Neglecting the cost of reprocessing is dubious as reprocessing imposes an
enormous financial burden on nuclear power station operators. In their 1991-92
accounts, Nuclear Electric included provisions of nearly £8 billion to allow for

reprocessing and waste management costs incurred by BNFL. [43] John Collier,

37 Collier (1991) Fast Reactors, p3
38 Williams (1990) p2
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the Chairman of Nuclear Electric, commented in January 1991 that between a
quarter and a third of Nuclear Electric's total revenue went "straight out the door"
to BNFL. [44] Reprocessing costs are so high that in 1989 the South of Scotland
Electricity Board (SSEB) announced the closure of Hunterston A nuclear power
station largely due to the rapidly increasing cost of Magnox reprocessing [45] [46]
although it was the best performing Magnox reactor in the UK. [47] The
alternative method of spent fuel management, storage, would halve the cost of

dealing with spent fuel. [48]

2.2.3. Waste Management

BNFL argued at the Windscale Inquiry that reprocessing "accords with sound
waste management principles”. [49] In fact, the disturbance of spent fuel
elements through reprocessing considerably exacerbates waste management
problems. Large volumes of additional wastes are created through contamination
and a considerable amount of radioactivity is discharged directly to the
environment. Before the Inquiry took place, the Royal Commission on
Environmental Pollution commented:

"many of the most troublesome problems of radioactive waste
management arise as a result of the reprocessing operation”. [50]

Similarly, Lord Marshall, former Chairman of the CEGB, [5/] has stated that

Britain's nuclear programme has probably generated more nuclear waste than

44 Collier (1991) Straight Talking, p6

45 SSEB (1989) pl

46 SSEB in Energy Committee (1990) 7 June 1990, vol II, p79
47 Howles (1990) p14
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those of the rest of the world put together. [52] Most of this volume of waste has
arisen due to reprocessing undertaken by BNFL. [53] Disposing of all of the
nuclear waste produced in the UK would require a cavity as large as the Channel
Tunnel. [54] [55] Nearly 60% of this waste will be produced at Sellafield. [56]
[57] The impact that reprocessing has on waste volumes may be illustrated by the
example of Magnox fuel reprocessing. The volume of waste to be handled is
increased over seventy-fold if Magnox fuel is reprocessed. [58] [59] This figure
does not include the uranium and plutonium stocks that must be managed. the
decommissioning wastes, or the radioactivity that is discharged to the
environment. In contrast, if the fuel is not reprocessed but instead disassembled
and packaged for long term storage, the volume of waste to be managed would be

reduced by 30%. [60]

In addition to increasing the volume of waste to be handled, reprocessing also
makes the wastes more difficult to handle. During reprocessing spent fuel is
dissolved in nitric acid and sent through a complex plant to separate out the
plutonium and uranium. As a result radioactivity originally held in the fuel rod is
dispersed throughout the plant, miscellaneous material becomes contaminated and
the most highly active waste is left as an intensely radioactive acid liquid. Liquids
present intrinsic problems and in 1986 the Nuclear Installations Inspectorate (NII)
commented:

"So long as waste remains in liquid form and therefore dispersable, it

presents a hazard to those who work there, and potentially to the public or
the environment." [6/]
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57 Electrowatt (1992) pp 74,75

58 CEGB in Environment Committee (1986) vol 11, p74

59 Department of the Environment in Environment Committee (1986) vol 11, p554
60 Department of the Environment in Environment Committee (1986) vol II, pS54
61 Health and Safety Executive (1986) vol I, pp 1,4

36



Thus, the waste must be returned to solid form - as it was before it was
reprocessed. It is planned to use the vitrification process which involves heating
the intensely radioactive material and mixing it with glass frit to produce molten
glass. The machinery becomes intensely radioactive and must be operated
remotely. [62] The process is not straightforward and in September 1991, just
seven months after the vitrification plant at Sellafield was opened it had to be
closed due to failure of the shielding. Following the incident the NII considered
legal action against BNFL. [63] In February 1993, BNFL were convicted

following a second incident associated with the vitrification plant. [64]

Reprocessing introduces other complications to radioactive waste management.
For example, the reprocessing plant becomes contaminated with plutonium, which
is highly radioactive [65] and extremely toxic [66] - inhalation of just a few
milligrams is sufficient to cause massive fibrosis of the lungs and death. [67] The
Magnox [68] [69] [70] or zirconium [7!] cladding removed from the spent fuel
before it is dissolved is liable to combust. Furthermore, the intermediate and low
level waste streams generated by reprocessing may be contaminated with
plutonium which presents a long-term hazard. [72] [73] In addition, the mixing of
other miscellaneous materials, such as lab-coats, paper towels and gloves, with the
waste introduces materials which make the chemical behaviour of the waste
difficult to predict over the huge timescales for which containment must be

guaranteed. These materials could, for example, react to make the waste more
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soluble [74] and so increase the speed that the radioactivity escapes back to the
human environment after disposal. Additionally, the decay of these materials

could lead to a build up of potentially explosive gases. [75] [76]

The liquid and gaseous wastes arising from reprocessing, that are directly
discharged into the environment, must also be considered. As a result of its
reprocessing operations at Sellafield, BNFL is responsible for the largest
radiological exposure in the whole of Europe from the routine operation of any
civil nuclear installation. The National Radiological Protection Board (NRPB)
has stated:

"the main contribution to population exposure in both the UK and Europe

as a result of discharges from civil nuclear installations has arisen from the
Sellafield effluent discharges into the Irish Sea." [77]

There is a continuing excess of childhood leukaemias in the village of Seascale
near Sellafield. [78] [79] [80] The cause of this excess is the subject of
considerable controversy and is currently the subject of action in the High Court.

[81]

Ironically, the most hazardous waste stream produced by reprocessing is the
separated plutonium. Britain's stockpile of plutonium is about 30 tonnes and is
expected to rise to about 65 tonnes by 2005. [82] By comparison, the minimum
amount of plutonium required to make a nuclear explosive device is just 8 kg. [83]
In 1976, the Royal Commission on Environmental Pollution commented

extensively on the risks that arise due to the separation of plutonium and
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concluded that it would be possible for a terrorist group to construct a nuclear
weapon. Such a device would be lethal over a range of several hundred metres.
[84] The commission commented:

"plutonium appears to offer unique and terrifying potential for threat and
blackmail against society." [85]

In 1992, William Dircks, deputy-director of the International Atomic Energy
Agency (IAEA) commented:
"as a result of nuclear fuel reprocessing ... the supply of plutonium
will far exceed the industrial capacity to absorb it into peaceful,
commercial nuclear industrial activities ... the excess of isolated

fissible plutonium from civilian nuclear programmes is going to
pose a major political and security problem worldwide." [86]

2.2.4. The Storage of Spent Fuel

The alternative to reprocessing is to leave spent fuel intact and to store it in
specially designed facilities. If fuel is stored the radiological impact - the amount
of radioactivity directly released to the human environment - is much lower than
if the fuel is reprocessed. [87] [88] In addition, the volume of the waste to be
managed would be considerably reduced. [§9] Although spent fuel storage is an
established technology that is used in many countries it has been argued that it is
not appropriate to the UK because different types of fuel are used (known as
Magnox and AGR fuel). In particular, Magnox fuel is liable to corrode and it has
been argued that it is essential that it is reprocessed. However, these corrosion
problems may be avoided if the fuel is not stored in ponds, but instead in dry

storage. In 1987 Lord Marshall, Chairman of the CEGB, commented:
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"...we are under attack from environmentalists and our critics for storing
Magnox fuel in water. The attack is difficult for us to answer because it is
basically correct. The early pioneers who initiated the policy of storing
spent Magnox fuel in water made a mistake." [90]

It is possible to build dry stores for this fuel, as has been done at Wylfa in
Anglesey since 1971. [91] Indeed, research prepared for the Department of the
Environment (DoE) has concluded that long-term storage of Magnox fuel in such
stores would be feasible. [92] Magnox fuel that has already been wet stored
presents difficulties. Following a recommendation of the Environment
Committee in 1986, the CEGB investigated the problem and concluded that it
would be possible to dry this fuel and place it in long term dry storage. [93] [94]

However, very little subsequent research has been carried out on this subject.

AGR fuel is much easier to store than Magnox fuel. In 1989 a second DoE report
specifically considered long term management of AGR fuel and found that storage
would be viable. [95] Moreover, the report commented that storage was

"environmentally cleaner than the reprocessing route". [96]

In addition to the environmental advantages of storage, it is also considerably
cheaper than the reprocessing option. Scottish Nuclear propose to construct dry
stores for the fuel from their AGR reactors at Torness and Hunterston [97] and
they have estimated that this will save £40M/year. [98] [99] Similarly, German

utilities, who also currently have reprocessing contracts with BNFL, are
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considering the adoption of storage rather than reprocessing in order to reduce

waste management costs. [/00] [101] [102] [103] [104]

2.3. THE SUCCESS OF THE WINDSCALE INQUIRY

After 100 days of hearings, and consideration of 1,500 documents [/05] the
Inspector at the Windscale Inquiry accepted BNFL's case and, in 1978,
recommended that BNFL should be granted permission to construct THORP.
[/06] However, just three years later in 1981, Brian Mummery head of Nuclear
Operations at the CEGB wrote:

"Are we reprocessing: a) to recover the plutonium for fast reactors; b) to
recycle the uranium; c) to permit safe storage/disposal of fission products?

These arguments were made at the Windscale Inquiry but BNFL's
performance and current estimates of likely reprocessing costs must cause
us to reexamine the issue. I believe that:

1. We do not need the plutonium, at least on a timescale which requires
reprocessing in the next 15 years.

2. Recycling the uranium by costly reprocessing is uneconomic.

3. Dry storage is very satisfactory, as an interim measure, of dealing with
fission products.

... I believe that consideration of the above leads to the conclusion that we
would now prefer dry storage to reprocessing". [107]

In 1989, when construction of THORP was largely complete, [/08] Alan Johnson,
a Director of BNFL, commented:
"Reprocessing is not necessary. In fact one or two of our important

customers would love to cancel their contracts. At the drop of a hat they'd
cancel their contracts." [109]

100 Hibbs (1992) 6 July 1992, p5

101 Hibbs (1992) 20 July 1992, p7

102 Hibbs (1992) 13 August 1992, p13
103 Hibbs (1993) 4 January 1993, p9
104 Hibbs (1993) 14 January 1993, p12
105 Parker (1978) vol I, pl

106 Parker (1978) vol 1, p83

107 Bell (1989) 31 May 1989, pp 10-11
108 BNFI. (1991) Annual Report, p17
109 Johnson (1989)

41



It may therefore be concluded that the decision of the Windscale Inquiry
Inspector, to accept BNFL's case, was erroneous. Therefore, the Windscale
Inquiry supports Lindblom's hypothesis that a synoptic approach to decision
making is not achievable. However, due to the historical context in which the
Windscale Inquiry arose, it has been argued that the outcome of the Inquiry was
effectively predetermined. The historical context of the Windscale Inquiry. and
its implications for conclusions concerning this case study will be considered in

the following chapter.

2.4. SUMMARY

The case for reprocessing put forward by BNFL at the Windscale Inquiry was
based on the value of the plutonium and the uranium separated by reprocessing,
and the role of reprocessing in waste management. This case has collapsed. The
collapse of the case for reprocessing, after it had been accepted by the Inspector at
the Inquiry, supports Lindblom's hypothesis that the synoptic approach to decision
making is not viable. However, this conclusion assumes that it is valid to view the
outcome of the Windscale Inquiry as the result of synoptic analysis. This
assumption is open to criticism, as it has been argued that the decision to build
THORP was effectively predetermined by the historical context in which the
decision arose. In the following chapter the historical context of the Windscale
Inquiry and its implications for conclusions concerning this case study will be

considered.



3. THE HISTORICAL DEVELOPMENT OF THE DECISION
TO BUILD THORP

3.1. INTRODUCTION

In the previous chapter, the Windscale Inquiry was considered as an attempt at a
synoptic approach to decision making. If the Windscale Inquiry is considered in
this way, the incongruity of the decision to build THORP may be viewed as
vindication of Lindblom's hypothesis that a synoptic approach to decision making
is not viable. However, this conclusion is not robust if it is not appropriate to
consider the Inquiry as an attempt to achieve synoptic decision making. Given the
historical context in which the Windscale decision arose, it has been argued that
the outcome of the Inquiry was virtually inevitable. [7] [2] [3] This chapter traces
the historical development of the decision to build THORP [4][5] from the
original plutonium separation work undertaken in the United States in the 1940s,
to BNFL's expansion plans of the early 1970s. It is concluded that the 'decision’ to
build THORP emerged over time and that the outcome of the Inquiry was
effectively predetermined. Therefore, the Windscale Inquiry does not provide a
robust test of the synoptic method. However, lessons drawn from this case study
may be used to ensure that the conclusions drawn from the second case study are

robust.
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3.2. THE ORIGIN OF REPROCESSING

On Thursday August 20 1942, Glenn Seaborg wrote:

"Perhaps today was the most exciting and thrilling day I have experienced
since coming to the Met Lab. Our microchemists isolated element 94 for
the first time!

It is the first time element 94 (or any synthetic element, for that matter)
has been beheld by the eye of man. I'm sure my feelings were akin to
those of a new father who has been engrossed in the development of his
offspring since conception. Counting from the time that uranium oxide
was first bombarded by deuterons on December 14, 1940, to produce the
50-year 94 isotope, the gestation period has been 20 months. Not
everyone shares Fermi's confidence that the pile will chain-react and
produce 94. Without a working pile, we will never be able to produce 94
in much greater yields than with the cyclotron, and it would probably
remain a novelty for years to come. Without a pile, the dream of atomic
power plants will come to naught. And without 94, the only possibility of
producing a bomb will be to use an isotope of uranium." [6]

Element 94 is plutonium.

On 2 December 1942, the first self-sustaining nuclear chain reaction was realised.

[7] Seaborg wrote:
"Fermi has demonstrated that we now have a means of manufacturing 94-
239 in copious amounts, it is the responsibility of chemists to show that

the 94 can be extracted and purified to the degree required for a working
bomb." [8]

The plutonium produced in a nuclear reactor is locked inside the uranium rod and
mixed with intensely radioactive fission products. The fission products are
isotopes of elements ranging in atomic number from 30 (zinc) to 66 (dysprosium).
[9] Most of them are radioactive and their half-lives range from less than a

second to thousands of years. [/0] This radioactivity is the major source of the
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heat and radiation from spent fuel. [//] Therefore, in addition to the chemical
problem presented by the large number of chemical elements in the fuel. the
difficulties of plutonium separation are exacerbated by the fact that the chemical
operations must be carried out by remote control behind thick concrete walls. [12]
The designers of the plutonium separation plants for the atomic bomb programme.
recognized that the technological innovations required were demanding enough

without attempting to optimise the process. [/3]

The technique which was chosen for the separation plants was a simple batch
operation which had been developed by Seaborg for working with microgram
amounts of plutonium. [/4] The uranium rods were dissolved in acid to produce
an extremely dilute solution of plutonium. [/5] Bismuth and lanthanum were
added as "carriers", so that when bismuth phosphate and lanthanum fluoride were
subsequently precipitated out, plutonium phosphate and plutonium fluoride would
also be precipitated out. [/6] Repeated dissolutions and precipitations allowed the
plutonium to be separated from the uranium and the fission products. [/7]
Uranium was not separated and the volume of waste was large because of the

lanthanum fluoride and bismuth phosphate that was added. [/8]

Barely two and a half years after the onset of large scale plutonium production in
a nuclear reactor on 2 December 1942, sufficient plutonium was separated to

make the first nuclear bomb which was tested in the New Mexico desert on 16
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July 1945, [19] [20] Three weeks later on 9 August 1945 a plutonium bomb was
dropped on Nagasaki. [2/]

3.3. THE DEVELOPMENT OF REPROCESSING IN THE UK

At the end of 1946, a British Chemistry team working in Canada was asked to
develop by September 1947 a plutonium separation process for the British
weapons programme. [22] Rather than simply use the American process which
had already been demonstrated, it was decided that a process was required which
also extracted the uranium which was very scarce. [23] The American
precipitation technique did not separate out the uranium. [24] As early as 1942
Seaborg's work had identified that it would be possible to use organic solvents to
separate plutonium. [25] Although the precipitation technique was finally chosen
in 1944, one of the chemist's who had worked with Seaborg, Goldschmidt, went
back to the solvent extraction process in the course of work carried out by the
Chemistry Division of the Anglo-Canadian Atomic Energy Group. [26] The team
concentrated on solvent extraction because it had greater promise for the future.
[27] However, the process that was developed also did not separate out the

uranium. [28]

The British chemistry team in Canada, headed by Robert Spence, consisted of

twelve chemists and chemical engineers and five assistants. [29] Using just 20
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milligrams of plutonium (just enough to cover a pinhead) they reviewed all the
possible methods of separation - precipitation, distillation, adsorption and solvent
extraction. [30] Solvent extraction was chosen - both because it would be more
efficient and because more information was available about it. [3/] Although it
was not the most certain process and its adoption was a gamble, [32] its
modification to include uranium extraction [33] was felt to be the best long-term
solution. [34] Using a rack of seven special test tubes together with pipettes,
rubber bulb stoppers and mechanical shakers, [35] and the 20 mg of plutonium
available to them, [36] Spence's team produced their eight part report precisely to

time. [37]

Due to the poor knowledge of plutonium chemistry it was extremely difficult to
produce the data required to the level of precision necessary to design a delicately
balanced flow sheet for an efficient separation plant. [38] Nevertheless, the
decision was taken to adopt the solvent extraction process recommended in the
report. [39] The decision to base a large expensive and hazardous plant on
experiments with 20 milligrams of plutonium was alarming. [40] No one was
known to have designed solvent extraction plant of this type before. [4/] Having
accepted the process based on the report produced in September 1947 it was

decided that the flowsheets should be available by the end of 1947. [42] No major
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alteration was to be allowed after April 1948. [43] The separation plant was due

to be ready for inactive operation by July 1950. [44]

Solvent extraction is very complicated. In order for the separation to work
properly, the flows of the various streams in and out and up and down the
extraction columns in the plant and through the neutralising, oxidising and
reducing vessels, had to be correctly foreseen. [45] In addition, the quantities of
the aqueous liquors, the solvent and the reagents had to be correctly balanced and
the height of the columns correctly estimated. [46] The magnitude of the quantity
of information required may be appreciated by the fact that the column height for
uranium extraction was based on one set of results from a one inch column. [47]
The inadequacy of the information on plutonium and the fission products made it
difficult to even plan the ancillary plants for purification of the separated

plutonium and uranium. [48]

The research requirements were analysed into sixty items [49] and a chemistry
division had to be built up. [50] The flowsheets were constantly revised as new
information arrived and the final version was numbered Mark 9. [5/] Pilot plants
were constructed at Springfields, Widnes, Harwell and at Chalk River in Canada.
[52] Although the Americans were also working on a continuous solvent
extraction system to replace the precipitation process, differences in the details of
their process meant that it was impossible to check the UK data against the

American information. [53]
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ICI, who were responsible for the flowsheets, warned in 1948 that there would be
a nine to eighteen month delay in the programme. [54] Much of the design for the
chemical separation plant had to go ahead based on guess-work. [55] In 1949. ICI
had serious doubts that the plant would work and urged that the whole concept of
the plant be changed from columns to air mixers. [56] A high level meeting was
held, but it was decided that as so much work had been put into the design of the
plant, it would be inexpedient on psychological grounds alone to stop it. [57] The
plant was to go ahead on the understanding that no promises could be made about
its performance. [58] Subsequently results from the Chalk River pilot plant
indicated that the predictions of the Spence report from 1947 were correct. [59]
However, just three weeks before the first inactive run of the plant was due to start
the plant had to be hastily modified in order to avoid an explosion risk with the

solvent. [60]

The plant was completed in April 1951 and the first inactive run took place in
June 1951. [61] On 25 February 1952, fully active material was fed into the
separation plant [62] and the first billet of plutonium was made on 31 March
1952. [63] On 3rd October 1952, the first British atomic weapon was tested at the

Monte Bello Islands off Western Australia. [64]
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3.3.1. Reprocessing for the Nuclear Power Programme

In February 1955, the White Paper "A Programme of Nuclear Power" was
presented to Parliament. [65] This proposed that by 1965 nuclear power stations
should be used to produce electricity at a rate equivalent to the burning of 5to 6
million tons of coal a year. [66] This would be achieved through the construction
of 12 nuclear power stations with a combined capacity of about 1500 to 2000
megawatts. [67] In addition to electricity, these power stations would produce
plutonium. In fact, the chart shown in the White Paper to illustrate the principles
of nuclear power presents plutonium as the main product and electricity as a side

product. [68]

Plutonium production was intrinsic to the rationale for nuclear power presented in
the 1955 White Paper. It was stated that without the plutonium it would not be
possible to build up a system of nuclear power stations of steadily advancing
efficiency. [69] [70] It was argued that the plutonium produced was potentially
very valuable [77] and it had already been decided to build a full-scale
experimental "fast breeder” reactor [72] which would use plutonium-based fuel.
[73] It was thought that this would be a major advance in the economic use of
nuclear materials. [74] Although it was not obvious what would be the correct
value to ascribe to the plutonium to be produced in the nuclear power stations,

[75] it was decided to allow for the plutonium at a rate of many thousands of
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pounds per kilogram. [76] Using this assumed value for the plutonium stockpile.
that would be generated by the production of electricity in nuclear power stations.
the cost of the electricity produced was calculated to be 0.6d per unit. [77] This
was approximately the same as the cost of electricity generated from a new coal-
fired power station. [78] The plutonium from the early reactors was expected to
begin to become available in 1964 at the rate of several hundred kilograms a year.
[79] By the late 1960s, the early reactors were expected to be producing
plutonium in quantity. [80] It was anticipated that a new chemical separation

plant would be required. [8/]

3.3.1.1. The Construction of the Second Plant

The Windscale Plant Design Office, Risley and the Chemical Plant Development
Group, Windscale were commissioned to develop and design the process and
plant for plutonium separation from the spent fuel arising from the nuclear power
stations. [82] Although, the decision on the technology to use for the first
reprocessing plant [83] had been limited due to the sparse background of
fundamental knowledge, and due to the fact that only 20mg of plutonium was
available for experimental work, [84] considerably more information was
available when the second plant was designed. In 1955, Culler of Oak Ridge
National Laboratory in the United States noted that:

"A survey of the reprocessing technology of irradiated reactor fuel

elements by solvent extraction must cover the work of hundreds of people
and data contained in thousands of detailed reports." [85]
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Similarly, Fletcher from Harwell in the UK commented on the "well established

but elaborate" nature of reprocessing. [86]

During the development of the second reprocessing plant, the experience gained
from the design and operation of the first plant was used extensively in developing
the process and design philosophy of the new plant. [§7] At the commencement
of the project, the Development Group had experience of both the existing plant
and additional solvent extraction processes it had designed and the published
information on solvent extraction processes in the United States and in Canada.
[88] Considerable use was made of the working experience obtained from the use
of the first plant [89] and the chemical process used in the second plant was

essentially the same as was used in the first plant. [90]

3.3.1.2. The Need for the Second Plant

In November 1963, the first plant was run down [97] and reprocessing in the
second plant began in 1964. [92] Before operation of the second plant had even
begun, the need for reprocessing appeared doubtful. Supposedly, the plutonium
that was separated was to be used in fast breeder reactors and the uranium was
also to be reused. However, the economics of recovery and reuse were tenuous.
By 1962, there was already a plutonium surplus. [93] The Chairman of the

Windscale Local Liaison Committee commented:
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"everyone hoped that plutonium would eventually be used as a nuclear
fuel" [94]

In 1963, it was reported to the Windscale Local Liaison Committee that work was
being undertaken to produce fuel elements spiked with plutonium in order to "find
an outlet” for plutonium. [95] Uranium also presented a stockpile problem. In the
1955 White Paper it was noted that:
"Recent evidence suggests that uranium is more plentiful than was once
thought; considerable workable deposits of medium-grade ore are known

while the widespread existence of low-grade ores implies that adequate
quantities can be produced from them if necessary." [96]

Uranium contains the 'isotopes' U238 and U235. It is the U235 content of
uranium which is important in uranium fuel as this is the isotope that can be used
to release energy. The uranium recovered through the reprocessing of spent fuel.
will have lost some of its initial uranium 235 as it will have been used in the
reactor. Thus, despite the fact that solvent extraction had been developed as a
gamble to allow uranium separation as well as plutonium separation, [97] the
uranium that it produces is of low worth. By 1963, a spokesman from the
Canadian nuclear industry, noted that the uranium separated from irradiated

natural uranium had essentially no value. [98]

It was, therefore, clear from the outset that there was no compelling economic
justification for the second reprocessing plant. One chemist from the Belgian

nuclear industry commented:
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"It appears to me ... that economic considerations are not the main factors
in aqueous reprocessing. To some extent, even the necessity of
reprocessing is somewhat questionable. Other considerations such as
policy and programmes. have been advanced. When hearing this I cannot
help feeling that it is, on a small scale, rather similar to what happens on a
much larger scale in armament questions: everybody knows that it may not
be necessary, nevertheless nobody dares not to do it." [99]

Despite these indications, the public UK position was that the fast breeder

programme was imminent and that plutonium separation was required to fuel the

programme. For example, Hughes of the UKAEA commented that:

"We have no doubt whatsoever that, as far as the new separation plant at
Windscale is concerned, the processing of 5 tons/day fuel, producing
approximately 3 tons of plutonium, is going to be economic. I wouldn't
like to quote off the cuff the estimated cost of manufacture of plutonium at
this stage, but I will say that our main worries in Britain are that we will
not have enough plutonium to satisfy our needs. It is anticipated that we
will build a plutonium-burning prototype fast reactor, which - again, we
hope - will be the father of another series of reactors for electrical
generation in Britain. The initial reactor, details of which are not yet
finalized, should be commissioned by the early 1970's. I have no doubt
that, as in the past with other reactor systems, it will be a success, and that
by the mid-1970's electrical generation by the Central Electricity
Generating Board will be undertaken, and then the plutonium that has been
accumulated in the intervening period between mid-1965 and mid-1975
will indeed be barely adequate to meet our needs." [100]

Thus in 1964, Warner of the UK Atomic Energy Authority pronounced:

"In 1955, the United Kingdom initiated a major nuclear power programme
... The programme was to be the first phase of a balanced power system of
thermal and fast reactors in which plutonium, from the first generation of
Magnox reactors, would be used in the fast reactors."

"A new reprocessing plant was essential in this cycle because the projected
arisings of irradiated fuel exceeded the capacity of the first separation
plant at Windscale." [101]
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3.3.2. The Onset of Oxide Reprocessing

Within a year of the run down of the first separation plant, the UKAEA were
planning to restart it for the reprocessing of "oxide" fuel. The fuel used in the
military reactors and in nuclear power stations built in the first nuclear power
programme used uranium metal. However, the nuclear power stations from the
second programme and also many of the overseas nuclear reactors used uranium
oxide rather than uranium metal as the fuel. This new fuel type introduces
complications to reprocessing as the fuel rods require elaborate mechanical

treatment and the fuel contains more radioactivity.

In November 1964, a paper was prepared for the Atomic Energy Executive,
entitled "Reprocessing Plant for Oxide Fuel Elements". [/02] It was proposed to
use the first plant, which was fully depreciated, and it was anticipated that
investment of £1.5M would yield a facility capable of handling 300 te/year oxide
fuel. [/03] Essentially it was proposed to provide equipment in which all known
types of oxide fuel could be cut into small pieces and dissolved in nitric acid.
[104] The acid solution of dissolved spent fuel was to be sent through one cycle
of solvent extraction within the old plant before it was sent to the second solvent
extraction plant which had just been built. [/05] In December 1964, the Atomic
Energy Authority approved initial expenditure on the conversion of the first
separation plant for oxide reprocessing [/06] and in August 1969 the
commissioning of the converted plant, known as the 'Head End' plant was

completed. [/07]
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3.3.2.1. The Need for Oxide Reprocessing

As for the second reprocessing plant, the need for the plant conversion to allow
oxide reprocessing was clearly questionable at a very early stage. The White
Paper produced in 1964, to announce the oxide nuclear power programme,
acknowledged that the plutonium credit had been reduced. [/08] This meant that
the relative cost of nuclear power had risen since 1955. [/09] Consequently.
nuclear power was not competitive with conventional power as was previously
thought. [170] This reduction in the plutonium credit had the further effect of
diminishing the putative economic justification for reprocessing. However.
reprocessing policy was already firmly inculcated [//7] and it had long been

assumed that fuel from the oxide programme would be reprocessed. [/12] [113]

In 1964, it was reported that Windscale would be reprocessing all UK spent fuel
from the nuclear power programme [/ /4] and that addition of the converted oxide
plant would allow the reprocessing of fuel from any kind of reactor. [//5] In
1965, the Windscale Local Liaison Committee were told that:

"Whatever types of reactors are built in this country, the spent fuel from
them will be processed at Windscale." [116]

The economic case put forward for the reprocessing of oxide fuel was tenuous.
For example, a paper prepared by the Atomic Energy Authority in 1964

commented that:
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"In examining the provision of a Head-End Plant as a business proposition.
the Reactor Group, although part of the Authority. should be looked upon
as a potential customer, in that irradiated fuel will arise from the
[Authority's oxide fuelled reactors, the] W.A.G.R. and [the] S.G.H.W. and
there is a good case for reprocessing this fuel to recover U235 and
plutonium, provided a price can be quoted which is less than the current
market value of these materials. ... even if nil value is given to the
plutonium, it is reasonable to consider the interest charges that would
accrue on the U235 content of W.A.G.R. fuel, amounting to £280,000 in
the period from 1968 to 1972, and to offset this charge against the cost of
reprocessing." [117][118]

3.3.2.2. The Storage Option

Storage offers a considerably cheaper option for spent fuel management than
reprocessing. Moreover, storage is flexible as it allows the possibility of
reprocessing at some later stage [//9] if it should prove to become economic. In
1963, a strategy of storage rather than reprocessing was already being considered
within the nuclear industry abroad. [120] If fuel is reprocessed before the
separated plutonium and uranium are required, the capital cost of the reprocessing
plant is incurred earlier than is necessary. The delay achieved by storage reduces
the capital charge per tonne of fuel and thus the cost of the products if the stored
fuel is eventually reprocessed. [/21] This effect is increased if the reprocessing
which is undertaken prematurely is on a small scale. [/22] The amount of spent
oxide fuel arising in the UK was not expected to be significant until 1972. [123]
Prior to that, only modest arisings of oxide fuel (from the Windscale AGR and the
Winfrith Steam Generating Heavy Water Reactor (SGHW)) were expected. [124]

Thus, in 1964, it was noted that:
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"Unless there is a very pressing need for early recovery of 1.6% U235 in
discharged W.A.G.R. fuel, or of the plutonium in discharged W.A.G.R.
and S.G.H.W. fuel, there is no case based on the United Kingdom
programme alone for providing an oxide fuel reprocessing plant before
1972. There is ample pond capacity at Windscale and Winfrith to store all
discharged irradiated fuel in the interim period. Any delay in the
implementation of the civil oxide fuelled reactor programme introduces a
corresponding delay in the need for a fuel reprocessing plant.” [/25]

3.3.2.3. Commercial Considerations

Although it was already quite apparent as early as 1964 that there was no
compelling economic argument for the immediate reprocessing of UK fuel, the
prospect of obtaining foreign reprocessing contracts introduced an additional set
of considerations. It was felt that it was important to establish the Authority in the
oxide fuel reprocessing business [/26] and that facilities for oxide reprocessing
should be provided as early as was possible, ie by 1968. [127] It was concluded
that:

"An oxide fuel reprocessing plant built to operate prior to 1972 can only

be justified on the basis of obtaining sufficient overseas reprocessing
business to make it a sound economic proposition.” [/28]

However, it was argued that oxide reprocessing capacity:

"should be provided as soon as possible to give the Authority early entry
into the European market, which is of high potential profitability." [/29]

Establishment of oxide reprocessing would improve the job prospects at the
Windscale site. In 1961, the number of people employed at Windscale had
peaked at 5000 and had steadily reduced in the following years. [130] In 1962.

the Windscale Local Liaison Committee were warned that due to the reduction in
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reprocessing requirements the amount of production work throughout the works
would be on a reduced scale for a number of years. [/3/] It had already been
necessary to redeploy staff and there were no prospects of new plants coming to
the site. [132] The problem was magnified by the fact that the second plant had
been specifically designed to reduce staffing requirements. A number of
processes which had previously been carried out in separate buildings were
grouped together in the second plant, and extensive use was made of automatic
equipment and centralized control. [/33] As a result, although the throughput of
second plant was substantially increased, the requirements for operating and

maintenance personnel were halved. [134]

Employment prospects were also a consideration for UKAEA professional staff.
For example, Hughes commented at a 1963 Symposium:

"it was said that the first question that would be debated was whether
processing of nuclear fuel was an economic proposition or not - I was very
much afraid that the Symposium might in fact recommend that we stopped
processing, and this would put me ... an expert without a job." [/35]

If the reprocessing of oxide fuel in the 'Head End' plant did go ahead, employment
prospects would be improved. In 1963, the Windscale Local Liaison Commitiee
was informed:

"At the present time the Authority is offering to process fuels from
European Reactors, and the development of the head-end plant for the
dissolution of these advanced oxide fuels is proceeding. ... [however] it
would be most unwise to generate a feeling of excessive optimism with
regard to the future of Windscale". [136]
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In November 1964, a contract worth several million pounds for the reprocessing
of Italian Magnox fuel was signed. [/37] The Local Liaison Committee was told:
"the unique capacity of this Works to extract plutonium from irradiated

fuel elements offered the opportunity to make it a sound commercial unit
in the future.” [138]

3.3.2.4. Timing

In 1965, the commercial opportunities for oxide reprocessing did not look as
strong as they had twelve months previously. An expected letter of intent was not
yet forthcoming and the case for the conversion of the first plant to enable it to
deal with oxide fuel required reconsideration. [/39] The overseas commercial
position was difficult to judge. [/40] However, it was remarked that the
reprocessing business had been one the Authority's most profitable overseas
activities in recent years [/4/] and that the potential for overseas oxide
reprocessing contracts was good if it was possible to offer the service at the same
time as competitors. [/42] It was felt that quite modest commercial success
would be very profitable as a particularly high proportion of the costs were fixed.

[143]

Interestingly, in the light of the reconsideration of the potential for overseas
contracts for the converted plant, the arguments concerning the timing of the
requirement for reprocessing of UK fuel were revised. Although the Head End

plant was first conceived for overseas tuel [/44] in 1965 it was argued that:
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"The head end treatment plant will be an essential part of the fuel cvcle for
the Windscale A.G.R., the Winfrith S.G.H.W. and. most important. the
second civil nuclear power programme, of which Dungeness B is the first
station. The necessity for the plant cannot be in doubt, the only question is
one of timing." [/45]

"Twelve months ago it was thought that leaving the fuel from the
Windscale A.G.R. and the Winfrith S.G.H.W. unprocessed until 1972
would have negligible effect on the supply and demand position for
plutonium and U.235. Changes that have taken place in the last twelve
months indicate that this is no longer true. ... it is important that all
enriched uranium fuel be reprocessed as rapidly as possible for the
recovery and re-use of unburnt U.235." [146]

The early start of oxide reprocessing, before it was definitely needed. which was
advocated in 1964, would cost an additional £400 000 due to the interest charges
and depreciation allowance. [/47] However, in January 1966 the AEA supported
the commercial judgement of the Production Group that the construction of
facilities for oxide reprocessing should proceed forthwith. [/48] The minutes
recorded that:

"It might not be easy to establish the case with the Treasury, but he [Sir

Alan Hitchman] did not think they could in the last resort ignore the
considered commercial judgement of the Authority." [/49]

3.3.3. The THORP Proposal

Following this endorsement of the Authority's first foray into oxide reprocessing,
consideration of the longer term prospects were immediately undertaken. In 1966
a paper entitled: "The Future Pattern of Reprocessing at Windscale" [150] was

presented to the Production Group Technical Committee. [/5/] It was considered

that:
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"The Dungeness 'B' reactor tenders indicate the competitiveness of nuclear
power over conventional electrical generation and have led to the certainty
that nuclear power will increase rapidly in the near future." [752]

"There would seem no doubt that C.F.R. [the Commercial-scale Fast
Reactor] is likely to be competitive with thermal reactor systems and it is
probable that from 1980 onwards nuclear power investment will largely be
in the C.F.R. field" [/53]

" Against this fluid background it is difficult to make a long term prediction
of the reprocessing requirements at Windscale, but, on the other hand. it
should be borne in mind that, from the initiation of development to the
commissioning of a major separation complex, a period of some eight
years is usual" [754]

It was anticipated that investment in fast breeder reactors could be limited due to

the availability of plutonium. [/55] The Production Group Technical Committee

concluded that:

"the rapid rise in plutonium throughput in the early 1980's implied an
increasing dependence of the national power programme on reprocessed
fuel. Under such circumstances the U.K.A.E.A. would be seriously
criticised if deliveries of fuel to a reactor were delayed during the
commissioning of a new plant." [156]

It was considered that the oxide processing capacity of the newly converted first

separation plant would be exceeded between 1973 and 1974 [157] and that even

with expansion of this plant [/58]:

"it would appear pretty certain that we are facing a new Separation
complex in the late seventies." [159]
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3.3.3.1. Choice of Technology

Given the magnitude of the investment that would be required if a third
reprocessing plant were built, in 1966 a design study was initiated in order to
identify the optimum technology for the new plant. It was commented that:
"As the types of process chosen for the next reprocessing complex will
commit a large sum of money to a plant designed to last for at least 20
years, we cannot afford to take a superficial view in our choice of process,
nor can we afford the liberal approach of the Americans in covering all
possible technological approaches in the laboratory. We therefore propose

that the design study will be done thoroughly to enable us confidently to
make the decision for the new plant". [160]

A two to three year study was proposed [/61] to consider alternative processes for
the reprocessing of fuel, ranging from the conversion of the uranium and
plutonium into volatile fluorides, [/62] to the extraction of the fuel by molten salts
or molten metals. [/63] It was noted that:

"Enough has been said ... to indicate the complexity of the problem ...
There can be no hope at this time of providing a firm policy line." [164]

However, given the previous experience in solvent extraction technology it was
unlikely that the study would recommend adoption of a new technology for
THORP. In 1968, it was decided to continue with established technology for the
new plant. A completely novel process would have to bear either development
charges or the cost of purchasing new technology. [/65] Moreover the UKAEA
had considerable knowledge and experience of solvent extraction and an
alternative process would have had to show very substantial technical and
economic advantages to justify adoption. [/66] In September 1968, the

committee concluded that there was no evidence to indicate that a different
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technology would be required for the THORP plant [/67] and by this time a
solvent extraction flowsheet for the conceptual plant had already been drawn up.

[168]

3.3.3.2. Commercial Considerations

During the late 1960s work continued to build up the order book for reprocessing
of overseas fuel. The reprocessing of Italian Magnox fuel was begun during 1966.
[169] By 1967, a bid had been made for the reprocessing of Japanese Magnox
fuel, [170] and the contract was obtained by 1968. [/7/] In 1966, it was
considered that contracts could also be obtained for the reprocessing of oxide fuel
from overseas reactors as a result of the commercial initiatives which were being
undertaken in Europe. [/72] It was estimated that by 1973 the amount of foreign
oxide fuel to be reprocessed would be about 50 te/y. [/73] By 1980, an even
larger throughput was anticipated. [/74] In September 1968, it was reported that
the overseas order book for overseas oxide fuel reprocessing had begun to fill and
that there was the prospect for a substantial order for fuel reprocessing in the
period 1972/77. [175] It was considered that if this order was obtained THORP
might be required for 1976. [176]

In October 1968, orders had been received for the reprocessing of oxide fuel from

Italy, Canada and Switzerland [/77] and in 1970 it was reported that contracts for
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oxide reprocessing had been obtained from Italy, Sweden, Spain, Switzerland and
other countries. [/78] In 1971, BNFL was established. The Windscale Local
Liaison Committee was informed that:
"The industry is developing to meet the fuel requirements for reactors
anywhere in the world. There is a potentially large market to be tapped
and won. In order to meet the new situation the former Production Group
of the UKAEA is now established as British Nuclear Fuels Limited, the
changeover having occurred on 1 April 1971. ... The establishment of the

new Company would enable the Works to compete on improved terms in
competition with organisations overseas, in the export market." [/79]

3.3.4. Head End Expansion

In December 1966, the Production Group Technical Committee concluded that the
requirement for THORP could be postponed to 1978 by expanding the capacity of
the Head End plant. [/80] In September 1968, it was noted that delaying the
construction of THORP would save £1M/year for each year of delay as well as
allowing further time for THORP design and development. [/81] The actual
timing of the requirement for the Head End Expansion and for THORP
construction depended markedly on the extent of the reprocessing business
secured. [/82] In 1968, it was predicted that, if an expected order was
forthcoming, Head End expansion could be required by 1973. [183] It was also
calculated that the THORP would be needed in 1979, when plutonium demand

would exceed supply. [/84]

In 1969, the position was more cautious, and it was stated that:
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"With the uncertain position on commercial business. and with the lack of
knowledge of the next stage of the domestic nuclear programme. it would
be very difficult to justify such a C.E.P. [Capital Expenditure Programme
for Head End extension] on present information. ... The Working Party i
strongly of the opinion that before a decision to prepare a C.E.P. for a
second head end plant is made, an economic evaluation should be carried
out by the Commercial Branch, to examine the expected return on invested
capital arising from anticipated future business. Since the cost of a new
head end plant is likely to be about £2M, it is important to decide whether
future business expectations will support such investment." [/85]

However, in 1972, the attitude to the potential for further contracts had
significantly changed. [/86] A capital expenditure proposal for Head End
Expansion was submitted to the BNFL Board of Directors [/87] and on 23
February 1972 the proposal was endorsed. [/88] The alterations were due to be
completed by January 1975 [/89] and the total cost of the planned work was

estimated to be £3.7M. [190]

Two main limitations to the potential for the expansion of current facilities were
recognised. Firstly the logistical problems attached to refurbishment [/97] [192]
[793], and secondly the plutonium clearance for the Magnox plant. After
treatment in the Head End plant, oxide fuel was sent through the Magnox
reprocessing building. When the Magnox plant was originally designed, it was
recognised that safeguards had to be introduced in order to prevent a critical
accumulation of plutonium [/94] which would give rise to very high gamma and
neutron radiation fields. [/95] Due to the large volumes going through the plant it
was impossible to use all geometrically safe equipment (equipment which is of

such a shape and size that criticality could never occur). [/96] Instead, the object
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was to ensure by sophisticated instrumentation, that plutonium concentrations
would never reach a dangerous level. [/97] The design throughput of the second
plant was 10 kg Pu/day. [798] In 1966, after pilot plant trials, clearance for 25 kg
Pu/day was given [799] and it was proposed that clearance could be increased to
35 kg Pu/day after modification. [200] Without modification, it was predicted
that, in 1978, plutonium clearance would become the limiting factor on plant
throughput. [201] However, in 1968 the clearance had reduced to 12.5 kg Pu/day
[202] and in 1970 major modifications requiring prolonged shut-down became

necessary due to the increasing plutonium throughput. [203]

When it was decided in 1972, to go ahead with Head End expansion, it was noted
that:
"The proposal is mainly concerned with the provision of plant similar in

design and construction to that already installed ... It should therefore have
little associated technical risk." [204]

3.3.5. The Abandonment of Oxide Reprocessing

On 26 September 1973, oxide reprocessing was abandoned when radioactive gas
escaped into the working area of the Head End plant and contaminated the

workers. Clean-out of the plant during shut-down had failed to remove intensely
radioactive solids [205] from the process vessels. [206] The heat generated from

these solids produced temperatures of up to hundreds of degrees centigrade. [207]
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During recharge of the plant acidified solvent came into contact with the

radioactive solids and reacted to produce a chemically explosive mixture. [208]

[209] [210] Radioactive gas was released into the working area and all 35 men

working in the building became contaminated. [2//] BNFL has reprocessed no

oxide fuel since this accident. [2/2] [213]

3.3.6. Plans for THORP

Just nine days after the shut down of the Head End plant, BNFL's Oxide Fuel

Reprocessing Working party met to discuss the provision of new oxide facilities

into the 1980s. [2/4] It was proposed that the failed Head End plant, [2/5] which

had processed a total of 90t [216] of fuel in its four year life, [2/7] should be

expanded to allow a reprocessing capacity of 400 te/year. [218] This represented

an eighteen-fold increase in capacity. In 1974, expansion plans for the abandoned

plant were still underway [279] and it was proposed to spend £13M to achieve the

400te/y capacity. [220] It was feared that even with these modifications BNFL

would not be able to meet the expected demand for oxide reprocessing and plans

were in hand for three 800-1000 te/y plants to be in operation in the 1980s. [221]

Dr Franklin commented to the BNFL Board:

"planning and preparations should go ahead on the assumption that BNFL
will be a world-scale fuel reprocessor in the 1980's." [222]
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BNFL's expansion plans were made public in the winter of 1974/5. [223]
Following public discussion [224] the planning application was called in by Peter
Shore, the Secretary of State for the Environment [225] [226] and became the
subject of the Windscale Public Inquiry held from June to November 1977. [227]
After 100 days of hearings, and consideration of 1,500 documents [228] the
Inquiry Inspector recommended that BNFL should be granted permission to

construct THORP. [229]

3.4. SUMMARY

It may be seen that the 'decision’ to build THORP emerged over time. [230]
Reprocessing was established in the UK, following the development of plutonium
separation during the Second World War in the United States. The onset of
British military reprocessing in the 1950s, was followed by the construction of a
very similar plant to reprocess fuel from nuclear power stations. When the second
phase of the UK nuclear power programme was announced in 1964, it was
decided to convert the military reprocessing plant to handle the new 'oxide' fuel
that would be produced. It was already clear by this time that there was no
pressing economic requirement for the uranium and plutonium produced from

reprocessing. Despite this, due to the possibility of obtaining foreign reprocessing
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contracts, ambitious expansion plans were drawn up. Oxide reprocessing was
abandoned in 1973, following an accident. However, by this time considerable
work had been undertaken to obtain foreign reprocessing contracts, and to develop
plans for the large new oxide plant that became known as THORP: which was the

subject of the Windscale Public Inquiry in 1977.

The historical development of the decision to build THORP, which has been
traced in this chapter, supports the conclusion of Wynne (1980) that the
Windscale Inquiry was a legitimation exercise to:

"sanctify a decision already determined by well-buttressed assumptions
and commitments”. [23/]

Given that the decision to build THORP was effectively determined prior to the
Windscale Public Inquiry, the use of the Windscale Inquiry as a test of the
synoptic method is not robust. However, lessons from this case study may be
used in order to ensure that the conclusions drawn from the second case study are
robust. In order to allow robust conclusions to be drawn concerning the viability
of the synoptic method, an approach must be developed such that the conclusions
drawn are valid, whether or not the synoptic method was actually applied to the
decision taken. In the following chapter the methodology developed in order to

achieve this objective is outlined, and the second case study is introduced.
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4. SAFETY ASSESSMENT OF NUCLEAR WASTE DISPOSAL

4.1. INTRODUCTION

In the previous chapter, it was concluded that in order to provide a robust test of
Lindblom's hypothesis that the synoptic approach decision making is not
achievable, a methodology must be developed such that the conclusions drawn are
valid, whether or not the synoptic method is actually applied to the decision
examined in the case study. In this chapter the methodology developed, using
lessons drawn from the first case study, is outlined, and the second case study is

introduced.

4.2. THE METHODOLOGY APPLIED TO THE SECOND CASE STUDY

In the previous case study it was concluded that a methodology was required that
allowed robust conclusions to be drawn, despite the ambiguity introduced by the
political constraints faced by decision makers. The evaluation of the synoptic
method, through the evaluation of a decision that was ostensibly made using the
synoptic method, is open to the criticism that the synoptic method was actually
peripheral to the decision making process, and was not actually applied to the
decision taken. Therefore, the critical importance of developing a methodology
that would allow robust conclusions to be drawn, despite the ambiguous role of

the synoptic method, was highlighted.
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In the second case study this objective is achieved through the direct evaluation of
the viability of adopting the synoptic method. Evaluation of the viability of the
method, rather than evaluation of the success or otherwise of a decision overtly
taken using the method, allows Lindblom's hypothesis to be tested directly. and
therefore is robust to the criticism outlined above. In this case study. the viability
of the synoptic method is evaluated through the analysis of the Nirex safety

assessment of the behaviour of nuclear waste in a repository.

4.2.1. The Nirex Case Study

Nirex, the Nuclear Industry Radioactive Waste Executive, propose to dispose of
nuclear waste in an underground repository. In order to obtain regulatory
approval to dispose of nuclear waste, Nirex are required to prepare a radiological
safety assessment of the long term behaviour of the disposed waste. This
requirement is equivalent to the third stage of the synoptic method which requires
the exhaustive examination of the consequences of a proposed policy. In order for
the synoptic method to offer the decision maker a viable approach to decision
making, each one of the four stages must be achievable. Under Lindblom's
hypothesis, it is predicted that, due to the overwhelming information demands of
the synoptic method, the safety assessment work undertaken by Nirex will lail to
provide a cogent analysis of the radiological safety of the proposed disposal
facility. The analysis of the cogency of the safety assessment, independently of
the decisions taken concerning nuclear waste disposal, overcomes the problem
highlighted in the first case study. It is in Nirex's interest to prepare a safety
assessment which is cogent, comprehensive and coherent and they are spending

£6 million per year on a research programme involving 14 universities and 11
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other research organisations. [/] In the following sections of this chapter the
origin of the regulatory requirement for a quantitative assessment of the risks
attached to disposal is traced and the techniques adopted in order to achieve the

task are considered. The value of such an assessment is also discussed.

4.3. THE REQUIREMENT FOR A SAFETY ASSESSMENT

4.3.1. The International Development of Regulatory Criteria

The development of rigorous quantitative regulatory criteria in the UK for
radioactive waste disposal has originated from international work undertaken
within the last ten years. Publications from international organisations on
radiological protection objectives specifically concerning the disposal of solid
radioactive wastes did not appear until the early 1980s. [2] In 1983, the
International Atomic Energy Agency (IAEA) published "Criteria for Underground
Disposal of Solid Radioactive Wastes" (Safety Series No. 60). The purpose of the
document was to provide a set of basic requirements and criteria for underground
disposal of radioactive wastes. [3] This could be used by national regulatory

authorities to develop their own specific national standards. [4]

The report noted that:

"Recent efforts in this field have led to general agreement that
underground disposal, with the wastes appropriately immobilized and
isolated, can provide adequate protection for man and his environment."
(5]
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However, support for disposal was qualified by the requirement that the disposal
option selected should be able to ensure that there would be no "unacceptable” [6]
radiological impact. Thus, the report noted that:
"It is essential, (therefore), in disposing of radioactive wastes. to ensure
that radionuclides from the wastes will not reach the human environment

in concentrations or quantities that could result in an unacceptable
detriment at present or in the future." [7]

At that stage there was no agreement on the best method of expressing the
consequence of migration of radionuclides from a repository. The use of the dose
measurement alone was felt to be inadequate as it was felt that the probability of
exposure should also be considered. [8] The issue was under active discussion
when the report was published [9] and therefore the report did not contain any
numerical radiological protection criteria. [/0] However, the report introduced. at
an international level, the idea that the probability that doses will be received
needs to be considered when setting criteria. [/7] It was suggested that:

"One straightforward method by which this can be done is to incorporate

the probabilities directly in the calculation of the performance of the

disposal system and compare the result with a limit for the individual
risk." (My emphasis) [/2]

Other signiticant international publications produced at that time included reports
by the World Health Organisation (WHO), [/3] the Nuclear Energy Agency of the
Organisation for Economic Cooperation and Development (OECD), [/4] and the

International Commission on Radiological Protection (ICRP). [/5]
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The recommendations of the WHO report were largely in line with those of the
IAEA report. [/6] It recommended that the acceptability of waste disposal
methods should be determined on the basis of the effect of predicted doses taking
into account the probability that the dose will be incurred. [/7] The main
difference between the NEA report and those of the WHO and the IAEA were the
scope and the level of detail. [/8] The NEA report was considered to represent a
"substantial international consensus" which formed the starting point for the ICRP
work. [19] The group quantified individual risk limits and objectives that were to

be "applied over all time and space". [20] (My emphasis)

The publication of the report: "Radiation Protection Principles for the Disposal of
Solid Radioactive Waste" by the ICRP in 1985 was the first time that the
Commission had provided explicit guidance on the resolution of the problems
involved in assessing long-term radiological impacts of solid radioactive waste
disposal and on the interpretation of the results of these assessments for decision
making purposes. [2/] The report considered that models developed from
theoretical bases could be used to calculate a "reasonably predictable radiation
exposure pattern in space and time." [22] In addition, probabilistic events such as
flooding, geomorphological changes, human activities and meteorological effects
should be taken into account using "best estimates" and "engineering judgements”
to assess their probability of occurrence. [23] The report noted that:
"Any assessment of radiation impact from radioactive waste disposal is
subject to uncertainty. Within the overall uncertainty of the assessment,
several different classes of uncertainty will be usually be present. These
include not only the conventional uncertainties associated with an

imperfect knowledge of the parameters used in the assessment and the
appropriateness of the models, but also intrinsic uncertainties resulting

16 Hill (1990) p73
17 Hill (1990) p73
18 Hill (1990) p73
19 Hill (1990) p73
20 Hill (1990) p74
21 ICRP (1985) pp 1-2
22 ICRP (1985) pS
23 ICRP (1985) pp 5-6



from the statistical treatment of the variables, however certain they may
be. Uncertainties due to things that are unknowable about the {uture and
an imperfect knowledge of events affecting disposal site integrity and
pathways are examples of conventional uncertainties. while the uncertainty
in the expected outcome from low probability events is intrinsic. Whether
the predicted impacts arise as a result of the normal release mechanisms or
from disruptive events, there will always be uncertainty in the estimated
radiation impact, because present knowledge of future conditions cannot
be complete." [24]

Despite this caveat, on the extent of the uncertainties, the report provided
quantitative guidance on limits that should be laid down for licensing of
radioactive disposal sites. [25] The ICRP recommended that a dose limit of |
mSv y‘l should apply for normal gradual processes which could be predicted, and
an individual risk limit of 10~ y'1 [26] should be applied for probabilistic events

which were subject to greater uncertainty.

4.3.2. The Development of Regulatory Criteria in the UK

Early UK policy on disposal specified a numerical limit for the impact of disposal
operations, but did not specify a rigorous requirement for calculations that would
demonstrate that the limit would be adhered to. In 1959, the White Paper "The
Control of Radioactive Wastes' (Cmnd 884) [27] was published. The report noted
that for radioactive wastes:

"the need to minimise the genetic damage to future

generations, (which) calls for extra precautions as

compared with those taken for other wastes and justifies a

closer control over their production and disposal. There is a

lively public interest and it is essential that this control
should be demonstrably adequate." [28] (My emphasis)

24 ICRP (1985) p6

25 Hill (1990) p74

26 Hill (1990) p74

27 Cmnd. 884 (1959)

28 Cmnd. 884 (1959) p32
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"Having rejected the view that waste disposal should involve no irradiation
of the public, we have to consider very carefully how much is
permissible." [29]

The paper recommended that no individual should receive a dose greater than
one-tenth of the ICRP level and that the whole population should not receive a
dose greater than one rem per person in thirty years. [30] Specifically for land
disposal the report recommended that:
"the burial site should be carefully chosen so that there is no possibilitv of
contamination of underground water supplies. Burial should be deep
enough so that crops harvested nearby or on the land in future are not

contaminated and so that excavation, e.g., for housing, will not disturb the
active materials." [3/]

The Radioactive Substances Act 1960 implemented the recommendations in
Cmnd 884 and provided the first comprehensive and specific powers in relation to
radioactive waste. [32] Twenty years later in 1979, a review of the 1959 White
Paper was published. [33] This report strongly supported a policy of waste
disposal [34] and endorsed the practice of basing the standards for radiological

protection on the ICRP dose limitation standards. [35]

In 1984, the Department of the Environment (DoE) published the report:
"Disposal Facilities on Land for Low and Intermediate-Level Radioactive Wastes:
Principles for the Protection of the Human Environment”. [36] This introduced
the requirement for a rigorous assessment of the radiological impact of a disposal
facility. The document contained the principles that the relevant Departments

proposed to apply in considering whether authorisation should be given for a

29 Cmnd. 884 (1959) p33

30 Cmnd. 884 (1959) p34

31 Cmnd. 884 (1959) p37

32 Department of the Environment (1979) p28

s Department of the Environment (1979) _

34 Department of the Environment (1979) pp 109,116
35 Department of the Environment (1979) p113

36 Department of the Environment (1984)
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proposed disposal facility for low and intermediate-level wastes under the
Radioactive Substances Act 1960. [37] The report stated that:
"Authorising Departments will require that proposals for a facility should
include quantitative estimates of the activity likely to be released from the

radioactive material and should describe how the various components of
the facility act to limit its radiological impact." [38]

The report commented that:
"there are uncertainties in predicting the exposures which could occur in
the far future because population distributions and human habits may
change in ways which cannot be foreseen. Recommendations to deal with
the situation have been received from IAEA [39] and the Nuclear Encrgy

Agency (NEA) [40] of the Organisation for Economic Co-operation and
Development and have been taken into account.” [4/]

The report stipulated that the criteria used for assessment should not be based on
dose, but on risk where the risk was defined as:

"the probability that a given dose will be received multiplied by the
probability that such a dose will result in a fatal cancer.” [42]

The risk limit chosen was that associated with a dose of 1 mSv. However, in
order to take account of health effects and exposure pathways not recognised at
that time, and to avoid prejudicing future proposals that may expose the same
population to radiation exposure, an additional margin of safety was included.
The report concluded that:

"The appropriate target applicable to a single repository at any time is,

therefore, a risk to an individual in a year equivalent to that associated
with a dose of 0.1 mSv: about 1 chance in a million." [43]

37 Department of the Environment (1984) pl

38 Department of the Environment (1984) p11

39 IAEA (1983) Criteria for Underground Disposal
40 Nuclear Energy Agency (1984)

41 Department of the Environment (1934) p12
42 Department of the Environment (1984) p14
43 Department of the Environment (1984) p14
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In order to establish a case for a proposal to develop a waste disposal facility the
developer must show: "that the radiological impact of disposal has been
thoroughly assessed". [44] Information that the authorising departments will
require from the developer will include:
“results from the application of mathematical models used to predict
radiological impacts using data on the wastes, the facility design and the

site properties .. [and] .. comprehensive radiological assessments which
should include:

55.1.1 an explanation of how the basic radiological requirements and
general principles ... are met; [and]
55.1.2 an analysis of the probability that the facility might be
disrupted by discrete external events." [45]
This change from the original numerical limit prescribed in 1959 with the simple
proviso that the disposal option should be ‘demonstrably adequate’ to the explicit

demand for a rigorous quantitative assessment of safety has imposed a significant

demand on the nuclear industry.

4.4. SAFETY ASSESSMENTS

The provision of safety cases to meet regulatory requirements has three main
stages. Firstly 'scenarios’ which represent a computerised prediction of the
behaviour of the facility are developed. Secondly, values are ascribed to the
relevant parameters contained in the scenario, and finally the two are combined to
allow the calculation of the radiological impact of the repository. These three

stages are discussed below.

44 Department of the I‘nvironment (1984) p18
45 Department of the Environment (1984) p19
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4.4.1. The Development of Scenarios

In order to assess the long-term, post closure, radiological satety of a repository a
"scientific understanding of the behaviour of the facility. its environs and its

radioactive contents over a timescale of many thousands of years" is required.

[46]

In performance assessments predictions of repository behaviour are encoded into
numerical algorithms, or 'mathematical models'. Different sets of models describe
different possible global environments that could determine the future evolution
of the repository. The boundary conditions are normally referred to as scenarios.
[47] In order to generate a mathematical scenario which is suitable for the
assessment programme, a conceptual model of the possible behaviour of the
repository system is developed, which is then developed into a calculational
model, and then into a computer code. [48] The basis of scenario development is
the compilation of a list of phenomena that are potentially important for the safety
of the repository. [49] Initially the list should be comprehensive and should
include all imaginable phenomena that could affect repository safety. People with
a wide range of interests and expertise should be used in the process in order to

avoid:

"unconscious screening due to the prejudices or lack of imagination of the
participants in the identification exercise.” [30]

The factors that need to be considered in order to ensure comprehensive scenario
development are numerous and far-ranging. Natural phenomena that may be

important include: extra terrestrial impacts, geological effects. climatological

40 Nirex (1989) Deep Repository Project, pH1
47 McCombie (1990) p96

48 McCombie (1990) p97

49 Hodgkinson (1990) p337

50 Hodgkinson (1990) p338

80



events, geomorphological and hydrological processes, and transport and
geochemical and ecological changes. Human activities such as design and
construction; operation and closure; and post closure sub-surface and surface
activities should be considered. In addition. waste and repository eftects
including thermal, chemical mechanical and radiological impacts should be
incorporated into the scenario development process. Within these broad headings
more specific examples of the phenomena to be considered should be included.
For example, under the heading of mechanical effects on the waste and the

repository, the relevant possibilities would include:

i) Canister or container movement:
i1) Changes in in-situ stress field;
iii)Embrittlement and cracking;

iv) Subsidence/collapse;

v) Fracturing, and

vi)Gas effects (pressurisation, disruption, explosion, fire). [5/]

Once this list has been produced, it is possible to screen out certain phenomena
using criteria such as physical unreasonableness, low likelihood, negligible effect
on repository or environment, outside timescale of interest, or outside regulatory
interest. However, the possibility that one otherwise unimportant phenomena will
become important through interaction with other factors must be borne in mind

during the screening process. [52]

Once the significant features events and processes have been decided upon it is

very difticult to proceed in a structured way from a large number of events and

31 Hodgkinson (1990) pp 343-350
52 Hodgkinson (1990) pp 338-339
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processes to a small number of representative scenarios. [53] Given the
"deadlock" [54] at this stage a more top-down procedure for scenario formation
has been suggested which starts from the end-point and postulates sets of states
that could result in this end point. Under this methodology scenario elements

based on generic concepts are defined, such as:

Cause eg. natural phenomena, human activities,
repository effects) and
Field of Effect eg. near-field, far-field, biosphere, or

release, transport, exposure

From these, potential scenarios are developed by reference to the list of

phenomena. [55]

Despite these attempts at systematising the approach to scenario development, the
difficulties of making such wide-ranging predictions over all time and space
presents significant difficulties. These may be illustrated by the specific example

of the human intrusion scenario.

Assessments of human intrusion are seen as an integral part of the overall safety
studies for repositories and may be the dominating factor contributing to the
overall risk associated with the disposed waste. [56] However. Grimwood of
BNFL has commented that:

"Most of man's future does not even exist as a possible thought in the back
of our heads. In other words, we are limited in our ability to even imagine

53 Hodgkinson (1990) p342

54 Hodgkinson (1990) p342

55 Hodgkinson (1990) pp 342-343
56 Grimwood (1990) pp 385-386
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all that may happen in the future and there is a potential for scenarios that
we cannot now identify and this has to be recognised.” [57]

The Government Radioactive Waste Management Advisory Committee
(RWMAC) consider that the sum of the contributions from the scenarios will only
give a meaningful estimate of risk if the set of scenarios is comprehensive. [ 58]
However, the DoE consider that no formal scientific proof can be provided that all
possible futures have been considered in an assessment. [59] The DoE also
consider that under the present ad hoc scenario selection methods it will be

difficult to demonstrate that the set of scenarios analysed is complete. [60]

4.4.1.1. Verification and Validation

The mathematical models used to calculate the long term radiological impact of
radioactive waste repositories under each scenario must be verified and validated
to ensure that they may be used with confidence. Verification of the model
involves checking that the computer model is performing the calculations
correctly. [6/] Validation involves checking that the model is a true
representation of the real world. [62] Difficulties associated with the verification

and validation of the models will be considered below.

i) Verification

RWMAC consider that it is essential that a model is verified if there is to be any

confidence in the results. [63] The computer code used for the modelling solves a

57 Grimwood (1990) p387

58 RWMAC (1990) Safety Assessment Modelling, p17

59 RWMAC (1990) Safety Assessment Modelling, pp 62-63
60 RWMAC (1990) Safety Assessment Modelling, pp 62-63
61 RWMAC (1990) Safety Assessment Modelling, p28

02 RWMAC (1990) Salcty Assessment Modelling, p29

63 RWMAC (1990) Safety Assessment Modelling, p28
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given set of equations with given inputs by numerical manipulations. In order to
properly verify and document the code, it should be established that the code is:
"mathematically correct in the formulation and solution. and properly

documented on its function, accuracy, required discretization and ranges of
applicability." [64]

Work carried out for the Commission of the European Communities (CEC) to
assess the reliability of predictions made using computer codes has indicated that:

“human error' is a significant issue affecting the reliability of predictions."
[65]

Verification of a code is a necessary condition for obtaining an adequate model.
but it only implies that the code is mathematically correct, not that it gives a good
representation of the natural system. International projects such as INTRACOIN
and HYDROCOIN have shown that many codes often miss subtleties. [66] Even
well posed mathematical problems often give rise to widely different solutions
from different teams due to slight variations in the solution methodology or
misinterpretations in the formulation. [67] In order to establish that the code

provides a genuine representation of the natural world the code must be validated.

i1) Validation

Validation remains a key issue facing performance assessment. [68] The

validation of a model requires:

64 Tsang (1990) p709

05 Knowles (1990) pp 749,754
66 Carrera (1990) p483

67 Carrera (1990) p483

68 McCombie (1990) p98
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a) Comparison of the model results with experimental results.

b)  Evaluation of the procedures for constructing conceptual
and calculational models.

¢)  Evaluation of the methods for studying data and parameter

correlation. [69]

Part of the validation process involves calibration of the model. in which model
results are compared with observed data which the model is designed to simulate.
For safety assessment of nuclear waste repositories this inevitably involves the usc
of short-term data for predictions that span thousands of years into the future. [70]
Thus, although it may be possible to develop models which are adequate in the
short-term by backfitting them on to test data, the extrapolation of these models to
long term behaviour (beyond the time scale of the experiment) is unvalidated. [7/]
Work carried out for the DoE has indicated the scale of this problem. thus:
“timescales of interest are generally decades to millenia and spatial scales
are typically metres to kilometres. In contrast, typical experimental

timescales are weeks to months and spatial scales may be as little as a [ew
millimetres." [72]

The conceptual model used in the assessment includes both structural and process
aspects which must both be validated. The structural model refers to the
geometric properties of the system such as fracture density, faults, heterogeneity
etc; and the process model covers physical and chemical phenomena such as
dissolution, precipitation, colloid transport and so on. Therefore. it is possible to
describe a particular model as validated with respect to a particular process or to a
site specific system. [73] There is no such thing as a model validated in the

generic sense. [74] Moreover, given the uncertainties inherent in natural system

09 Tsang (1990) p707

70 Tsang (1990) p709
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studies complete validation of computational models can rarely. if ever, be
achieved. [75] One commentator has stated that:
"Validation ... is an outstanding difficulty especially with regard to
prediction rather than replication. It appears that the capacity to solve

mathematical models of the physical situation exceeds the ability to
characterise it in the first place." [76]

In response to questions put to them by RWMAC, Nirex stated that they
considered any mathematical model an imperfect representation of reality. [77]
RWMAC have concluded that:

"No complete assessment system has been validated and indeed it seems
impossible that one ever could be fully quantitatively validated". [ 78]

4.4.2. Provision of Data

In order to apply the computer model and obtain results, data must be used to

allow the calculation of the safety of the repository under each of the scenarios.

The difficulties of obtaining the necessary data may be illustrated with the specific
example of geochemistry. Understanding of the chemical transport mechanisms
for radionuclides from the repository is recognized as vital to the development of
the scientific basis of the safety case. [79] However, the chemistry of the most
critical nuclides from the point of view of long term satety (Tc, I, Np. Pu. Am) is
complex and Vovk of the JAEA has commented that:

"our understanding of their geochemistry is at an infantile stage." [80]

75 Broyd (1990) p740
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Nirex have stated that they are confident that all the data requirements for
providing a robust safety assessment can be met. [8§/] There are two dilferent
approaches that may be taken to the overcoming the problems that arise due to
lack of data. Under the deterministic approach values are ascribed to the
parameter and a straight forward calculation may be made. Under the
probabilistic approach parameters are ascribed a range of values with a given
probability distribution, and many thousands of calculations are performed until

convergence is achieved. [82]

4.4.2.1. The Deterministic Approach

There are three different stages in the deterministic calculation.

i)  Bestestimates values are ascribed to all the input data.

i1) In order to identify the most important (or sensitive) parameters the risk
calculation is repeated many times, varying each parameter in turn.

iii) The most sensitive parameters are ascribed best and worst credible
values and a final risk calculation is made which results in a central risk

value together with its upper and lower bounds. [83]

The advantage of the deterministic approach is that it does not make undue
demands on computer time. [84] However, the DoE hold the view that given the
uncertainties in the long term future the deterministic approach cannot be relied

upon. [85] Thompson of the DoE has written:

81 RWMAC (1990) Safety Assessment Modelling, p75
82 RWMAC (1990) Safety Assessment Modelling, pp 24-25
83 RWMAC (1990) Safety Assessment Modelling, p24
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"approaches using "best estimates” have been rejected as they are difficult
to justify scientifically.” [86]

Neil Chapman of the British Geological Survey (BGS), whose work [87] has been
used by Nirex as a focus in their site selection process, [88] has written:
"The technique is suitable for the rapid qualitative appraisal of options at
a generic level but, we suggest, the calculated doses and the times at which

doses are received should not be used quantitatively. particularly in a
regulatory sense." [89]

The "considerable oversimplification” [90] of the deterministic approach gives
rise to a smooth curve in the risk/time calculation. However, Chapman argues

that this representation is unrealistic. [9/]

4.4.2.2. The Probabilistic Approach

The probabilistic approach attempts to provide a more accurate risk estimate when
input data are either variable or "imperfectly known". [92] Each input parameter
is ascribed a probability distribution of values. Under the Monte Carlo approach a
computer is used to calculate the risk many thousands of times selecting a random
set of input parameters each time. More probable values for the parameters will
be selected most often, but there will also be a chance that low probability values
are selected. [93] The arithmetic mean of the results, which is termed the
'expectation value' of the risk, is calculated at given intervals. When the

expectation value has reached a constant value the calculation is said to have

86 Thompson (1987) p207
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‘converged'. The converged expectation value of the risk is the result used. [94]
A significant disadvantage of the probabilistic approach is the amount of
computer time required. In order to avoid prohibitive expensc. simplified models
must be used. [95] Nirex have commented that "lumping” together uncertaintics
into a probabilistic code, which necessarily uses simplified models. is not

necessarily illuminating. [96]

Similarly, Chapman has commented that the probabilistic approach:
"has a number of shortcomings for modelling processes in the Earth

Sciences where data are frequently sparse. and likely to remain so. or
where the technique masks the complexity of the natural cnvironment.”

[97]

Chapman cites three main problems with the probabilistic approach:

1)  The geological environment undergoes processes. not events, which
"cannot be treated in a random probabilistic fashion"; [98]

ii)) There is insufficient data available to obtain a statistically meaningful
result, and [99]

iii) In certain cases deterministic methods must be used in order to avoid

the selection of invalid parameters. [/00]

Chapman concludes that:

"The message from geologists to performance assessors is thus that
deterministic analysis is considerably more appropriate in describing the
natural environment than is probabilistic analysis." [/0]]

94 RWMAC (1990) Safety Assessment Modelling, p25
93 RWMAC (1990) Safety Assessment Modelling, p25
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It may be concluded that neither of the techniques available to overcome the

problems that arise due to lack of data is wholly satisfactory.

4.4.3. The Value of Safety Assessments

Using the methodology described above whereby hypothetical futures are encoded
into computer models and values are ascribed to the relevant parameters a figure
may be calculated for the predicted risks due to radioactive waste disposal. These
are generally presented in terms of predicted dose or risk as a function of time and
may thus be used for the purposes of regulatory requirements to indicate that the

risk will not exceed a specified limit at any time in the future. [/02]

In March 1989, Nirex published the "PERA" Report - "Deep Repository Project,
Preliminary Environmental and Radiological Assessment and Preliminary Safety
Report" [103] The report was addressed primarily to the regulatory departments
of Government as the first step in the process of seeking authorisation for a
repository. [/04] It described Nirex's use of radiological safety assessments to
indicate that the radiological safety targets could be met by the proposed

repository. [105]

Nirex commented that:

"by gaining a fundamental understanding of the processes concerned.
descriptive mathematical models can be formulated which, together with
measured data, can be used to make confident predictions about the distant
future." [106] [107] [108]

102 Chapman (1990) p320

103 Nirex (1989) Deep Repository Project

104 Nirex (1989) Deep Repository Project, p(iv)
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Similarly, RWMAC have commented:

"A common feature of these assessments, and of other comprehensive
assessments carried out in other countries, is that there is unlikely to be
any release of radioactivity into man's accessible environment for several
hundred to a few thousand years, and that the maximum risks to
individuals are gencrally much less than one in a million-per year. [/09]

This level of confidence in the safety assessment process is not shared uniformly

within the nuclear industry. For example, Johansson, of the National Institute of

Radiation Protection in Sweden has written:

"A full safety assessment, whose result could be interpreted so as to
predict the health effects must be quantitative. All the future events that
will take place in the repository, the surrounding rock and the radionuclide
recipient must be fully known. In fact, if we want to calculate the
collective effective dose equivalent committed we have to include all
changes on a global scale. However. it is obvious that this is not
meaningful." [770]

Merz and Schifferstein, from the German nuclear industry, have commented that:

"The claim for a safe insulation of radioactive wastes from the biosphere
over periods of time long enough for their toxicity to decay to sufficient
low values poses problems to human society which are unique as
compared to the past. The call for an assessment of the consequences of
human activities and the risks involved for periods of hundred thousands
to millions of years has never been articulated so emphatically as in
connection with radioactive wastes today. The claim to predict the
consequences of human activity for periods surpassing all imagination is
largely governed by wishful thinking on the part of the contractors.” [///]

Chapman has specifically criticised the use of dose against time curves which arc

used to show that the risk does not exceed the regulatory limit, commenting that:

"Tt is rarely stated explicitly that this type of presentation is extremely
stylized. These curves are easily misconstrued as predictions of some real
'future' or set of tutures, whereas the extent to which they will diverge
from the real evolution of the natural environment is, we belicve, very
poorly comprehended.” [1/2]
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"The utility of quantitative radiological calculations of doses or risks
beyond some hundreds of years is difficult to defend". [1/3] (Author's
emphasis)

Similarly, Hill of the NRPB has commented:
"One school of thought holds that the best approach is, as ICRP have
recommended, to apply dose and risk limits over all time, recognising that
the calculations are stylised and that the results are not predictions of
actual doses and risks, but only measures devised to demonstrate
compliance with the underlying principle. At the other extreme. there are

those who feel that any calculation of dose or risk in the far future is
meaningless". [114]

In 1990, the US National Research Council (US-NRC) published a position
statement on radioactive waste management [/75] which stated that:
"Engineers and scientists, no matter how experienced or well trained, are
unable to anticipate all of the potential problems that might arise in trying

to site, build, and operate a repository. Nor can science "prove" (in any
absolute sense) that a repository will be "safe"". [116]

It may be concluded that although the use of computer modelling together with
estimates of data does allow a calculation of radiological impact to be made, the
value of this calculation is controversial. Many observers within the nuclear
industry and the scientific community who are involved in the assessment
programme argue that such calculations are not capable of providing the rigorous

proof of safety which is required by the regulators.
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4.5. SUMMARY

In this case study, the viability of the synoptic method is evaluated through the
analysis of the Nirex safety assessment of the behaviour of nuclear waste in a
repository. In order to obtain regulatory approval to dispose of nuclear waste.
Nirex are required to prepare a radiological safety assessment of the proposed
disposal facility. This requirement is equivalent to the third stage of the synoptic
method which requires the exhaustive examination of the consequences of a

proposed policy.

The provision of a safety assessment may be achieved through the use of
hypothetical scenarios encoded into computer programs, together with estimates
for the data which are not available. However. the value of the results obtained by
such techniques, is not uniformly accepted. The following five chapters of the
thesis will consider the credibility of the Nirex safety assessment in order to test
Lindblom's hypothesis that a synoptic approach to decision making is not
achievable. The following chapter considers the impact of gas generation on
repository design and the difficulties that this presents for the safety assessment.
The subsequent chapters consider the methodology used by Nirex to quantify the

long-term radiological impact of nuclear waste disposal.
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5. REPOSITORY DESIGN AND THE IMPACT OF GAS GENERATION
ON REPOSITORY SAFETY

5.1. INTRODUCTION

In order to obtain regulatory approval for nuclear waste disposal Nirex must
prepare a synoptic analysis of the radiological impact of the proposed repository.
This chapter considers the impact of gas generation on design of the proposed
repository, and the difficulties that this presents for the safety assessment. Nirex
propose to bury 2 million cubic metres of radioactive waste underground [/] and it
is estimated that these wastes will produce their own volume of gas every ten
years. [2] In total, Nirex predict that the volume of gas generated will be 400
times the volume of the repository [3] However, Nirex did not identify the
significance of gas generation until an initial review was carried out in 1985/6 [4]

and the design of the repository has not taken gas production into account. [5]

The gases produced are potentially explosive. They also present a risk due to their
radioactivity and toxicity. However, the primary problem presented by gas
production is that the requirement to allow the gases to escape from the repository
must override the requirement for a repository design that prevents the escape of

radioactivity.

Nirex (1989) Deep Repository Project, Table 2.2
Cooper (1987) NSS/R102, p42
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5.2. THE VOLUME OF GAS PRODUCED

Nirex estimate that one billion cubic metres of hydrogen will be generated in the
nuclear waste repository due to the corrosion of steel. [6] It is also estimated that
3 million cubic metres of methane and 3 million cubic metres of carbon dioxide
will be generated from the breakdown of paper and wood in the waste. [7] Nirex
have estimated that the gas will be produced at an initial rate of 10.000 cubic
metres per year. [8] If these gases are not released it is feasible that pressures may
develop which could present a considerable threat to the overall safety of the

repository. [9]

5.3. THE REPOSITORY DESIGN

Nirex did not identify the significance of gas generation until an initial review was
carried out in 1985/6. [10] The design of the Nirex repository has not taken gas
production into account. [//] The design of the repository has been chosen in
order to limit the quantity of radioactivity carried out of the repository by
groundwater [/2] through deep burial of the waste and extensive use of steel and
concrete to seal the waste. [/3] Itis proposed that the waste will be buried in
caverns half a mile underground. [/4] Concrete will be used to grout the waste
into steel containers which will be placed in the caverns and the spaces between
the containers will be filled with additional concrete. [15] Itis assumed that by

entombing the waste in such a way the rate that radioactivity is carried out of the

0 Lever (1988) p118
7 Lever (1988) p118

8 Lever (1988) p119

9 Jeffries (1991) p124

10 Cooper (1987) NSS/R101, p113

11 Jeffries (1991) Executive Summary p(1)

12 Nirex (1989) Deep Repository Project. pp 13-14
13 Nirex (1989) Deep Repository Project, pp 13-14
14 Nirex (1991) Sellafield Reposttory Project, p4
15 Nirex (1989) Deep Repository Project. Fig 3.1
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repository will be low enough to ensure that the radiological impact is "harmless".

[16] [17]

However, due to the large volume of gas that will be generated in the repository.
[/8] the design objective of containing the radioactivity must be overridden by the
requirement to release gas and avoid a pressure build-up. The IAEA have
commented:

“The main question is to find an acceptable compromise between the water

impermeability of the repository and the quality of the sealing and, on the
other hand, the need to release the gas overpressure." [19]

5.3.1. The Requirement for a Physical Barrier

The principle mechanism for the carriage of radionuclides out of the repository
will be transport in water. [20] Nirex have calculated that water will enter the
repository at a rate of 300m3/day [27] and within 10 years will saturate the
repository. [22] Following saturation this water will flush radioactivity out of the
repository. [23] The radionuclides of particular concern are those which are
highly soluble. In particular, cacsium, strontium, iodide, and tritiated water [24]
show relatively high solubility. [25] The solubility of caesium, iodide and tritium
has been described as "unlimited" [26] [27] and the carriage of these radionuclides

out of the repository is of primary concern. [28] In the reference repository design

16 Nirex (1988) NSS/G108, p5

17 Nirex (1989) Deep Repository Project, pl4
18 Lever (1988) pl24

19 IAEA (1989) in George (1989) NSS/R199, p4
20 Harris (1988) NSS/R125, p2

21 Cox (1989) NSS/R 141, p(iii)

22 Cox (1989) NSS/R141, p8

23 Windsor (1989) NSS/R 158, p(iii)

24 Harris (1989) NSS/R189, p2

25 Ewart (1989) NSS/G111. Table 11
20 Ewart (1989) NSS/G111, Table 11
27 Windsor (1989) NSS/R158, pl2
28 Harris (1088) NSS/RI2S. p4
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used by Nirex it is assumed that physical containment of radionuclides for 300
years will be provided. [29] [30] For example, the safety assessment calculations
used to select Dounreay and Sellafield for detailed site investigation [37] assumed
“total containment” for 300 years. [32] However, it is not possible to design the
repository to simultaneously prevent the escape of radionuclides, but allow the
escape of gas. The dilemma presented by the simultaneous requirement for gas
release and radionuclide containment has prompted Nirex to redefine the word
"containment”, ie:
"no containment system is total (eg metal containers may require vents Lo
allow gases to escape) and as a result it is difficult to define ‘containment’
in an absolute sense. One working definition which is currently being
considered is that the barrier should aim to restrict the toxicity of water
just outside the barrier to being no greater than that which would be

reached in the long term when the barrier has deteriorated and the long-
lived radionuclides are homogenised throughout the repository." [33]

This ambiguous definition does not resolve safety issues that arise as a result of
gas generation in the repository. At all levels the conflicting requirements, to seal
in the radionuclides while simultaneously allowing the relea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>