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ABSTRACT

South Africa is one of the countries using nuclear power and has prospects to expand its
use in the near future. The management of spent nuclear fuel (SNF) from nuclear power
plants has become a major issue internationally, with South Africa facing the same

challenges as other countries (Bunn et al., 2001; Twala, 2007).

In 2005 the South African government developed a Radioactive Waste Management
Policy and Strategy (RWMP&S) for the Republic of South Africa (hereinafter “the Policy”)
for the management of its radioactive waste and SNF (DME, 2005). In the Policy, the
government recognises that the practice of storing SNF on-site is not sustainable.
Therefore, long-term above-ground storage on an off-site facility is needed to buy time

until a permanent solution is found.

A number of options for storage systems are available from international vendors. The
challenge is to select the most appropriate system for South Africa. The analytic hierarchy

process (AHP) is identified as a possible tool to aid the selection process.

The aim of this study is to apply the AHP tool to compare a subset of existing dry storage
options currently in use worldwide in a systematic way to decide which of the options is the

best to meet South Africa’s needs.

The study gives an overview of the existing dry storage options and related facilities. It
also identifies relevant specific criteria and sub-criteria from literature to compare these
options. Given time constraints, only three cases were chosen to demonstrate the
application of the AHP tool using the identified criteria. Pairwise comparisons are
conducted and the ranking of the options is determined.

The AHP is implemented using a Microsoft Excel program. A code that forms part of the
North-West University Reactor Code Suite was used to verify the correctness of the
calculations performed on the Microsoft Excel program. The results show that a concrete
module with an inner canister stored on a reinforced concrete storage pad open to the
environment (ConMod) is the best option to meet South Africa’s needs. These results are
in agreement with the initial intuitive judgement of the option by the researcher. On the
basis of the results obtained from this study, it was demonstrated that the AHP tool can be

applied to decide on the available option that will best meet South Africa’s needs.

Keywords: Spent Nuclear Fuel, Analytic Hierarchy Process, Dry Storage Systems, and
Medium-term Storage.
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1 INTRODUCTION

1.1 Background

Nuclear power has been widely implemented around the world, with 448 reactors
currently in operation and 59 under construction (WNA Report, 2018). South Africa
is one of the countries with nuclear power and with prospects to expand its use in
the near future. South Africa currently operates one nuclear power plant (NPP),
known as Koeberg Nuclear Power Station (KNPS), which consists of two

pressurised water reactors (PWR) with a capacity of 930 MWe each.

Nuclear power is a technology that can provide substantial baseload electricity
generation and minimise dependence on fossil fuels, which will ultimately reduce
carbon dioxide (CO;) emissions (Zakariya, 2016) and related cost. Since in South
Africa electricity supply is mostly dependent on coal-fired power generation,
additional nuclear power would play a major role in the reduction of CO, emissions.
However, management of spent nuclear fuel (SNF) from nuclear power plants has
been accumulating in storage facilities internationally (Bunn et al., 2001), with South

Africa also facing this same challenge (Twala, 2007).

Internationally, three options have been adopted for the management of SNF
(Hambley et al., 2016):

(i) “Closed cycle”, where the SNF is reprocessed. Reprocessing has been
deployed on an industrial scale in a number of countries with large
nuclear power programmes (e.g. France, the United Kingdom (UK),
Russia and Japan). It has also been carried out in countries such as
Switzerland, the Netherlands, Ukraine and Belgium through commercial
reprocessing services (IAEA, 2005). Reprocessing reduces the amount
of SNF to be managed.

(i)  “Open or Once-through fuel cycle”, where the spent fuel is not
reprocessed but is directly disposed of following a period of interim
storage. A number of countries have preferred this option (e.g. the
United States of America (USA), Canada, Sweden, Germany and
Finland). However, due to slow progress in the development of SNF
disposal facilities, no SNF has been disposed of anywhere in the world.

Only a few countries are making significant progress toward



implementing disposal facilities. The most notable of these are Sweden
and Finland, with the latter at an advanced stage of construction of its
facility.

(iii)  The third option is “wait and see”, where SNF remains and continues to
accumulate in storage facilities because no decision has been made on
its fate. Examples of these countries are Argentina, Armenia, Brazil,
Spain, Bulgaria and Hungary (IAEA, 2005).

South African is among the countries where no decision has been made on how the
SNF will be disposed of. In 2005, the South African government developed a
Radioactive Waste Management Policy and Strategy for the Republic of South
Africa (hereinafter “the Policy”) for the management of its radioactive waste and
SNF (DME, 2005). In the Policy, the government commits itself to investigating
various options for the safe management of SNF and high-level waste. These
options include:

(i) reprocessing, conditioning and recycling;

(i)  deep geological disposal; and

(i)  transmutation.
In the Policy, the government recognises that the practice of storing fuel on-site is
not sustainable. Therefore, regardless of any SNF management strategy chosen,
long-term above-ground storage in an off-site facility is needed for a number of
reasons, which include (NRWDI, 2018):

(i) Itis necessary to provide sufficient long-term storage capacity away from
the KNPS site, as SNF cannot be stored indefinitely on the KNPS site.
One of the lessons learnt from the Fukushima accident was the
importance of limiting the SNF inventory on-site. On-site storage should
only be used for cooling purposes of the SNF (Maree & Carolissen,
2017).

(i)  Eskom is considering an extension of the lifetime of the two reactor units
at KNPS from the current 40 years to a possible 60 years of operating
life, which means SNF storage capacity additional to the initially
expected storage will be required (NNR, 2017). Transfer of SNF from the
NPP site to an off-site facility needs to be enabled, for safe plant

decommissioning and site restoration following KNPS shutdown.



(i)  Public confidence and trust in the government on SNF management
need to be enhanced to address the contentiousness of long-term SNF
management.

It should be noted that the term “long-term storage” as referred to in the Policy is
herein used interchangeably with the term “medium-term storage” as referred to in

the title of this dissertation.

1.2 Problem Statement

Spent nuclear fuel dry storage options are currently in use at NPPs worldwide and
dry storage facilities and systems are commercially available on the international
market. The research problem that arises, therefore, is deciding which option will

best meet South Africa’s needs.

1.3 Purpose and Objectives

The purpose of this dissertation is to demonstrate the application of the analytic
hierarchy process (AHP) tool to compare a subset of existing dry storage options
currently in use worldwide in a systematic way to decide which of the options is the

most suitable for South Africa’s needs.
The obijectives of this dissertation are:

(i) To establish criteria and sub-criteria that will be used in deciding which dry
storage option is best;
(i) To determine which dry storage options are currently implemented
worldwide;
(i) To choose a subset of criteria and sub-criteria and a subset of options for
the application of the AHP tool in terms of the scope of this study; and
(iv) To apply the AHP tool to the subset of criteria and sub-criteria and a

subset of options.

1.4 Assumption

It is assumed in this study that there are no functional dependencies between or

within the levels of the hierarchical structure of the AHP tool.



2 LITERATURE REVIEW

This chapter is organised into three sections. In the first section, the theory and

application of the AHP tool are given.

In the second section, the basis for the selection criteria and sub-criteria, as well as

the justification for each criterion and sub-criterion chosen, is given.

In the third section, a literature review on the dry storage options is given. An
overview of countries that have implemented or are planning to implement dry
storage of SNF is given. A description of each dry storage option and a description of

the facility required for the dry storage of SNF are also given.

2.1 The Analytic Hierarchy Process

There are different tools available on the market used in the decision-making

process such as the following (Amorocho-Daza et. al., 2019):

¢ Analytic Hierarchy Process (AHP);

e Multi-Criteria Analysis (MCA) (Genorowicz, 2013)

e Multi-Attribute Analysis (MAA) (Shevchenko et.al., 2008)

e Elimination Et Choix Traduisant la Realite (ELECTRE);

e Multi-attribute utility theory (MAUT);

e Measuring Attractiveness by a Categorical Based Evaluation (MACBETH);

e Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS);

e Preference Ranking Organization Method for Enrichment Evaluations
(PROMETHEE).

However, in the literature, no study could be found where these decision-making
tools have been used in the selection of dry storage options for SNF. Amongst these
decision-making tools, analytic hierarchy process (AHP) is one of the widely used
tools in solving a significant number of decision problems across different fields,
including economics, medicine, manufacturing, engineering and the environment
(Ababio & Mwamba, 2015).

Therefore, the study will focus on the implementation of the AHP to decide which dry
storage option is the most suitable for South Africa’s needs. Following the successful
demonstration that the AHP tool can be used for evaluating the dry storage options,

in follow up studies the other available tools should also be studied and implemented



to evaluate dry storage options and these can be benchmarked against this AHP

study.

2.1.1 A general definition of the analytic hierarchy process

The analytic hierarchy process (AHP) is a decision-making tool developed by. Saaty
T.L in the 1970s (Bhushan & Rai, 2004). Since then and as mentioned in Section 2.1
the AHP methodology has been widely used in solving a significant number of
decision problems across different fields, including economics, medicine,
manufacturing, engineering and the environment (Ababio & Mwamba, 2015). It helps
structure the problem in a manner that is simple to follow and analyse by
decomposing the problem into a hierarchy of sub-problems, which can be
comprehended and judged subjectively more easily (Bhushan and Rai, 2004). The
hierarchy indicates a relationship between elements on one level with those on the
level immediately below (Bhushan & Rai, 2004). In the hierarchical structure, the
decision problem is modelled in the form of goal, criteria, sub-criteria and options

(Ziemba, 2019). An example of the hierarchy structure is shown in Figure 2-1.

The goal is placed at the top in the hierarchy. The goal represents the desired
outcome of the decision-making process. On the level below the goal are criteria.
The criteria are requirements, principles or standards by which the options are
judged when choosing an option that best meets the goal. Below the criteria are sub-
criteria. This is because, in some instances, criteria need to be further decomposed.
Further division into sub-criteria enables clearer discrimination of the options during
the judgement. The last level of the hierarchy is the options. The options are the

possible solutions available or identified to meet the goal.



Goal

Criterion 1 Criterion 2 Criterion 3
Level 1
Sub-criterion 1 Sub-criterion 2 |
Level 2 ///
Option 1 Option 2 Option 3
Level 3

Figure 2-1: Example of the hierarchy structure

2.1.2 Pairwise comparison matrices

To enable judgement, pairwise comparisons are conducted on all levels of the
hierarchy. Pairwise comparison is a process of comparing elements of each level of
the hierarchy in pairs to judge their importance with respect to the element above

them.

In the first set of pairwise comparisons, criteria are pairwise compared in terms of
importance with respect to the goal. In the second set of pairwise comparisons, sub-
criteria are pairwise compared with respect to their parent criteria for importance. In
the last pairwise comparison, the options are pairwise compared with respect to the
sub-criteria connected to them. In cases where criteria do not have sub-criteria,

options are pairwise compared with respect to the criteria.

In order to make pairwise comparisons, a nine-point scale can be used, which is
given in Table 2-1: The Saaty Rating Scale (Saaty, R.W., 1987). This scale is then
used to determine how many times more important or dominant one criterion is over
another with respect to the goal; how many more times important or dominant one
sub-criterion is over another in terms of its parent criterion and how well one option

meets the criterion (or sub-criterion if present) compared to another (Saaty, T.L.,



2008). The pairwise comparisons obtained for the three levels are then used to

construct comparison matrices, as outlined next.
Table 2-1: The Saaty Rating Scale (Saaty, R.W., 1987)

Intensity of Definition Explanation
importance
on an
absolute
scale
1 Equal importance Two activities contribute equally to the
objective
3 Moderate importance | Experience and judgement strongly favour
of one over another one activity over another
5 Essential or strong | Experience and judgement very strongly
importance favour one activity over another.
7 Very strong | Activity is strongly favoured and its
importance importance is demonstrated in practice
9 Extreme importance The evidence favouring one over another is of
the highest possible order of affirmation
2,4,6,8 Intermediate  values | When compromise is needed

between the two

adjacent judgements

To start, consider first the comparisons associated with the second level of the

hierarchy, i.e. the criteria. Assume that there are n such criteria. These criteria must

be compared with one another in terms of the goal. The total number of comparisons

evaluated will be n(n — 1) /2. The comparison matrix C is then an n X n matrix, where

each element c;; of the matrix represents a comparison between the it" and jth

criterion. The element ¢;; is set to be 1/¢;;. (See Section 2.1.5 for a justification of

this assignment.)

If any criterion has, say p sub-criteria, then these sub-criteria will be compared with

one another in terms of the parent criterion. There will be p(p — 1)/2 comparisons. A




p X p comparison matrix § would then be constructed for each criterion that has sub-
criteria.

Finally, pairwise comparison matrices O will also be constructed for the options. If
there are sub-criteria present for any criterion, then the pairwise comparison will be
made for each sub-criterion. If there are g options, then there will be q(qg —1)/2
comparisons for each sub-criterion, resulting in matrices having dimensions g x q. If
any criterion does not have sub-criteria, then the pairwise comparisons of the options
are made in terms of the criterion itself.

Thus, all the levels of the hierarchy, except for the goal level, will all have pairwise

matrices associated with them.

2.1.3 Matrix equation used to determine the ranking of the options
The criteria pairwise matrix € of dimension n x n will yield a weight vector f of
dimension n and elements f;, where i = 1,n. The method to reduce the matrix C to

the vector f is explained in the next section.

If a criterion, say k, does not have any sub-criteria, then the element f;, of the weight

vector f is used directly to form an element d,,, of a composite weight vector d.

If a criterion, say m, does have sub-criteria, of say number p™, there will be a
pairwise comparison matrix $™ for this criterion, as discussed in the previous
section. Superscript is now used to identify the § matrix with the criterion m. The
matrix S™ is also reduced to the weight vector g™, with elements g7*, where o =
1,p™ . The method to reduce the matrix to the vector is the same as that for the

criteria, described in the next section.

In order to populate the composite weight vector d with the elements from g™, each
element g must be multiplied by the appropriate element from the weight vector of

the criteria level, i.e.
dm0+m = fm X 95"

Here, m, is the last element of d that was populated before the current

consideration. The dimension of the vector d, say t, will be the total number of

pairwise comparison matrices constructed for the options.



To illustrate the dimension of the vector d, consider as an example of four criteria, of
which two criteria have three sub-criteria each. There will then be six elements for
the six sub-criteria, and two further elements for the two criteria that do not have sub-

criteria, meaning that the dimension of the vector will be eight.

In addition to the composite weight vector d, a matrix 4 is also constructed.

To do this, each of the t comparison matrices for the options is reduced to a weight
vector, the method for which is also given in the next section (This method to reduce
the comparison matrix to the weight vector is the same whether the criteria, sub-
criteria or options are considered.). There will thus be t column weight vectors of
dimension g, where g is the number of options. The matrix A4 is then constructed by
setting each column of A so that it has the contents of one of these t weight vectors,

in the correct order. The dimension of the matrix A is g X t.

The final equation is then used,

Ad = 7. (1)

-

In this equation, 7 is the vector whose elements give the ranking of each of the
options considered. Its dimension will be that of the number of options gq. The

element with the largest ranking will be the best option to choose.

2.1.4 Determining the weights of the pairwise comparison matrices

It was mentioned in Section 2.1.3 that the pairwise matrices yield weighted vectors.
This is carried out as follows:

Consider the matrix A of dimension I x J and with elements a;;, where i = 1, ...I and
j=1,..J. (The usual convention where the first index of the element is the row
position and the second index is the column position is used.)

This matrix is normalised to the matrix B in terms of the columns of A using the

following formula for each element b;; of matrix B.

aij

bij - z:{=1aii. (2)




A column vector ¢ , with elements ¢;, where i =1, ...1, is calculated from matrix B

using the following equation:
Ci j=1"ij- ( )

This vector ¢ is normalised to a vector € with elements e;, where i = 1, ...1, using the

following equation:

Ci

ei = Z{c=1ck' (4)

This vector ¢ is then the weighted vector derived from the pairwise comparison

matrix A.

2.1.5 Justification for the weighting scheme and the equation to determine the

ranking

In order to gain insight into the process of calculating the weight, an example is
considered through which the comparisons can be obtained numerically. Consider

three objects 1, 2 and 3 of mass 90 kg, 40 kg and 70 kg respectively.

To rank these masses in terms of their values, one only needs to normalise them,

and the resultant weight vector would be their ranking:

0.45
[ 0.2 ] (5)
0.35

One can also calculate this weight vector using equations 2 to 4.

First, the comparison matrix A is calculated:

A=|Az1 Az Qazz|.

asz; dz; dsz

a1 Q412 a13]
Mass one is 90/40 times heavier than mass two, yielding a;, = 2.25.
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Mass two is 40/90 times heavier than mass one, yielding a,; = 0.44. It can be seen

that a21 = 1/6112.

In a similar fashion, the other elements of matrix A can be determined, yielding the

matrix

1.00 2.25 1.29
0.44 1.00 0.57
0.78 1.75 1.00

A=

The next step is to normalise each column of a matrix using equation 2.

This yield

A"=10.20 0.20 0.20

0.35 0.35 0.35

0.45 0.45 0.45]

One notices that the columns are now identical and that each column is indeed the

weight vector in equation 5.

This symmetry arises because the comparison matrix elements have been

calculated exactly in terms of the numerical values of the masses. For example,

. a
iven a;, and a1, a,; can be calculated as a,, = —.
12 13 23 23

aiz

However, the AHP is designed to be used in cases where the comparison a,; must

also be assigned by the analyst, and not calculated using a,; = =

a2

One, therefore, needs to sum the rows and normalise the resulting vector to obtain

the weight vector.

To continue with the above example, the sum of matrix A" across the rows yields

0.6
1.05

1.35]

When this vector is normalised, the weight vector given in equation 5 is obtained.
The final ranking of the options is given by applying equation 1.
Each column of matrix A is a list of the relative ranking of all the options with a

specific criterion (if the criterion does not have sub-criteria) or sub-criterion. Vector d
is the relative ranking of all the sub-criteria and the criteria that do not have sub-

criteria.
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As one moves across a row of matrix A, one obtains the ranking of all the criteria
(those without sub-criteria) and sub-criteria in terms of a specific option.

The multiplication, given by equation 1, therefore results in the ranking of all options.
A numerical justification such as that given using the example of masses above is
not possible using the current formalism of the AHP. For example, comparing
radiological safety with system flexibility using an exact numerical scale, as was

done for comparing masses, is not currently possible.

2.1.6 The consistency index
The pair comparison matrix and the weight vector can be written as an eigenvalue

equation (R.W. Saaty, 1987): Ad = Ad where 1 is the eigenvalue. This equation has
a slightly different form compared to equation 1.

For an n x n matrix, there will be n eigenvalues, 1,,4,, ...,4, with 1; = 4,4, the
maximum eigenvalue.

A matrix such as that constructed above for the mass example is termed consistent,
since if a;, and a,; are given, then a,;; can be calculated using the equation
13 = A1z X Ay3.

In such a case, one gets 1,5, =1

1.00 2.25 1.29][0.45 0.45
0.44 1.00 057|102 (=3]02]

0.78 1.75 1.00110.35 0.35

i.e.

However, when a,; cannot be determined using a,; = a;, X a,3, but needs to be
estimated by the analyst, then it is found that 4,,,, is greater than n. A consistency
index can then be defined in terms of 4,,,, — n.

R.W. Saaty (1987) defines the consistency index as

Cl = Ay — —

n-1’

The consistency index (CI) is then compared with a random consistency index (RI).

To do this, the consistency ratio (CR) is defined as CR = %
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As guided by Saaty R.W. (1987), if the ratio is less than 0.1, then the judgements
used to construct the pairwise comparison matrices are accepted, else the
judgements must be revised until a ratio of less than 0.1 is obtained.

RI is given as a function of N, the number of criteria, sub-criteria or options used to
construct the pairwise comparison matrices. It is derived from a sample size of 500,
of a randomly generated reciprocal matrix using the scale 1/9, 1/8, ...., 1, ...., 8, 9
(Saaty, R.W., 1987) and is shown in Table 2-2.

Saaty R.W. (1987) also gives an approximation to calculate 4,,,:

A row vector 7 , with elements r;, where j =1, ..., is calculated from matrix 4 using

the following equation.

rj = =1 aij- (6)

The eigenvalue 1,,,, is then calculated from vectors # and d using the formula

Amax = Loy 13 .

To state what is discussed in this section in another way, consistency of the pairwise
matrices means the following: Assume that criterion one is more important than
criterion two, and criterion one is even more strongly important than criterion three.
Then criterion two must be stronger than criterion three. If the analyst finds that
criterion three has been assigned to be stronger than criterion two, then the decision-
making for the three comparisons is inconsistent, and the decisions must be
reviewed. To aid the analyst with deciding whether the pairwise comparison matrix is

consistent, the consistency ratio is calculated and should be less than 0.1.

Table 2-2: Random consistency index

n 1 2 3 4 5 6 7 8 9 10

Rl | 0.00 0.00 |0.58 |0.90 1.12 1.24 1.32 1.41 1.45 1.51
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2.1.7 Dependence

Dependence can be described as the relationship between the criteria, sub-criteria
and options. Saaty T.L makes a distinction between two types of dependencies

namely functional dependence and structural dependence.

Structural dependence is the dependence of elements from the lower level on the
elements on the level above them. The hierarchical structure of the AHP represents

structural dependence.

Functional dependence is the dependence of elements on other elements on the

same level in performing their function.

The AHP tool assumes there are no functional dependencies between or within the

levels of the hierarchical structure, which it is not always the case.

To deal with functional dependence, Saaty T.L developed another tool. The tool is
called the analytic network process (ANP) and it extends the AHP tool to
accommodate functional dependence. Functional dependence is further broken
down into inner and outer dependencies between criteria/sub-criteria and feedback
(Ziemba, 2019).

An overview of the ANP is illustrated in Figure 2-2. The details of the method are
presented in the publications of Ziemba (2019) and Saaty, T.L & Vargas (2006).

However, in the current study, to remain within the scope of the study, it is assumed
that there are no functional dependencies between or within the levels. Intuitive
judgement is used wherever possible in an attempt to satisfy this assumption. It is
therefore recommended that a future study must look into the functional dependence

of the elements in which the ANP must be used.
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Figure 2-2: Network structure in the ANP tool (Ziemba, 2019)

2.2 Selection criteria

2.2.1 Basis for the establishment of criteria and sub-criteria to facilitate the selection

of the dry storage option

The fundamental concern in establishing criteria and sub-criteria for the selection of
a dry storage system is ensuring the safety of the workers, public and environment
from any radiation hazard posed by the SNF during storage. Therefore, the main

safety requirements of a dry storage system are as follows:

e Risk of radiation exposure to workers and members of the public is avoided
or eliminated during normal operation or if accidents occur (HITACHI, 2014).

¢ Radioactive material and radioactive waste remain adequately controlled or
contained so that it cannot leak or otherwise escape from such control or
containment (HITACHI, 2014).

e The rate of production and total quantities of radioactive waste are minimised
during the storage and decommissioning period (HITACHI, 2014).

e Passive heat removal is maintained at all times during the storage period
(IAEA, 2007).

e The SNF is maintained in a sub-criticality condition at all times during the
storage period (IAEA, 2007).
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The criteria and sub-criteria have been chosen for the selection of the dry storage
system to satisfy these safety requirements, i.e. the chosen criteria and sub-criteria

should not compromise any of the safety requirements highlighted above.

The following sources outline broad criteria that can be used in the selection of dry

storage system options:

e |AEA Guidebook for the Selection of Away-from-Reactor facilities for SNF
(IAEA, 2007);

e Evaluation of Spent Nuclear Fuel Management Options for South Africa
(Twala, 2007);

e UK ABWR Generic Design Safety Assessment Preliminary Safety Report on
Spent Fuel Interim Storage (HITACHI, 2014).

From these, one can obtain specific relevant criteria and sub-criteria for the
selection of a dry storage system. These criteria and sub-criteria are specified next.
For each criterion and sub-criterion obtained, the description and justification are

given. The criteria and sub-criteria are also listed in Table 2-3.

Table 2-3: Criteria and sub-criteria

No. | Main criteria Sub-criteria

1. Radiological safety No sub-criteria identified
Localisation
Modularity

2 System flexibility Possibility of changing vendors

3. Operation and maintenance No sub-criteria identified

4. Retrievability No sub-criteria identified

S. Decommissioning No sub-criteria identified
Capital cost

6. Operational and maintenance cost

Cost Decommissioning cost
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2.2.2 Criterion: Radiological safety

When nuclear fuel is taken from a reactor, it contains a lot of radioactive isotopes, for
example fission products such as Sr-90 (a strontium isotope) and Cs-137 (a caesium
isotope) and minor actinides such as neptunium, americium and curium (Wagner,
2016). These isotopes produce a considerable amount of heat and radiation, which
can be harmful to human life and the environment. The task of protecting human life
and the environment against this heat and radiation is called radiological safety
(University of Newcastle Australia, 2014) and actions are required to ensure this.
Some of the actions would, for example, be to cool the spent fuel in the reactor fuel
storage water pool for a period of five years or more before it can be transferred to a
dry storage system (IAEA, 2007).

Radiological safety is considered a maijor factor in the management of SNF owing to
the radiological hazard presented by SNF. The purpose of radiological safety is to
maintain radiation doses to which workers and the public are exposed below
regulatory limits and as low as reasonably achievable, to prevent unplanned or
accidental exposure to ionizing radiation, and to prevent the release of radioactive
material into the environment (SLAC, 2019). Therefore, “radiological safety” has
been chosen as one of the criteria to evaluate dry storage systems. The criterion has

therefore been established as follows:

The preferred dry storage system should have minimum handling activities
to keep occupational exposure of workers as low as reasonably
achievable and high protection against radionuclide releases to the
environment and radiation doses to the members of the public during

normal operation (Twala, 2007).

No sub-criteria have been identified for this criterion.

2.2.3 Criterion: System flexibility

According to the International Atomic Energy Agency (IAEA, 2007), system
flexibility refers to the ease with which the system can adapt or respond to internal
or external changes in a time-bound and cost-effective manner. The processes for
design, construction and fabrication directly affect the project expectations in terms

of system flexibility. It is necessary to develop selection criteria to compare options
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on the basis of these expectations. Therefore, the following sub-criteria have been

considered in the selection of a dry storage system:
()  Modularity

Modularity refers to the ability to implement dry storage systems in separate units

and has the following advantages:

e |t enables one to start small, thus improving affordability by minimising the
upfront cost outlay required to build the facility (IAEA, 2007).

e |t provides flexibility for the expansion of the facility as the need arises by
matching the spent fuel production and the amount of spent fuel intended to
be stored in the facility (IAEA, 2007).

e |t may also allow future improvements of dry storage systems based on the

lessons learned from the storage operations.

The disadvantage of modularity will be the possibility of change in public perception
of the facility and possible changes in regulations. This might pose a difficulty if
further licensing and public acceptance are required during the extension of the

facility.
The criterion has, therefore, been established as follows:

The preferred dry storage system should enable to start small thus improving
affordability by minimizing the upfront cost outlay required to build the facility
(IAEA, 2007).

(i)  Localisation
Localisation refers to the manufacturing of a dry storage system compatible with

local construction practices and experience that enables the utilisation of the local

workforce and skills (IAEA, 2007). Localisation has the following advantages:
e |t provides jobs to the local community, which will also enhance public
acceptance.

e Most of the money will be invested within the country, which will help to grow

the economy.

e |t minimises the cost uncertainty due to currency exchange fluctuation or an

unfavourable exchange rate.
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e |t minimises supply disruptions due to transportation logistics, political
considerations or other international disruptions that could affect the delivery

and cost of the dry storage systems (IAEA, 2009).

The disadvantage of localisation will only be evident when there is a need to
establish a manufacturing or fabrication facility, which will increase the cost of

establishment of dry storage systems.
The criterion is therefore as follows:

The preferred dry storage system should be compatible with local construction
practices and experience, and enable utilization of local workforce and skills
(IAEA, 2007).

(iii)  Possibility of changing vendors
The possibility of changing vendors refers to the importance of allowing the
participation of multiple vendors to avoid dependence on a single vendor in the

implementation of a dry storage system (IAEA, 2007). The advantages of multiple

vendors are:

e the competitive cost; and

e meeting supply constraints.
The foreseen disadvantage might be the difficulty in further licensing of the dry
storage system supplied by different vendors, as well as compatibility with existing
infrastructure. However, based on international experience in the implementation of

dry storage systems, it can be assumed that the highlighted disadvantages can be

addressed easily.
The criterion has been established as follows:

The preferred dry storage system should allow the participation of multiple
vendors to avoid dependence on a single vendor in the implementation of the
facility (IAEA, 2007).

2.2.4 Criterion: Operation and maintenance

The operability and maintainability of the dry storage system are important selection
considerations (IAEA, 2007).
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Operability refers to the ability of a dry storage system to be operated for a specified
period of time without degradation and the need for repairs or maintenance (IAEA,
2007).

Maintainability refers to the ability of the dry storage system to be restored within a

specified time to its full performance (IAEA, 2007).

The key aspects in terms of operation and maintenance are:

e simplicity of use; and
e ease of maintenance.

The criterion has been established as follows:

The preferred dry storage system should be easily operable without the need for
elaborate systems and procedures and should be easily maintainable without the

need for complicated maintenance requirements (IAEA, 2007).

No sub-criteria have been identified for this criterion.

2.2.5 Criterion: Retrievability

Retrievability refers to the ease with which spent fuel can be recovered from the dry
storage system. Since in South Africa no decision has yet been made on how the
SNF will be disposed of, at the end of its storage lifetime, ultimately the SNF would
have to be retrieved either to be sent for reprocessing or transmutation or to be
directly disposed of, using systems designed and licensed for the disposal of SNF.
Therefore, it is important that the dry storage system chosen should maintain the
ability to retrieve or recover SNF for this purpose.

The criterion has been established as follows:

The preferred dry storage system should maintain the ability to retrieve or recover

the SNF when the need arises.

No sub-criteria have been identified for this criterion.

2.2.6 Criterion: Decommissioning

The current dry storage systems are not designed or licensed for use as disposal
containers for SNF. Their licensed term for usage is country-dependent and is
estimated to be between 40 to 50 years and in some countries, such as Spain and
the Netherlands, it is 100 years (OECD, 2017). At the end of their life, they will need

20



to be decommissioned. Decommissioning is referred to as the actions that will be
taken at the end of the useful life of a nuclear facility or dry storage system to release
it from regulatory control, and/or to reduce the levels of residual radionuclides in the
materials and on the site of the facility so that the materials can be safely recycled,
reused or directly disposed of in a low-level waste (LLW) disposal facility. This
typically includes dismantling, decontamination, and rehabilitation activities (IAEA,
2016).

The advantages of decommissioning are the reduction of the materials needed to be
disposed of and the rehabilitation of the site. However, if not properly planned, it
could also result in an increased amount of waste being produced and unnecessary

exposure of the workers.
The criterion has been established as follows:

The dry storage system shall be designed so that at the time it is to be
decommissioned, the decontamination and dismantling of structures and
equipment together with the removal of waste can be facilitated, the quantities of
waste arising can be minimised and occupational exposure can be reduced to as
low as reasonably achievable (IAEA, 2007).

No sub-criteria have been identified for this criterion.

2.2.7 Cost

The Policy requires that the available systems for managing radioactive waste/SNF
should be evaluated systematically and the identified option should be the best
available technology not entailing excessive cost. Therefore, to find a dry storage
system that will not impose any financial burden on the country; cost is chosen as
one of the criteria for the selection of a dry storage system. To enable assessment
of the cost for each dry storage system, the sub-criteria discussed below have been
identified.

(i) Capital cost
Capital cost refers to the upfront cost required for the establishment of the dry
storage facility, which among others includes design and engineering, purchase or

manufacturing of the dry storage system, auxiliary equipment and infrastructure.

The individual capital cost varies, depending on the dry storage system. This sub-
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criterion is included because the intended financial burden on the country needs to

be taken into consideration as well. The criterion has been established as follows:

The dry cask storage system shall be modular in nature, enabling starting small,
thus improving affordability by minimising the up-front cost outlay required to
establish the facility (IAEA, 2007).

(i)  Operational and maintenance cost

Operational and maintenance cost can be defined as all expenses associated with
the utilisation of the dry storage system or facility. Operational and maintenance
cost includes among others labour, dry storage system handling activities, services
(such as electricity, etc.), material and goods required for operation and
maintenance, and inspection/monitoring. A more complex system will demand a lot
more attention to keep it in working condition, which will, therefore, result in a high

cost of operation and maintenance.
The criterion has been established as follows:

The preferred dry storage system shall be less complex, which will result in less

cost for operation and maintenance (IAEA, 2007).
(i)  Decommissioning cost
The decommissioning cost can be defined as all expenses associated with the
decontamination, dismantling and decommissioning of the storage system and site
restoration subsequent to the removal of SNF from the facility (IAEA, 2007). The

factors affecting decommissioning cost are (IAEA, 2007):

e Measures to be put in place to ensure dose limits are not exceeded during
decommissioning. One example would be to rotate workers in order to
reduce exposure, which could be reasonably achievable but may require
more workers involved in the decommissioning. The dose limits are defined
as the values of the effective dose or the equivalent dose to individuals in
planned exposure situations that are not to be exceeded (IAEA, 2014).
These limits are established by the regulatory body.

e Exemption of some actions during the decommissioning process. Some
actions during decommissioning, such as cutting of removing some
components from the facility or system, may not need to be subject to

regulatory control after being decontaminated. The exemption means the
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determination by a regulatory body that action need not be subject to some
or all aspects of regulatory control on the basis that the exposure (or
potential exposure) due to the action is too small to warrant the application of
those aspects (South Africa, 2006). To reach these levels, a number of
processes may need to be implemented, which would affect the
decommissioning cost:

Equipment required for dismantling;

Development of methods required for decontamination;

Size of the facility and the extent of contamination;

The complexity of the dry storage, which may result in difficulty to
decontaminate; and

Establishment of radioactive waste management processes for the resultant

waste and development of waste disposal packages.

The criterion has been established as follows:

The preferred dry cask storage system and the related facility should be
designed so that at the end of their lifetime, decommissioning can be easily
facilitated without excessive cost (IAEA, 2007).

2.2.8 Criteria and sub-criteria not considered

The list of criteria and sub-criteria discussed above is not necessarily exhaustive but

is a sufficient sample to demonstrate the application of the AHP tool for selecting the

best possible option for SNF dry storage for South Africa. Any other relevant criteria

and/or sub-criteria not considered in this study can be used in the same manner to

demonstrate the functioning of the AHP tool.

Examples of some of the criteria that were not studied are:

Safeguards and security; and

Environmental impact.

2.2.9 Dependencies between criteria, inclusive of sub-criteria

It was discussed in Section 2.1.7 that the consideration of dependencies between

criteria, inclusive of sub-criteria, was beyond the scope of this study. However, it was

considered important to list a few possible dependencies that should be considered

as starting points in further studies.
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When considering the criterion operation and maintenance, it is noted that there is
benefit in choosing good operability conditions (for example, being able to operate
for longer periods between maintenance times) in that there would be a reduction in
the time the workers have to spend close to the dry storage system. This would
reduce the exposure time to radiation and is therefore related to the criterion

radiological safety.

Moreover, this criterion, operation and maintenance, would share dependency with

the sub-criterion operational and maintenance cost of the criterion cost.

2.3 Dry Storage Options

2.3.1 Basic description of a dry storage system

When the SNF is discharged from a nuclear reactor core, it must be stored in the
SNF pool or wet storage facility for at least five to 10 years to allow for initial cooling
and radioactive decay. After this period, the SNF can be transferred to a dry storage
system. The dry storage system normally uses concrete and/or steel, to shield from
gamma radiation, and neutron shielding is provided by polyethylene, concrete and/or

resins or boron-impregnated metal.

Two main different types of dry storage systems have been implemented
aboveground worldwide. These are referred to as bare-fuel and canister-based dry
storage systems. In bare-fuel dry storage systems, the SNF is placed directly into a
basket that is integrated into the cask cavity. In a canister-based dry storage system,
the SNF assemblies are placed in a basket that is integrated into a metal cylinder,
which is referred to as the canister. The canister provides leak-tight containment of
the SNF assemblies and is placed inside a thick-walled overpack to provide radiation
shielding (Wang, 2015). The canister is filled with an inert gas (e.g. helium) to
prevent oxidation of the SNF cladding and maintain the integrity of the SNF during

storage.

2.3.2 Requirements

The dry storage system should have the following main features (Roland, at. al.,
2003; The National Academies of Sciences, 2006):

¢ A multiple containment barrier;
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e Passive cooling, while fuel assemblies are stored in an inert atmosphere
and under conditions of temperature preventing the degradation of rod
cladding;

e Sub-criticality meeting ICRP 60 requirements, as well as all applicable
regulations (including severe weather conditions and earthquake);

e Safe handling operations;

e Future decommissioning of the facility through design optimisation;

e Construction and operating cost-effectiveness; and

e Shielding of workers and the public from the radiation emitted by
radioactive decay in the SNF and provision of a barrier for any releases of

radioactivity.

2.3.3 Countries that use dry storage systems
As mentioned in Section 1.2, several dry storage options implemented aboveground

are in use worldwide and dry storage systems are commercially available on the

international market.

The study will focus on dry storage options that have been proven practical to store
PWR fuel for a significant period to demonstrate dry storage option’s technical
adequacy (Hitachi, 2014).

Examples of countries that have already implemented dry storage of spent fuel and
the different designs of dry storage systems used are given in Table 2-4. The table

includes the following:

e Status of dry storage of SNF in each country;

e Design of dry storage system;

e Type of storage facility used for the dry storage system;

e Location of the dry storage facility, either away from the reactor or
centralised;

e Vendor;

e The orientation of the dry storage system in storage; and

e Type of spent fuel stored.
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Table 2-4: Dry storage systems implemented internationally

Country Status of the | Type of | Location of the | Type of fuel | Type of dry | Orientation | Vendor References
storage storage storage stored storage
facilities facilities facilities systems
France Operational Modular vault | Centralised PWR, BWR Vault Vertical SGN Roland et al., 2003
dry storage | storage
(MVDS)
Germany Operational Concrete Centralised PWR, BWR, | Metal cask Vertical GNS mbH, | Thomauske, 2002
building storage, on-site | and Triga transnuclear
storage research
reactor
Switzerland | Operational Concrete Centralised PWR Metal cask Vertical GNS mbH, | Williams, 2015
building storage transnuclear
Japan Construction Concrete Centralised PWR, BWR Metal cask Vertical/ Transnuclear, Fujimoto, 2010;
phase building storage horizontal Toshiba, Hitachi | Kumano, 2010;
Zosen, Hitachi GE Takase & David
Operational Concrete On-site storage | BWR Metal cask Vertical/ Von Hippel, 2017
building ,
horizontal
USA Operational Open air | On-site storage | PWR Concrete Vertical Transnuclear, GNS | Jones Jr., 2015,
concrete pad cask, metal mbH, Holtec
cask International,
Operational Concrete On-site storage | PWR, BWR Vault Vertical/ NAC International,
module horizontal USA, BNFL  Fuel
Solutions, USA
Operational MVDS On-site storage | Triga research | Concrete Horizontal Foster Wheeler
reactor modules Environmental
Corporation/ALSTEC,
USA
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Ukraine Construction Concrete Centralised VVER/RBMK | Concrete Horizontal Holtec International Lisichenko, et al.,
phase module storage modules 2017
Operational Open-air On-site storage | VVER Concrete Vertical Holtec International
concrete pad cask
Spain Planned MVDS Centralised PWR Vault Vertical The vendor could not | Enresa, 2015
storage be found in the
literature
Operational Concrete On-site storage | PWR Metal cask Vertical ENSA
building
Operational Open-air On-site storage | PWR Concrete Vertical ENSA
concrete pad cask
Belgium Operational Concrete On-site storage | PWR Metal cask Vertical Transnuclear Van Mierloo, 2014
building
United Operational Steel-cladded On-site storage | PWR Metal cask Vertical Holtec International Office for Nuclear
Kingdom enclosure Regulation, 2017
Czech Operational Concrete On-site storage | VVER Metal cask Vertical GNS mbH National report,
Republic building 2017
Hungary Operational MVDS On-site storage | VVER Vault Vertical Foster Wheeler | National report,
Environmental 2017
Corporation
Russia Operational Concrete Centralised RBMK-1000, Metal cask Vertical The vendor could not | National report,
building storage VVER-1000 be found in the | 2017

literature
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A dry storage system that has already been used and licensed in different countries could
make the licensing process easier, since compliance with regulatory criteria tested by

different regulatory systems would already have been established.

2.3.4 Detailed description of dry storage systems

The key dry storage system options are:

e Concrete cask with an inner metal canister stored on a reinforced concrete storage
pad open to the environment;

e Metal cask with an integrated metal basket stored inside a reinforced concrete
storage building;

e Metal cask with an integrated metal basket stored inside a steel-cladded
enclosure;

e Metal cask with integrated metal basket stored on a reinforced concrete storage
pad open to the environment;

e Concrete module with inner metal canister stored on a reinforced concrete storage
pad open to the environment; and

e Concrete vault with an inner metal canister.

These will be discussed individually in Sections 2.3.5 to 2.3.10.

2.3.5 Concrete cask with inner canister stored on a concrete storage pad open to the

environment

The concrete cask is a canister—based dry storage system made up of two systems. The
first system, the overpack, is made from a reinforced concrete structure lined with a steel
liner. The second system is the canister, which is stored inside the overpack. The canister
is provided with a boron aluminium basket with a lattice structure that holds the SNF
assembilies in individual compartments. Boron is a neutron-absorbing material that is used
to prevent any possible nuclear chain reactions. This arrangement and the use of boron
provide criticality control. The canister is welded shut to provide leak-tight containment of
the SNF, preventing any release of radioactivity. An example of the canister is shown in

Figure 2-3.
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Figure 2-3: An example of concrete cask canister- Sentry W37 canister (Greene, 2020)

The reinforced concrete over-pack and the cask lid provide the overall containment of the

sealed welded canister. It also provides structural strength, radiological shielding to the

workers and the public and protection of the sealed welded canister from environmental
conditions. The concrete cask is cooled by natural convection of air; air inlet vents are

supplied at the bottom of the cask and outlet vents at the top. An example of this cask is

shown in Figure 2-4.

These casks are stored vertically on a reinforced concrete storage pad open to the

environment.
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A variant of the reinforced concrete cask design is a design in which concrete is
sandwiched between an outer steel shell and an inner steel shell connected by radial ribs
and top and bottom plates (Gencturk et.al., 2016). An example of this design is shown in

Figure 2-5.

The designs are regarded as one option because of the similarities in their functioning,

namely:

e Both cask designs consist of two systems, a concrete overpack and an inner
canister.

e Concrete provides the main gamma and neutron shielding.

e The canister arrangement and the use of boron provide criticality control.

e Both cask designs are cooled by natural convection of air; air inlet vents are
supplied at the bottom of the cask and outlet vents at the top, as shown in Figure
2-4 and Figure 2-5.

e These casks are stored vertically on a reinforced concrete storage pad open to the

environment.

However, in terms of the AHP tool, these two cask designs should be regarded as two
options and the process of the AHP would differentiate between these two designs. If
indeed it does not matter which design is chosen, then both designs would have the same
(or closely similar) scores. Since the aim of the study is to demonstrate the application of
the AHP tool for the selection of the option that will best meet South Africa’s needs, it has
therefore been decided to consider both designs as one option. Consideration of these

designs as individual options is reserved for future studies.

As mentioned above, these casks are stored vertically on a reinforced concrete storage
pad open to the environment. The reinforced concrete storage pad is a free-standing
reinforced concrete structure supported by a firm foundation open to the environment. The
reinforced concrete storage pad has been designed to support casks for a minimum of 50
years (Dukes et al., 2015). It has also been designed to handle site-specific seismic
motion, lateral loading movements and heavy machinery or equipment used during the
placement of the casks (United States Nuclear Waste Technical Review Board, 2010). In
this type of dry storage facility, the cask dry storage system is stored in the open air, which
allows the surface of the cask to be naturally cooled by ambient air. The reinforced
concrete storage pad is not considered complicated to design and is economical to
construct. This is because the cask dry storage system itself is designed to withstand man-

made events due to handling accidents, and external natural events such as earthquakes,
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tornadoes and floods, without impairing its capability to perform its intended design
functions (Shah et al., 2003).

This type of dry storage facility is mostly used in the USA (on-site storage facilities). An
example of this type of facility is shown in Figure 2-6, the Connecticut Yankee Dry Storage
Facility located at the Connecticut Yankee reactor in the USA (Connecticut Yankee, 2019).
The sizes of these facilities vary depending on the needs of the country or the nuclear

power plant (NPP).
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Figure 2-4: Transtor ventilated storage cask system (Bace, 1998)
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Figure 2-5: Holtec International HI-STORM 100 cask storage system (Petroski, 2005)

Figure 2-6: Connecticut Yankee dry cask storage facility (Connecticut Yankee, 2019)
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2.3.6 Metal casks with integrated basket stored inside a reinforced concrete storage
building
Metal casks are generally similar to concrete casks in shape (IAEA, 2007). However, the
concrete cask is a canister—based dry storage system, while the metal cask is a bare fuel
dry storage system. The outer structure of the metal cask is manufactured from a
monolithic body made out of ductile cast iron. The cask is equipped with a double lid
system (primary lid and secondary lid, one on top of the other, as shown in Figure 2-7)
with metal gaskets bolted onto the cask to seal it. The interspace between the primary lid
and secondary lid is filled with pressurised helium, allowing continuous monitoring to
detect possible leaks from the fuel cavity. This structure makes up the containment. Inside
this structure is a cylindrical cavity with an integrated basket. The basket is fixed to the
inner cavity of the cask. In this design, instead of using boron aluminium as the material for
the basket, boronated stainless steel has been used. Similar to the canister basket
discussed in Section 2.3.5, this basket also has a lattice structure, which holds the SNF
assemblies in individual compartments. This arrangement and the use of boron provide

criticality control.

The thick wall of the cask (varies between 20 — 40 cm, depending on the size of the cask)
provides the main gamma shielding. Neutron shielding is provided by the polyethylene
moderator rods inserted in axial boreholes drilled into the cask wall (Skrzyppek & Kim,
2015).

The cask is not provided with inlet and outlet vents like the concrete cask described in
Section 2.3.5. The cask is cooled by heat conduction through the cask body and the
surface of the cask is cooled by natural convection of air. The outer surface of the cask
has fins to improve heat removal further. Trunnions are fitted on the structure for handling

the cask. An example of this cask is shown in Figure 2-7.

A variant to this cask design is a design in which the outer structure is made from thick
steel cylindrical forging. The bottom of the cask is also made of forged steel, which is
welded onto the cask body. As in the cask design described above, this cask is also
closed with a double lid system (primary lid and secondary lid, one on top of the other, as
shown in Figure 2-8) with metal gaskets bolted onto the cask body. The interspace
between the primary lid and secondary lid is also filled with pressurised helium, allowing
continuous monitoring to detect possible leaks from the fuel cavity. This structure makes
up the containment. Inside, this structure is also a cylindrical cavity with an integrated
basket. In this design, instead of using boronated stainless steel as in the design
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discussed above, boronated aluminium has been used as the material for the basket. This
basket also has a lattice structure, which holds the SNF assemblies in individual
compartments. As in the design discussed above, this arrangement and the use of boron

provide criticality control.

As in the cask design discussed above, the thick wall of the cask also provides the main
gamma shielding. Neutron shielding is provided by the resin layer enclosed between the

cylindrical cavity and the steel outer shell (Roland et.al., 2003).

Similar to the cask design described above, the cask is cooled by heat conduction through
the cask body and the surface of the cask is cooled by natural convection of air. However,
this cask is not provided with fins to improve heat removal like the design described above.
Trunnions are also fitted on the structure for handling the cask. An example of this cask is

shown in Figure 2-8.

Based on the reasoning in Section 2.3.5, these casks’ design will also be considered as

one option; consideration as individual options is reserved for future studies.

These casks are stored vertically or horizontally inside a reinforced concrete storage
building. Countries such as Germany, Spain, Japan, Belgium, Switzerland and the Czech
Republic are employing this strategy. Examples of storage buildings are shown in Figure
2-9 and Figure 2-10.

The reinforced concrete storage building comprises reinforced concrete walls and a
reinforced concrete slab floor similar to the reinforced concrete storage pad that was
discussed in Section 2.3.5. The building is designed in such a way that the cooling of the
cask is performed passively by natural convection of air (Botch, 2013). The cooling air
enters the building at the sides, flows around the casks and is released through the roof
(Botch, 2013). The reinforced concrete storage building provides the following storage

functions:

= Protection of the casks and handling equipment from environmental conditions;

»= Reduction to a minimum of radiation exposure outside the building, well below
the permitted values (Czech Republic National Report, 2017);

= Cooling of the stored casks and decay heat sink to the environment using
convection of air (Czech Republic National Report, 2017);

= Creation of favourable working conditions for the personnel working in the facility;
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= In conjunction with the physical protection system, prevention of unauthorised
access (Czech Republic National Report, 2017); and

= Provision of a maintenance area where casks can be repaired.

The storage building is a conventional hall construction divided into a cask reception area,
a storage area and a cask maintenance area. The storage building has a bridge crane that
can reach over the entire length of the building to provide cask transportation from the
reception area to every storage position, as well as the maintenance bay. These reinforced
concrete storage buildings are of similar design but different in sizes, according to the

needs of the country or NPP.

2.3.7 Metal cask with integrated basket stored inside a steel-cladded enclosure

In this design, the metal cask with the integrated basket is the same as that described in
Section 2.3.6.

The steel-cladded enclosure comprises cladded steel-frame walls and a floor of reinforced
concrete slab similar to the reinforced concrete storage pad that was discussed in Section
2.3.5. The steel structure is also ductile, which can resist large seismic loads without
collapsing. This is due to metal’s ability to be deformed without losing toughness and
pliability (and therefore is not brittle) (Hartnick, 2017).

Similar to the concrete building, the cladded enclosure is designed in such a way that the
cooling of the cask is performed passively by natural convection of air. As in the reinforced
concrete building, the cooling air enters the building at the sides, flows around the casks
and is released through the roof.

The cask can be stored in either a vertical or horizontal orientation.

This facility is fairly quick and inexpensive to build and allows most of the structure to be
manufactured off-site and erected on-site (Hartnick, 2017). An example of this facility is the
Sizewell B dry storage facility located in the Sizewell B Nuclear Power Station site in the

UK, shown in Figure 2-11.
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2.3.8 Metal cask with integrated basket stored on the reinforced concrete storage pad

open to the environment

In this design, the metal casks with integrated inner canisters are the same as those
described in Section 2.3.6. These casks are stored on a reinforced concrete storage pad
open to the environment, similar to that described in Section 2.3.5. This storage
arrangement is currently implemented in the USA only. An example of this storage

arrangement is shown in Figure 2-12.
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Figure 2-7: Castor cask (Sun & Li, 2019)
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Figure 2-8: Transnuclear TN24G cask (Roland & Samson, 2011)
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Figure 2-9: Interim storage facility at Temelin, Czech Republic (Skrzyppek & Kim, 2015)

Figure 2-10: Fukushima dry storage facility in Japan (Gilmore, 2018)




Figure 2-11: Sizewell B dry storage facility in UK (Department for Business, Energy and
Industrial Strategy, 2017)

M e TS

Figure 2-12: Example of metal cask stored on an open reinforced concrete storage pad

open to the environment at Surry power station, Virginia USA (Skrzyppek & Kim, 2015):
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2.3.9 Concrete module with inner canister stored on a reinforced concrete storage pad

open to the environment

Concrete modules are reinforced concrete structures similar to concrete casks in that they
are also canister-based dry storage systems. The difference is that the concrete module
structure is rectangular and provides storage of the canister in a horizontal orientation. An

example of a concrete module is the NUHOMS, which can be seen in Figure 2-13.

NUHOMS HORIZONTAL STORAGE MODULES

AIR OUTLET STORAGE MODULE
SHIELDED DOOR
DRY STORAGE
CANISTER
AIR INLET
SHIELD PLUG

GRAPPLE ASSEMBLY

ONSITE TRANFER CASK

BASEMAT

TRANSPORT APPROACH SLAB

TRAILER
CASK SUPPORT SKID

AND POSITIONING SYSTEM TRANSNUCLEAIRE

Figure 2-13: Example of horizontal dry storage modules with canister handling (Roland et al,,
2003)

An example of the NUHOM canister is shown in Figure 2-14, this canister is provided with
a boron aluminium basket having a lattice structure, which holds the SNF assemblies in

individual compartments. This arrangement and the use of boron provide criticality control.
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Figure 2-14: Cross-section of NUHOM 61 BTH canister (Bondre, 2015)

The reinforced concrete structure provides structural strength, radiological shielding to the
workers and the public and protection of the sealed welded canister from environmental

conditions.

The concrete modules are designed to store various sizes of canisters. Spacers are used

for smaller canisters to minimise any possible movement.

The concrete module is equipped with air inlet vents at the bottom and exit vents at the top
to allow natural convection of air through the space between the canister and the concrete

structure, providing heat removal to the environment outside the concrete module.

The concrete modules are stored on a reinforced concrete storage pad open to the
environment. This reinforced concrete storage pad is similar to the design discussed in
Section 2.3.5. To provide structural stability, the concrete modules are anchored to the

reinforced concrete pad.

2.3.10 Concrete vault with an inner canister

Similar to the concrete cask and concrete module, the concrete vault is a canister-based
dry storage system. The concrete vault is a reinforced concrete building. It comprises a

reinforced concrete slab, vault walls and the roof.
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It houses an array of vertical concrete storage tubes, each lined with a steel liner. These
tubes are housed on the reinforced concrete slab. These, in turn, contain canisters. The
reinforced concrete building protects the concrete storage tubes from environmental

conditions. Examples of the concrete vault are shown in Figure 2-15 and Figure 2-16.

The canisters hold one or more SNF. The canister is similar to that described in Section
2.3.5. Sub-criticality is maintained by the canister arrangement and the geometrical array

of storage tubes within the reinforced concrete slab.

Containment is first ensured by a double barrier. The first barrier is formed by the sealed
welded canister, in which the SNF is accommodated. The second barrier is made by the
leak-tight storage tube into which the canisters are stored (Roland, at. al., 2003). The third

barrier is the reinforced concrete building.

As mentioned above, the reinforced concrete building comprises the reinforced concrete
slab, vault walls and the roof. These provide similar functions as the reinforced concrete
storage building discussed in Section 2.3.5:
= Protection of the storage tubes and the canister handling equipment from
environmental conditions;
» Reduction to a minimum of the radiation exposure outside the building;
= Cooling of the stored canisters and decay heat sink to the environment using
natural convection of air;
= Creation of conducive working conditions for the personnel working in the facility;
and
= Prevention of unauthorised access in conjunction with the physical protection
system.
Commercially available vault systems are located above ground and heat is generally
transferred to the atmosphere by natural convection of air over the exterior of the storage
tubes, as shown in Figure 2-16 (Hitachi, 2014).
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Figure 2-16: Schematic view of dry vault storage (MVDS) (Hitachi, 2014)

2.3.11 Summary of dry storage options

A summary of all the options considered is presented in Table 2-5.
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In terms of the canister-based or bare fuel dry storage systems, rows A, E and F have

inner canisters and rows B, C and D have integrated baskets.

In terms of the cask, module or vault, row A has a concrete cask, rows B, C and D have

metal casks, row E has a concrete module and row F has a concrete vault.

In terms of the outermost structure, rows A, D and E have reinforced concrete pads, rows

B and F have reinforced concrete buildings and row C has a cladded enclosure.

It is noted that the combinations are not easily ordered.

Table 2-5: Summary of dry storage system options

Row Section in | Canister-based/bare | Cask/module/vault Concrete pad or
text fuel dry storage enclosure
system

A 2.3.5 Inner canister Concrete cask Reinforced concrete
pad

B 2.3.6 Integrated basket Metal cask Reinforced concrete
storage building

C 2.3.7 Integrated basket Metal cask Cladded enclosure

D 2.3.8 Integrated basket Metal Reinforced concrete
pad

E 239 Inner canister Concrete module Reinforced concrete
pad

F 2.3.10 Inner canister Concrete vault Reinforced concrete
building
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3 METHODOLOGY

The current chapter presents the methodology followed to conduct the study. The

methodology involves the following six steps:

1) Choose the criteria and sub-criteria;

2) Choose the options;

3) Carry out the pairwise comparisons;

4) Choose the cases for the AHP so that the study could be feasible given the time
constraints;

5) Apply the APH tool; and

6) Verify the calculation of the Microsoft Excel program using a computer code.

The computer code was written to do the AHP calculation as part of the research group’s

effort. This code, however, was not written by the author of this work.

3.1 Choosing of Criteria and Sub-criteria

The criteria and sub-criteria were chosen from literature sources, which outline broad
criteria that can be used in the selection of dry storage system options. The sub-criteria
were chosen for criteria with attributes that contribute to the overall criteria, enabling clear

discrimination between the dry storage system options. The sources are as follows:

e |AEA Guidebook for the Selection of Away-from-Reactor Facilities for SNF (IAEA,
2007);
e Evaluation of Spent Nuclear Fuel Management Options for South Africa (Twala,
2007); and
e UK ABWR Generic Design Safety Assessment Preliminary Safety Report on Spent
Fuel Interim Storage (HITACHI, 2014).
From these sources, specific relevant criteria and sub-criteria were derived for the

selection of the dry storage system option.

3.2 Choosing of Dry Storage Option
Dry storage systems are implemented in various countries around the world. To enable
choosing dry storage systems currently in use around the world, the following literature

was reviewed:

e Country reports on the management of spent fuel,
e Conference papers and presentations;
e Published papers and reports; and
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e Official websites.

To gain insight into the implementation of the dry storage system in each country

reviewed, the following information was considered:

e Status of dry storage of SNF in each country;

e Type of dry storage system,;

e Type of storage facility used for the dry storage system;

e Location of the dry storage facility, either on the reactor site or off reactor site;
e Vendor used;

¢ Orientation (vertical/horizontal) of the dry storage system in storage; and

e Type of spent fuel stored.

This information was arranged in tabular form. From this table, the dry storage options
considered were grouped into headings, making clear discrimination between the options.

The description of each dry storage system was also entered.

3.3 Pairwise Comparisons

To carry out the pairwise comparisons, each possible pair for the criteria, the sub-criteria
and the options were compared in terms of advantages and disadvantages. To enable
comparison, a Saaty 9-point scale (Saaty, R.W., 1987) was used as the judgement score

between the pairs. A table of items was constructed to present the pairwise comparisons.

In the tables, each pairwise comparison consists of two rows. In the first row, the first
column is the number of the comparison, numbered sequentially without any preference
and referred to as items. The second column contains the name of the pairwise

comparison and the third column contains the score.

The second row contains a supporting discussion for the assignment of the score.

3.4 Choosing Cases for the AHP

Three cases were chosen for demonstrating the application of the AHP tool. Criteria, sub-

criteria and options were chosen arbitrarily and used in the application.

The first case chosen involved two criteria with no sub-criteria and two options. This was a

simple case that allowed the researcher to become familiar with the AHP tool.

The two criteria chosen were:
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(i) radiological safety; and
(ii) cost.
The options chosen were:
(i) concrete modules with inner canisters stored on a reinforced concrete
storage pad open to the environment; and
(i) metal casks with integrated inner canisters stored inside a reinforced

concrete storage building.

In the second case, three sub-criteria were added to the second criterion, and three
options were used. This case allowed the researcher to establish the manner in which the
sub-criteria should be treated. The two criteria, including the three sub-criteria for the
second criterion and three options, were:
(i) radiological safety; and
(i) cost:
e capital cost;
e operational and maintenance cost; and

e decommissioning cost.

The options chosen were:
(i) concrete modules with inner canisters stored on a reinforced concrete

storage pad open to the environment;
(i)  metal casks with integrated inner canisters stored inside a reinforced

concrete storage building; and
(i)  concrete casks with inner canisters stored on a reinforced concrete storage

pad open to the environment.

In the third case, two more criteria were added to the second case. One of these criteria
had three sub-criteria. The number of options was kept to three. This was considered the
most complicated case and it is expected that in larger cases, the level of complexity
would not be deeper than the third case. The four criteria where two of the criteria had
three sub-criteria each were:

(i) radiological safety;

(i) system flexibility:

e localisation;
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e modularity; and
e possibility of changing the vendor;
(i) retrievability; and
(iv)  cost:
e capital cost;
e operational and maintenance cost; and

e decommissioning.
The options chosen (which were the same as for case two) were:

(i) concrete modules with inner canisters stored on a reinforced concrete
storage pad open to the environment;

(i)  metal casks with integrated inner canisters stored inside a reinforced
concrete storage building; and

(i)  concrete casks with inner canisters stored on a reinforced concrete storage

pad open to the environment.

3.5 Application of the AHP

To apply the AHP, an Excel spreadsheet (Microsoft Excel, 2010) was constructed for each
case. A table of items described in Section 3.3 was used to construct the pairwise
comparison matrices for each case. The weight of each element, the consistency of
judgement for each matrix and the ranking of the options were calculated using the
equations developed in Section 2.1. These equations were implemented in the Excel

spreadsheet.

3.6 \Verification of Calculations

A code was developed and this code was used to verify the calculations performed on the
Excel spreadsheet, i.e. that both the Excel results and the code results should give the
same results. The code was developed using the computer language FORTRAN and
named jun0219. It was made part of the North-West University Reactor Code Suite
(NWURCS) (Naicker et al., 2015).
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4 RESULTS AND DISCUSSION

This chapter presents the implementation of the AHP tool for the selection of the option

that will best meet South Africa’s needs.

4.1 AHP Studies

In the literature reviewed in Chapter 2, available dry storage system options have been
grouped into headings, discriminating clearly between the options. The criteria to
evaluate these options have been formulated. The AHP tool will be implemented using

the Microsoft Excel Program.
4.2 Selection of Criteria, Sub-criteria and Options
In Chapter 2, six criteria were identified. Two of these had three sub-criteria each.

Given this, the number of pair-wise comparisons would have been 21.

In terms of the options, there were six chosen. This, therefore, meant that for a given
criterion, 15 pairwise comparisons would be required for each sub-criterion or criterion

(when there is no sub-criterion for the criterion).

With the six criteria and six sub-criteria, there would be a total of 10 sub-criteria and
criteria for which pairwise comparisons of the options were required, giving a total of 150

pairwise comparisons required for the options.

In total, 171 pairwise comparisons would have been required. This was considered to be
too much for the present study, given the time constraint. It was therefore decided to use

four criteria, two of which had three sub-criteria each, and three options.
The total number of pairwise comparisons would then be 37.

However, this then required the researcher to choose four criteria from the six criteria,

two of which had three sub-criteria each, and three options from the six options.

The criteria chosen were radiological safety, system flexibility, retrievability and cost. The
sub-criteria for the criterion system flexibility were localisation, modularity and the
possibility of changing the vendor. For criterion cost, the sub-criteria were capital cost,

operational and maintenance cost and decommissioning cost.

The options chosen were concrete modules with inner canisters stored on a reinforced

concrete storage pad open to the environment, metal casks with integrated baskets
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stored inside a reinforced concrete storage building and concrete casks with inner

canisters stored on a reinforced concrete storage pad open to the environment.

These choices were chosen arbitrarily. As mentioned earlier, the inclusion of all the
criteria, sub-criteria and options will be carried out in later studies, once the
implementation of the AHP has been demonstrated in this study. It is furthermore noted
that the criteria, sub-criteria and options can be extended to include other criteria, sub-

criteria and options not mentioned in Chapter 2, but deemed applicable.

4.3 Pairwise comparisons
The next step in the AHP is to determine the pairwise comparison matrices of the criteria
and options. This is discussed in the next section. It is noted that all the cases will use the

same set of pairwise comparisons.

In order to construct the pairwise matrices, pairwise comparisons must first be made.
The pairwise comparisons are performed on each possible pair for the criteria, the sub-

criteria and the options.

To facilitate the assignment, the results and discussion for all the matrices are presented
in tabular form. However, a considerable amount of text presented in the tables is not
repeated in the text body, since this would mean a large amount of duplication.
Presentation in tabular form also allows one to access the score for any pairwise
comparison relatively easily. To ensure consistency in the tables, the options have been

abbreviated as per the following table:

Table 4-1: Summary of the options

Full name of the option Abbreviation

Concrete modules with inner canister stored on a | ConMod
reinforced concrete storage pad open to the

environment

Metal casks with integrated inner canister stored | MetCas

inside a reinforced concrete storage building

Concrete casks with inner canister stored on a | ConCas
reinforced concrete storage pad open to the

environment
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In the tables, each pairwise comparison consists of two rows. In the first row, the first
column is the number of the comparison, numbered sequentially and referred to as item
1, 2,...37. The second column contains the name of the pairwise comparison and the

third column contains the score.

The second row contains supporting discussion for the assignment of the score. Note that

the score judgement was used as given in Table 2-1.

Item 16 is required for case one but not for cases two and three.

Table 4-2: Pairwise comparison of criteria with respect to the goal

1 Radiological safety vs system flexibility Score = 5

Radiological safety is described in Section 2.2.2, and system flexibility is described in
Section 2.2.3.

To state this again, radiological safety deals with the protection of workers, the public

and the environment against radiological hazards.

System flexibility, on the other hand, assists the operator of the medium-term storage
facility in terms of implementation and further expansion. It allows the operator to start

with a small system and have the option of expansion if required.

Radiological protection deals with the immediate and future protection of human life
and the environment, whereas system flexibility considers ease of implementation,
including future needs. In this context, radiological protection is considered more

important than system flexibility.

However, if due consideration is not given to system flexibility (for example, the
system is chosen to be large from the start to avoid the issue of further expansion),
then it is possible that the dry storage facility might take a longer time to implement
because of delays in design, construction and licensing (of a big system). This will
force the reactor operator to continue storing the spent fuel on site, thereby risking the
continued operation of the reactor if the storage facilities on site become full.
Furthermore, as the experience at Fukushima indicated (Maree & Carolissen, 2017), a

risk to the public is also present if the fuel is stored on the reactor site rather than at a

medium-term storage facility.

51



Given this, the criterion radiological safety is given a score of five, “Essential or strong
importance”, according to Table 2-1, against criterion system flexibility. However, the
possibility of delayed implementation of a medium-term storage facility (if the system
is designed to be large from the start) can also be a potential risk to the public and a

score higher than five was not considered.

2 Radiological safety vs retrievability Score =7

Radiological safety is described in Section 2.2.2 and also discussed in item 2 above,

and retrievability is described in Section 2.2.5.

As discussed in item 1 above, radiological safety deals with the protection of workers,

the public and the environment against radiological hazards.

Retrievability, on the other hand, deals with the ease with which the spent fuel can be

recovered from the dry storage system when this need arises.

Radiological safety must be maintained throughout the storage lifetime of the dry
storage system, while retrievability is regarded as a once-off activity, mainly at the end

of the storage lifetime of the dry storage system or when the need arises.

During actions involved with retrievability, the protection of workers, the public and the
environment against radiological hazards will remain an important factor. In this
context, radiological safety will receive more consideration than retrievability, i.e. if
radiological safety is being comprised during the retrieval process, then it would be a

better decision to obtain a system without the feature of retrievability.

Given this, the criterion radiological safety is given a score of seven, “Very strong
importance”, according to Table 2-1, against the criterion retrievability. However, a
score higher than seven was not considered, since the current dry storage systems
are not designed for disposal; failure to remove the spent fuel from these systems at

the end of the storage life might pose a safety risk.

3 Radiological safety vs cost Score = 3

Radiological safety is described in Section 2.2.2 and discussed in item 1 and item 2

above, and the cost is described in Section 2.2.7.

As discussed in item 1 and item 2 above, radiological safety deals with the protection

of workers, the public and the environment against radiological hazards.
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Cost, on the other hand, deals with the affordability of implementing the medium-term
storage. For the country to be able to implement medium-term storage, it is important
that the cost of the dry storage system option chosen does not pose a financial
burden to the country. However, the chosen dry storage system must demonstrate
that all possible safety provisions intended to minimise the radiation hazard to the
workers, public and environment to the greatest practical extent during operational
activities of the facility and the storage lifetime have been considered (Twala, 2007).

In this context, radiological safety is considered more important than cost.

Given this, the criterion radiological safety is given a score of three, “Moderate

importance”, according to Table 2-1, against the criterion cost.

A score higher than three was not considered because non-implementation of

medium-term storage due to cost will increase the risk posed by storing SNF on site.

4 System flexibility vs retrievability Score = 3

System flexibility is described in Section 2.2.3 and discussed in item 1 above and

retrievability is described in Section 2.2.5 and discussed in item 2 above.

As discussed in item 1, system flexibility assists the operator of the medium-term
storage facility with implementation and further expansion. It allows the operator to

start small and have the option of expansion if required.

As discussed in item 2, retrievability, on the other hand, deals with the ease with
which the spent fuel can be recovered from the dry storage system when this need

arises.

System flexibility is considered more important than retrievability in that it plays a
major role in the continuous and safe operation of the NPP. Any delays in the
implementation of the dry storage system will result in the reactor pools becoming full.
This will result in cessation of reactor operation and the risk of having a considerable

amount of SNF stored on site.

Given this, the criterion system flexibility is given a score of three, “Moderate
importance”, according to Table 2-1, against the criterion retrievability. However, since
no decision has been made in South Africa on the final management option for SNF,
retrievability remains an important factor; a score higher than three was therefore not

considered.
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5 System flexibility vs cost Score = 4

Cost is described in Section 2.2.7 and also discussed in item 3 and system flexibility is

described in Section 2.2.3 and described in item 1 and item 4 above.

As discussed in item 3 above, cost deals with the affordability of implementing

medium-term storage.

System flexibility allows the operator more security in the sense that if the installed
capacity becomes inadequate, then the extension of the system would be easier if
system flexibility was taken into account when choosing the system. For example, the
site would already have been licensed and the process of licensing a new site, if

needed, would not be required.

Since an excessive cost of the system which cannot be met will prohibit the
construction of a storage site, and inclusion or exclusion of considering system
flexibility would not have such an effect, the cost is considered more important than

system flexibility.

Given this, the criterion cost is given a score of four, “Intermediate between moderate
importance and essential or strong importance”, according to Table 2-1 against the
criterion system flexibility. A score higher than four was not considered because of the
contribution of system flexibility in reducing the cost, as will be discussed in the

remainder of this section.

System flexibility also encompasses some of the factors that contribute to reducing
the cost of implementing the dry storage system. In this case, the cost is not a truly
independent criterion compared to system flexibility. It was decided to reserve the
study of dependencies in the follow-up studies. However, it would be appropriate to

document some of the ideas concerning this for reference in subsequent studies.

The factors are modularity, which plays an important role in the selection of a dry
storage system by reducing the upfront cost; localisation, which among others
minimises the cost uncertainty due to currency exchange fluctuation or an
unfavourable exchange rate and the possibility of changing vendors, which among

others allows the participation of multiple vendors in order to obtain competitive cost.

6 Retrievability vs cost Score =5

Cost is described in Section 2.2.7 and discussed in item 3 and item 5 above and
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retrievability is described in Section 2.2.5 and discussed in item 2 and item 4 above.

As discussed in item 4 above, since no decision has been made in South Africa on
the final management option for SNF, retrievability remains an important factor.
However, cost plays a major role in deciding whether the country can or cannot afford
to implement medium-term storage for SNF, which has a direct impact on the
continual and safe operation of the NPP. This was also discussed in item 5 above. In

this context, cost is considered more important than retrievability.

Given this, criterion cost is given a score of five, “Essential or strong importance”,
according to Table 2-1 against the criterion retrievability. A score higher than five was
not considered. This was because the main concern with regard to retrievability is how

easy or complex it would be to retrieve the SNF.

Table 4-3: Pairwise comparison of sub-criteria with respect to the parent criterion:
Flexibility

7 System flexibility: Score = 3

Localisation vs modularity

Localisation is described in Section 2.2.3 (ii) and modularity is described in Section
2.2.3 (i).

Section 2.2.3 gives the advantages and disadvantages of localisation and modularity.

Considering the advantages, it can be concluded that both sub-criteria enable the
country to afford the implementation of medium-term storage for SNF. However,
localisation also addresses the current urgent need for the government to create jobs
and grow the economy. In this context, localisation is considered more important than

modularity.

The disadvantages of both sub-criteria are not considered to have a major influence on
decision-making. In terms of modularity, the increase in cost due to the need to
establish the facility will be a once-off cost. This cost will still be spent in the country. If
there are no changes in the system, it is not foreseen that further licensing will be

required during the extension of the facility.

Given this, the sub-criterion localisation is given a score of three, “Moderate

importance”, according to Table 2-1, against the sub-criterion modularity.
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8 System flexibility: Score = 5

Localisation vs possibility to change vendors

Localisation is described in Section 2.2.3 (ii) and the possibility of changing vendors is
described in Section 2.2.3 (iii).

The possibility of changing vendors facilitates the participation of multiple vendors and
it is important in getting a competitive price and prevents dependence on one supply

in meeting the demand.

However, localisation, on the other hand, eliminates the cost uncertainty posed by
international vendors due to currency fluctuations, supply disruption logistics and

political instabilities.

Moreover, as mentioned in item 7, localisation enables the creation of jobs and the
growing of the economy. In this context, localisation is considered more important

than the possibility of changing vendors.

Given this, the sub-criterion localisation is given a score of five, “Essential or strong
importance”, according to Table 2-1, against the sub-criterion possibility of changing
vendors. A score higher than five was not considered, since these multiple vendors
may include sub-contracting of local vendors/contractors, which would then enable

localisation.

9 System flexibility: Score = 3

Modularity vs the possibility of changing vendors

Modularity is described in Section 2.2.3 (i) and discussed in item 7. The possibility of

changing vendors is described in Section 2.2.3 (iii).

As discussed in item 8 above, the possibility of changing vendors facilitates the
participation of multiple vendors and it is important in determining a competitive price

and in overcoming supply constraints.

Modularity, on the other hand, will help the country to alleviate storage space in the
reactor pool directly and address the current concern of minimising the amount of
SNF stored on the reactor site. In this context, modularity is considered more

important than the possibility of changing vendors.

Given this, the sub-criterion modularity is given a score of three, “Moderate

56




importance”, according to Table 2-1, against the sub-criterion possibility of changing
vendors. However, if the participation of multiple vendors is implemented in the
manufacturing modular system, it facilitates the alleviation of the storage space in the

reactor pool; therefore, a score higher than three was not considered.

Table 4-4: Pairwise comparison of sub-criteria with respect to the parent criterion: Cost

10 Cost: Score =5

Capital cost vs operational and maintenance cost

Capital cost is described in Section 2.2.7(i), and operational and maintenance cost is
described in Section 2.2.7(ii)

The actual capital cost and operational and maintenance cost could not be found in
the literature. These could be obtained from the vendors when the country is ready to
establish medium-term storage. Estimating the actual cost was beyond the scope of
this study, since the aim of the study is to initiate the implementation of the AHP tool

for the selection of a dry storage system.

Capital cost, among others, includes the cost of the design of the dry storage system
and related facilities, manufacturing and construction, as well as purchasing of the

equipment needed for the operation.

Operational and maintenance cost, among others, includes labour cost, the cost of the
equipment required for inspections and maintenance and utility cost (such as

electricity, etc.).

The implementation of medium-term storage is dependent on the availability of
finances for capital cost. This cost is defined by the complexity of the dry storage
system. It is believed that a complex system will require higher capital cost. Given
this, the criterion capital cost is given a score of five, “Essential or strong importance”,
according to Table 2-1, against operational and maintenance cost. A score higher
than five was not considered because dry storage systems that are complex will
demand much more attention to keep them in safe working condition, which will also

relate to the high cost of operation and maintenance.
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11 Cost: Score =7

Capital cost vs decommissioning cost

Capital cost is described in Section 2.2.7(i)) and discussed in item 10 above, and

decommissioning cost is described in Section 2.2.7(iii)

As discussed in item 11 above, capital cost, among others, includes the cost of the
design of the dry storage system and related facilities, manufacturing and

construction, as well as purchasing of the equipment needed for the operation.

Decommissioning costs include expenses associated with the decontamination,
dismantling and decommissioning of the storage system and site restoration
subsequent to the SNF removal from the facility (IAEA, 2007).

As mentioned in item 10, the actual capital cost could not be found in the literature.
This could be obtained from the vendors when the country is ready to establish
medium-term storage. Estimating the actual cost was beyond the scope of this study,
since the aim of the study is to initiate the implementation of the AHP tool for the

selection of a dry storage system.

The decommissioning cost can only be estimated when the actual capital cost is

known; therefore the comparison could not be done using actual costs.

Decommissioning costs are often assumed to be 2 - 10% of the base capital cost,
depending on the characteristics of the option/facility (IAEA, 2007). Given this, the
criterion capital cost is given a score of seven, “Very strong importance”, according to

Table 2-1, against the decommissioning cost.

12 Cost: Score = 3

Operational and maintenance cost vs decommissioning cost

Operational and maintenance cost is described in Section 2.2.7(ii) and also discussed
in item 10 above and the decommissioning costs are described in Section 2.2.7(iii)

and discussed in item 11 above.

During operation and maintenance, measures are put in place to ensure that no
contamination occurs on the external surface of the dry storage system to avoid
contamination of the related facility and handling equipment. This helps to reduce the
decontamination activities required, the waste generated during the decommissioning
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activities and the activities related to site restoration. This will, in turn, keep the cost of
decommissioning minimal. Given this, the criterion operation and maintenance are
given a score of three, “Moderate importance”, according to Table 2-1, against the

decommissioning cost.

A score higher than three was not considered, although the measures put in place
during operation and maintenance reduces the decommissioning cost. This is
because the decommissioning cost is also dependent on the availability of the
decommissioning fund. These funds are set aside by the country for the purpose of

decommissioning.

Table 4-5: Pairwise comparison of options with respect to criterion: Radiological safety

13 Radiological safety: Score =3

ConMod vs MetCas

The description of the concrete module is given in Section 2.3.9 and the description of

the metal cask is given in Section 2.3.6.

As discussed in item 1 above, radiological safety deals with the protection of workers,

the public and the environment against radiological hazards.

In metal cask storage, the intentionally thick-walled metal casks and the thick concrete
walls of the storage building reduce the dose rate of gamma and neutron radiation
outside the storage buildings effectively to acceptable levels where no further
measures for the protection of the workers on site or the public outside need to be
established (Botsch et al., 2013). The storage building also protects the cask from
harmful weather conditions, external effects or man-made hazards (Botsch et al.,
2013). In the concrete module storage, the concrete module wall thickness can be
increased or the concrete modules can be arranged in various configurations to
minimise the dose rate associated with the site (Hanson, Chollet, 2003; Roland et al.,
2003). The dose rate to the public is also reduced by the distance between the
storage pad and the boundaries of the facility, which is established based on the dose
rate limits set by the regulator. The concrete modules are designed to withstand
normal loads and design-based accident effects, such as earthquakes, tornados and
floods (DOE, 1996).
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The general surface dose rates for the concrete module and metal cask could not be
found in the literature. Dose rates are a specific vendor design, and could therefore
not be included in this comparison. It is consequently assumed that both designs meet
the required limit for the allowed dose rate. Both the concrete module and metal cask
are considered to provide acceptable radiation measures to reduce radiation exposure

of the public and workers during normal operations.

It is assumed that in beyond design basis accident conditions or man-made hazards
such as aircraft crashes and missile strikes, the reinforced concrete building and the

reinforced concrete module will provide similar protection of the SNF.

However, the concrete module is given a score of three, “Moderate importance”,
according to Table 2-1, against the metal cask, because a concrete module does not
require lifting for the transfer of the canister into the storage module, while the metal
cask relies on lifting using a crane for all handling activities, which poses the risk of a
drop accident and possible collision with another cask when placing it into a storage
position. A score higher than three was not considered because of the use of a single
failure-proof crane, which minimises the risk of a drop accident. The single failure-
proof crane is equipped in such a way that a single failure will not result in a crane
dropping a load or causing a system failure during a critical lift (Hubbard and Zukley,
2019).

14 Radiological safety: Score =5
ConMod vs ConCas

The concrete module is described in Section 2.3.9 and also discussed in item 13

above. The concrete cask is described in Section 2.3.5.

As discussed in item 1 above, radiological safety deals with the protection of workers,

the public and the environment against radiological hazards.

Similar to the concrete module discussed in item 13 above, the concrete wall
thickness of the cask provides radiation shielding. The general surface dose rates for
the concrete cask could not be found in the literature. Dose rates are a specific vendor

design and could therefore not be considered for this comparison.

Accordingly, the concrete cask is also assumed to be designed adequately to provide

acceptable radiation protection measures to reduce radiation exposure of the public
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and workers during normal operations. As in the concrete module, the dose rate to
which the public is exposed to is also reduced by the distance between the storage
pad and the boundaries of the facility, which is established based on the dose rate
limits set by the regulator. The level of SNF protection in beyond design basis
accident conditions or man-made hazards such as aircraft crashes and missile strikes
is considered similar to that of the reinforced concrete module and concrete building

described in item 13 above.

However, compared to the concrete module discussed above, the transfer of the
canister into the concrete cask overpack requires a transfer facility where the canister
is removed from the transport cask into the transfer cask and from the transfer cask
into the concrete cask. This additional step increases the exposure time of the
workers to radiation and these actions require lifting, which poses a risk of drop

accidents, which could result in the public being exposed to radiation.

Given this, the concrete module is given a score of five, “Essential or strong
importance”, according to Table 2-1, against the concrete cask. However, a score
higher than five was not considered, since the transfer is conducted in a controlled

environment.

15 Radiological safety: Score =2

MetCas vs ConCas

The concrete cask and metal cask were discussed in item 13 and item 14.

In the discussion in items 13 and 14 above, both casks provide acceptable radiation
measures to reduce radiation exposure of the public and workers during normal

operations.

Both the concrete and metal casks require lifting during the storage process, which
poses a risk of casks being dropped accidentally. However, because of the additional
activities during transfer of the canister in the concrete cask storage process that
could result in workers being exposed to additional doses of radiation, the metal casks
are given a score of two, “Intermediate between equal importance and moderate

importance”, according to Table 2-1, against the concrete cask.
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Table 4-6: Comparison of options with respect to criterion: Cost

16 Cost: Score =4

ConMod vs MetCas

The description of the concrete module is given in Section 2.3.9 and the description of

the metal cask is given in Section 2.3.6.

The actual cost of the concrete module and the metal cask could not be found in the

literature and could consequently not be considered for this comparison.

However, metal casks are believed to cost more than concrete modules. Among the
reasons is that metal is generally more expensive than concrete. Furthermore, the
fabrication of the metal cask requires advanced facilities and skills; establishing such
facilities and skills locally will increase the cost of fabricating the cask significantly.
Furthermore, the material for the fabrication of the cask will have to be imported,
which could also result in a high cost due to currency fluctuation. The fact that the
metal cask is stored in a reinforced concrete building designed to withstand natural
phenomena, such as earthquakes, and man-made events, such as missile attacks,

would have a significant further impact on the cost of establishing the facility.

The concrete modules, on the other hand, are manufactured from standard concrete
technology using normal construction methods and do not require advanced facilities.
The material can be sourced locally and the skills required are available locally, which
makes the concrete module less expensive compared to the metal cask, which would
facilitate local production. Furthermore, these casks are stored on reinforced concrete
storage pads open to the environment, which is not considered difficult to design and

construct.

Given this, the concrete module is given a score of four, “Intermediate between
moderate importance and essential or strong importance”, according to Table 2-1,
against the metal cask. Because the actual cost was not used in the comparison, a

score higher than four could not be justified adequately.

Table 4-7: Pairwise comparison of options with respect to sub-criterion of flexibility:

Localisation

17 Localisation: Score =5
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ConMod vs MetCas

The description of the concrete module is given in Section 2.3.9 and the description of

the metal cask is given in Section 2.3.6.

In localisation, it should be possible to manufacture the dry storage system in South

Africa, using local skills, and material could be sourced locally.

Concrete modules and the reinforced concrete storage pad are constructed using
standard concrete technology that facilitates the utilisation of local skills and material
sourced locally. The canisters can also easily be fabricated locally (Roland et al.,
2003). On the other hand, it might be difficult to localise the fabrication of metal casks,
in view of the availability and cost of the material in South Africa, the facilities and skills

required to fabricate these casks.

Given this, the concrete module is given a score of five, “Essential or strong
importance”, according to Table 2-1, against the metal cask. However, because the
concrete storage building housing the metal cask facilitates localisation in that it can be
designed locally and constructed using local skills with material sourced locally, a score

higher than five was not considered.

18 Localisation: Score = 1

ConMod vs ConCas

The description of the concrete module is given in Section 2.3.9 and the description of

the concrete cask is given in Section 2.3.6.

Both concrete modules and concrete casks are produced using similar material in
similar facilities and can easily be localised. Given this, both concrete modules and

concrete cask are given a score of one, “Equal importance”, according to Table 2-1.

19 Localisation: Score =5

MetCas vs ConCas

On the basis of the reason given in item 17 and item 18, the concrete casks are given
a score of five, “Essential or strong importance”, according to Table 2-1, against the

metal cask.
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Table 4-8: Pairwise comparison of option with respect to sub-criterion of flexibility:

Modularity

20 Modularity: Score =5

ConMod vs MetCas

As mentioned in the above items, concrete modules and metal casks are described in

Sections 2.3.9 and 2.3.6 respectively.

As mentioned in section 2.2.3, modularity makes it possible to start small, thus
improving affordability by minimising the upfront cost outlay required to build the
facility (IAEA, 2007). Both concrete modules and metal casks are standalone units,
which can easily be added as required. This will require extending the open reinforced
concrete pad for concrete modules and the reinforced concrete building for metal

casks.

However, the open reinforced concrete pad is not considered difficult to design and
construct, while metal casks are considered difficult to design and construct, as they
need to withstand natural phenomena, such as earthquakes, and man-made events,

such as missile attacks.

For this reason, the modularity of the metal casks and that of the concrete modules

are not considered to be on equal footing.

Given this, the concrete modules are given a score of five, “Moderate importance”

according to Table 2-1, against the metal casks.

21 Modularity: Score =1

ConMod vs ConCas

As mentioned in the above items, concrete modules and concrete casks are

described in Sections 2.3.9 and 2.3.5 respectively.

The concrete casks are also standalone units. Similar to the concrete modules,
concrete casks are stored on an open reinforced concrete pad, which is not

considered difficult to design and construct.

Given this, the concrete modules are given a score of one, “Equal importance”
according to Table 2-1, against the concrete casks.
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22 Modularity: Score =5

MetCas vs ConCas

On the basis of the reasoning given in item 20 and item 21, the concrete casks are
given a score of five, “Moderate importance”, according to Table 2-1, against metal

casks.

Table 4-9: Pairwise comparison of options with respect to sub-criterion of flexibility:

Possibility of changing vendors

23 Possibility of changing vendors: Score =5

ConMod vs MetCas

As mentioned in the above items, concrete modules and metal casks are described in

Sections 2.3.9 and 2.3.5 respectively.

Since the concrete modules are of standard design and are manufactured using
standard construction practices, it is possible to subcontract multiple vendors to meet
logistics and supply constraints. Because of this standard design, it is not believed

that the use of multiple vendors will complicate the licensing of the facility.

However, in the case of metal casks, the method of fabrication and the material are
specific to the vendor design and fabrication requires advanced facilities and skills.
Different vendors would most probably use different designs. This will complicate the
licensing of the facility, should the vendor be changed. These reasons limit the

participation of multiple vendors in terms of metal casks.

Given this, the concrete modules are given a score of five, “Essential or strong

importance”, according to Table 2-1, against the metal casks.

24 Possibility of changing vendors: Score =1

ConMod vs ConCas

The concrete modules and concrete casks make use of similar material and standard
construction practices. Given this, the concrete modules are given a score of one,

“Equal importance”, according to Table 2-1, against the concrete casks.

25 Possibility of changing vendors: Score =5
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MetCas vs ConCas

Based on the same reasoning given in item 23 and item 24, the concrete casks are
given a score of five, “Essential or strong importance”, according to Table 2-1, against

the metal casks.

Table 4-10: Pairwise comparison of options with respect to criterion: Retrievability

26 Retrievability: Score = 3

MetCas vs ConMod

As mentioned in the previous items, concrete modules and metal casks are described

in Sections 2.3.9 and 2.3.5 respectively.

In the concrete modules, the SNF is stored in sealed welded canisters. These
canisters will require special equipment to be cut open to enable the retrieval of the
SNF.

The metal casks make use of a basket integrated into the cask cavity to store the
SNF. The cask is closed with two bolted lids, which can easily be opened for the

retrieval of spent fuel.

Therefore, it is considered that it will be more difficult to retrieve the SNF from the
concrete modules compared to the concrete casks because of the risk posed by
cutting a canister containing SNF compared to removing the bolts on the metal cask
lids. Given this, the metal casks are given a score of three, “Moderate importance”,
according to Table 2-1, against the concrete modules. Since the decision on retrieval
is dependent on a final management option, a score higher the three was not

considered.

27 Retrievability: Score = 1

ConMod vs ConCas

Concrete casks are similar to concrete modules, which are canister-based systems.
The SNF is stored in sealed welded canisters (as was explained in Sections 2.3.5 and
2.3.9 respectively). Therefore the concrete modules are given a score of one, “Equal
importance”, according to Table 2-1, against the concrete casks.
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28 Retrievability: Score = 3

MetCas vs ConCas

Based on the same reasoning given in item 27 and item 28, metal casks are given a
score of three, “Moderate importance”, according to Table 2-1, against the concrete

casks.

Table 4-11: Pairwise comparison of options with respect to sub-criterion of cost: Capital

cost

29 Capital cost: Score =7
ConMod vs MetCas

As mentioned in the previous items, concrete modules and metal casks are described

in Sections 2.3.9 and 2.3.6 respectively.

Capital cost is mainly the cost to establish the medium-term storage facility. Among
others, it includes the fabrication of the dry storage system, purchase of the handling

equipment and the construction of related facilities.

The concrete modules are fabricated using standard concrete technology, which
facilitates local manufacturing using local resources and labour.

Since the concrete modules are standalone systems, they can easily be added as
required, which reduces capital cost. As mentioned in Section 2.3.5, these concrete
modules are stored on an open reinforced concrete storage pad, which is constructed
from the standard concrete technology. The open reinforced concrete storage pad is

not considered expensive to construct and can easily be extended when required.

Metal casks, on the other hand, are considered expensive to fabricate owing to the
high cost of the metal. Localisation of fabrication is not guaranteed in view of the
availability of the material, skills and facilities required for manufacturing in the country.
This will result in foreign expenditure if the required materials and skills are not
available locally. Moreover, these casks are stored inside a reinforced concrete

building that is designed to be robust enough to withstand natural external events such

as earthquakes and man-made events such as aircraft crashes, which would increase
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the cost of the design and construction of the building.

Given this, the concrete modules are given a score of seven, “Very strong importance”,

according to Table 2-1, against the metal casks.

30 Capital cost: Score =2
ConMod vs ConCas

As mentioned in item 29 above, the capital cost is mainly the cost of establishing the
medium-term storage facility. Among others, it includes the fabrication of the dry
storage system, purchase of the handling equipment and the construction of related

facilities.

Concrete casks are similar to concrete modules; both are fabricated using standard
concrete technology, which facilitates local manufacturing using local resources and
labour. These concrete casks are stored on an open reinforced concrete storage pad

and are standalone units, which can easily be added as required.

However, concrete casks require a transfer building for the transfer of the canister into
the concrete storage cask/overpack, compared to concrete modules, where the
canister is directly transferred from the transport cask into the concrete module. This

will increase the capital cost of the concrete cask slightly.

Given this, the concrete module is given a score of two, “Intermediate between equal
importance and moderate importance”, according to Table 2-1, against the concrete

cask.

31 Capital cost: Score =6

MetCas vs ConCas

As mentioned in item 29 and 30 above, the capital cost is mainly the cost of
establishing the medium-term storage facility. Among others, it includes the fabrication
of the dry storage system, purchase of the handling equipment and the construction of
related facilities.

As discussed in item 30, concrete casks share similarities with concrete modules,
except that the concrete casks require a transfer building for the transfer of casks into

the concrete cask/overpack, which is believed to cost slightly more than the concrete
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module. However, it is not believed that the level of design and engineering required for
this building will be the same as that of the storage building required for metal casks,
since this facility is used for transfer only.

Given this, the concrete module is given a score of six, “Intermediate between essential

or strong importance and very strong importance”, according to Table 2-1, against

metal casks. It is ranked one point less than that of item 29 owing to the requirement of

the transfer building.

Table 4-12: Pairwise comparison of options with respect to sub-criterion of cost:

Operational and maintenance cost

32 Operational and maintenance cost: Score =2

MetCas vs ConMod

Both concrete modules and metal casks will require periodic inspection and
maintenance to ensure that they are functioning as intended. However, since the
concrete modules are stored open to the environment, a daily visual inspection of the
airflow inlet vents and outlet vents to ensure they are not blocked will be required.
Therefore, the metal casks are given a score of two, “Intermediate between equal
importance and moderate importance”, according to Table 2-1, against the concrete

modules.

33 Operational and maintenance cost: Score =1

ConMod vs ConCas

Similar to the concrete modules, the concrete casks are stored open to the
environment and require daily inspection of the airflow inlet vents and outlet vents to
ensure they are not blocked. Therefore, concrete modules are given a score of one,

“Equal importance”, according to Table 2-1, against the concrete casks.

34 Operational and maintenance cost: Score =2

MetCas vs ConCas

Based on the reasons given in item 32 and item 33, metal casks are given a score of
two, “Intermediate between equal importance and moderate importance”, according to
Table 2-1, against concrete casks.
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Table 4-13: Pairwise comparison of options with respect to sub-criterion of cost:

Decommissioning cost

35 Decommissioning cost: Score =4

ConMod vs MetCas

In concrete modules, the SNF assemblies are contained within the canister, which is
sealed by welding at the originating reactor site. Measures to ensure that the external
surface is maintained in a clean condition are implemented during the canister loading
operations at the originating reactor site, to prevent contaminated spent fuel pool
water from coming into contact with the external surfaces of the canister. A canister is
not permitted to be transported with contamination levels exceeding the defined limits
(IAEA, 2009).

Under normal conditions of canister transfer and storage operations, it is not expected
that the interior and exterior of the concrete module will be contaminated. Therefore

during decommissioning only the canister needs to be decontaminated.

The neutron flux originating from the canister containing SNF assemblies is
approximately 10 orders of magnitude lower than neutron flux levels at an operating
nuclear power plant (10° versus 10" n/sec-cm?). It consists of fast neutrons with
energies around 1 MeV. The concrete module and the pad will be only very slightly
activated (less than 0.05 uSv/h above background) as a result of their long-term
exposure to the relatively small neutron flux emanating from SNF, which will allow the
general release of the concrete module as non-controlled material (IAEA, 2009). This
will significantly reduce the amount of decommissioning radioactive waste to be

disposed of, which will, in turn, reduce the overall decommissioning cost.

In metal casks, the basket containing the SNF is integrated into the cavity of the cask.
During SNF loading, the whole cask is placed inside the pool. To facilitate the
decontamination of the cask after SNF loading, the cask surfaces are kept smooth by
using non-corrosive surfaces, for example by painting the surfaces with an epoxy-
based paint (IAEA, 1999). The casks are decontaminated using techniques prescribed
by the vendor or operator to contamination levels complying with transport and
storage. Under normal conditions of cask transfer and storage operations, it is not
expected that the exterior of the cask will be contaminated.

The cask cavity and the basket in contact with SNF assemblies (and the pool water
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during SNF loading) will have to be decontaminated sufficiently to be disposed of in
the LLW disposal facility.

The neutron activation of the metal cask is regarded as very small and within LLW

disposal requirements.

Similar to concrete modules, metal casks are placed on a reinforced concrete slab
inside a reinforced concrete building. The slab is expected to be only very slightly
activated and can generally be released as non-controlled material. The building is

also not expected to be activated.

However, the decommissioning of a reinforced concrete building will make the
decommissioning of metal cask storage more labour-intensive compared to the

decommissioning of a concrete module.

Given this, the concrete modules are given a score of four, “Essential or strong
importance”, according to Table 2-1, against the metal casks. A score of three is not
given, since the concrete modules must have stronger importance than the concrete

casks, as discussed in item 36 below.

36 | Decommissioning cost: Score = 3

ConMod vs ConCas

Similar decommissioning approaches are implemented for both concrete modules and

concrete casks.

However, owing to the additional transfer facility, the decommissioning of concrete
casks is slightly more labour-intensive compared to concrete modules; therefore,
concrete modules are given a score of three, “Moderate importance”, according to

Table 2-1, against concrete casks.

37 | Decommissioning cost: Score = 2

ConCas vs MetCas

In item 35 it has been shown that the decommissioning of metal casks will cost more
than the decommissioning of concrete modules. In item 36 it has been shown that the
decommissioning of concrete modules and that of concrete casks are similar, but the
concrete casks have additional decommissioning cost owing to the additional transfer

facility. However, it is not believed that the decommissioning of the transfer facility
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would be as labour-intensive as decommissioning of the reinforced concrete building
housing the metal casks. It is a small facility and is not designed to meet the same

requirements.

Given this, the concrete casks are given a score of two, “Moderate importance”,

according to Table 2-1, against the metal casks.

4.4 Case1

In this case, there are only two criteria and two options, as outlined in Section 4.3.

441 Pairwise matrix for the criteria

The pairwise matrix for the criteria is shown in Table 4-14. For brevity, this matrix is called
C with elements cy4, ¢;5, ¢c2; and c,,. Elements c¢;; and ¢,, are equal to 1.0, since these
are the diagonal terms of the pairwise matrix. Element c;, is the comparison between the
criteria radiological safety and cost, and is listed as item 3 in Table 4-2. It has a value of 3.
The rationale for this score is given in the second row of item 3 of Table 4-2. Element c,; is
calculated as c,; = 1/c;,, which is a definition of the AHP tool, as stated in Section 2.1.2.
The value is 0.3333.

Table 4-14: Matrix of criteria radiological safety and cost with respect to the goal

Matrix of the criteria with respect to the goal | Radiological safety Cost
Radiological safety 1.0000 3.0000
Cost 0.3333 1.0000

The next step was to calculate the weight vector. To calculate this vector, the matrix was
normalised to the matrix €2 in terms of the columns of matrix C, using equation 2 for each

column of matrix €2. This matrix is shown in Table 4-15 as the cells shaded light blue.

Table 4-15: Normalised matrix of criteria radiological safety and cost with respect to the
goal

Normalised matrix Weight/
of criteria Radiological safety | Cost Sum of rows | Eigenvector

1.5000 0.7500
0.5000 0.2500

Radiological safety
Cost
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From this matrix a column vector ¢ with elements c¢;, where i = 1,2 is calculated using
equation 3. The values are shown in the cells shaded light green in Table 4-15.

Finally, this vector was normalised to a vectoré with elements e;, where i = 1,2 using
equation 4. This is shown in the cells shaded yellow in Table 4-15. This vector € was then
the weighted vector derived from the pairwise comparison matrix shown in Table 4-14.

Since there are only two criteria for case one, no consistency check is required.

4.4.2 Pairwise matrix for the options

There are two criteria without any sub-criteria; therefore there will be two pairwise
comparison matrices, one for each criterion. There are two options, therefore each

pairwise matrix will have dimension 2 x 2.
The pairwise matrix for the criterion radiological safety is shown in Table 4-16.

Table 4-16: Matrix of options with respect to criterion radiological safety

Matrix of criterion: Radiological safety | ConMod MetCas
ConMod 1 3
MetCas 0.3333 1

For brevity, this matrix is called 0, with elements 0,;, 0;,, 0,; and O0,,.
As was the case for the criteria pairwise comparisons discussed in Section 4.5.1, elements
0,, and 0,, are equal to 1.0, since these are the diagonal terms of the pairwise matrix.
Element 0,, is the comparison between options ConMod and MetCas, and is listed as item

13 in Table 4-5. It has a value of 3. The rationale for this score is given in the second row

of item 13 of Table 4-5. Element 0,; is calculated as 0,; = Oi, which is a definition of the
AHP tool, as stated in Section 2.1.2. The value is 0.3333.

The procedure used to obtain the weights is the same as that for the matrix C discussed in
Section 4.5.1, and the final result is shown in Table 4-17, where the colour coding is the

same as that for matrix C2.

Table 4-17: Normalised matrix of options with respect to criterion radiological safety

Normalised matrix of sub- Sum of | Weight/
criteria of radiological safety ConMod MetCas rows Eigenvector
ConMod 1.5 0.75
MetCas 0.5 0.25
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A similar process was used for the pairwise comparison of the options with respect to the

criterion cost.
Using the data from

Table 4-6, item 16, the following pairwise matrix, shown in Table 4-18, was constructed
using the method outlined above for the first criterion shown in this section, and the

resulting weight eigenvector is shown in Table 4-19.

Table 4-18: Pairwise matrix of options with respect to criterion cost

Matrix of criterion cost ConMod MetCas
ConMod 1 4
MetCas 0.25 1

Table 4-19: Normalised matrix of options with respect to criterion cost

Normalised matrix of Sum  of | Weight/
criterion cost ConMod MetCas rows Eigenvector
ConMod 1.6 0.8000
MetCas 0.4 0.2000

4.4.3 Calculating the ranking
To calculate the ranking, equation 1 must be used. This requires the construction of matrix

A and vector d. The matrix 4 is shown in Table 4-20.

Table 4-20: Matrix for the ranking of the options

Radiological safety | Cost Vector d
ConMod 0.75 0.8000 0.75
MetCas 0.25 0.2000 0.25

In this matrix, the second column is populated using the 5th column of Table 4-17, and the
third column is populated using the 5™ column of Table 4-19. The explanation for these

assignments was given in Section 2.1.3.
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Vector d is shown in Table 4-20 and is populated using the 5" column of Table 4-15. The

explanation for this assignment was also explained in Section 2.1.3.

Using this, equation 1 can then be constructed as shown in equation 7, with the ranking

shown as the column vector in the right-hand side of this equation

[0.75 .8000] [0.75]

[0.7625
0.25 .2000/10.25

0.23751 (7)

This, therefore, shows that the first option has a higher ranking of 0.7625 compared to the
second, which has a ranking of 0.2375. The first ranking was ConMod and MetCas.
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4.5 Case?2

In this case, there are two criteria and three options, as outlined in Section 4.3. Criterion
two (cost) has three sub-criteria.

451 Pairwise matrix for the criteria

The pairwise matrix for the criteria is the same as that discussed in case one above.

4.5.2 Pairwise matrix of sub-criteria of cost
The pairwise matrix for the sub-criteria is shown in Table 4-21.
For brevity, this matrix is called § with elements s,1, 513, S13, S22, S23 and s;3. Elements s,4,

S,,, and s;3 are equal to 1.0, since these are the diagonal terms of the pairwise matrix.

Element s;, is the comparison between the criteria capital cost and operational and
maintenance cost, and is listed as item 10 in Table 4-4. It has a value of 5. The rationale

for this score is given in the second row of item 10 of Table 4-4.

Element s,5 is the comparison between capital cost and decommissioning cost and listed
as item 11 in Table 4-4. It has a value of 7. The rationale for this score is given in the

second row of item 11 of Table 4-4.

Element s,; is the comparison between operational and maintenance cost and
decommissioning cost and listed as item 12 in Table 4-4. It has a value of 3. The rationale

for this score is given in the second row of item 12 of Table 4-4.

The elements s,, s31, 53, are calculated as s,; = 1/s1,, 531 = 1/513 and s3, = 1/s,3 Which
are the definitions of the AHP tool, as stated in Section 2.1.2. The values are 0.2000,

0.1429 and 0.3333 respectively.

Table 4-21: Matrix of sub-criteria capital cost, operational and maintenance cost and

decommissioning cost with respect to parent criterion cost

Matrix for the sub-criteria Operational and | Decommissioning
of criterion cost Capital cost maintenance cost cost

Capital cost 1.0000 5.0000 7.0000
Operational and

maintenance cost 0.2000 1.0000 3.0000
Decommissioning cost 0.1429 0.3333 1.0000
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The next step was to calculate the weight vector. To calculate this vector the matrix was
normalised to the matrix §2 in terms of columns of matrix § using equation 2 for each

column of matrix $2. This matrix is shown in Table 4-22 as the cells shaded light blue.

Table 4-22: Normalised matrix of sub-criteria capital cost, operational and maintenance
cost and decommissioning cost with respect to parent criterion cost

Operational
Normalised and
matrix of sub- | Capital | maintenance | Decommissioning | Sum of | Weight/
criteria of cost cost cost cost rows Eigenvector

Capital cost 2.1705 | 0.7235

Operational and
maintenance cost

Decommissioning
cost

0.5796 | 0.1932

0.2499 | 0.0833

From this matrix a column vector s with elements s;, where i = 1,2 and 3 is calculated
using equation 3. The values are shown in the cells shaded light green in Table 4-22.
Finally, this vector was normalised to a vector ¢ with elements e;, where i = 1,2 and 3,
using equation 4. This is shown in the cells shaded yellow in Table 4-22. This vector ¢ was
then the weighted vector derived from the pairwise comparison matrix shown in Table
4-21.

4.5.3 Consistency of the judgement

Since there are three sub-criteria, the consistency of the judgement is checked. As
discussed in Section 2.1.6, the consistency of the judgement is measured by a

consistency ratio (CR) and the consistency index (CI) is then compared with a random
consistency index (RI) defined as the ratio CR = %. If the ratio is less than 0.1, then the

judgements used to construct the pair-wise comparison matrices are accepted, else the

judgements must be revised until a ratio of less than 0.1 is obtained.

The Rl is also described in Section 2.1.6 and is given in Table 2-2. The Cl/ is calculated

using the following equation CI = A, —% where A,,,, is the maximum eigenvalue of

the comparison matrix calculated as described in Section 2.1.6 and n is the number of

evaluations.
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The Cl was calculated and had a value of 0.0557. Then the CR was calculated and had a
value of 0.0961. Based on the CR obtained, the judgement was consistent (it was less
than 0.1).

4.5.4 Pairwise matrix for the options with respect to sub-criteria or criteria when there are

no sub-criteria

There are two criteria with one criterion having three sub-criteria; therefore there will be
four pair-wise comparison matrices, one for each sub-criterion or criterion when there is no
sub-criterion. There are three options, therefore each pairwise comparison matrix will have

dimension 3 x 3.

The pairwise comparison matrix of options for the criterion radiological safety is shown in
Table 4-23 .

Table 4-23: Matrix of options with respect to criterion radiological safety

Matrix of radiological safety ConMod MetCas ConCas
ConMod 1 3 5
MetCas 0.3333 1 2
ConCas 0.2 0.5 1

For brevity, this matrix is called 0 with elements 0,;, 0,2, 013, 055, 0,3, 033, 0,4, O3,and
032.

As was the case for the criteria pairwise discussed in Section 4.5.1, Elements 0,,, 0,, and
055 are equal to 1.0, since these are the diagonal terms of the pairwise matrix.

Element 0,, is the comparison between options ConMod and MetCas, and is listed as item

13 in Table 4-5. It has a value of 3. The rationale for this score is given in the second row

of item 13 of Table 4-5. Element 0,, is calculated as 0,; = Oi, which is a definition of the
12
AHP tool, as stated in Section 2.1.2. The value is 0.3333.

Element 0,5 is the comparison between options ConMod and ConCas, and is listed as

item 14 in Table 4-5. It has a value of 5. The rationale for this score is given in the second

row of item 14 of Table 4-5. Element 0,, is calculated as 0,; = Oi, which is a definition of
12

the AHP tool, as stated in Section 2.1.2. The value is 0.2.
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Element 0,5 is the comparison between options MetCas and ConCas, and is listed as item
15 in Table 4-5. It has a value of 2. The rationale for this score is given in the second row
of item 15 of Table 4-5. Element 0, is calculated as 0,; = 1/0,, which is a definition of
the AHP tool, as stated in Section 2.1.2. The value is 0.5.

The procedure used to obtain the weights is the same as that for the matrix € discussed in
Section 4.5.1, and the final result is shown in Table 4-24, where the colour coding is the

same as that for matrix C2.

Table 4-24: Normalised matrix of options with respect to criterion radiological safety

Normalised matrix of Sum of | Weight/
radiological safety ConMod MetCas ConCas rows Eigenvector
ConMod 1.9438 | 0.6479
MetCas 0.6896 | 0.2299
ConCas 0.3665 | 0.1222

A similar process was used for the pairwise comparison of the options with respect to the

sub-criteria capital cost, operational and maintenance cost, and decommissioning cost.

Using the data from Table 4-11, item 29, 30 and 31, the pairwise matrix for the capital cost
shown in Table 4-25 was constructed using the method outlined above for the first criterion

shown in this section, and the resulting weight is shown in Table 4-26.

Using the data from Table 4-12, item 32, 33 and 34, the pairwise matrix for the operational
and maintenance cost shown in Table 4-27 was constructed using the method outlined
above for the first criterion shown in this section, and the resulting weight is shown in
Table 4-28.

Using the data from Table 4-13, item 35, 36 and 37, the pairwise matrix for the capital cost
shown in Table 4-29 was constructed using the method outlined above for the first criterion

shown in this section, and the resulting weight is shown in Table 4-30.

Table 4-25: Pairwise matrix of options with respect to sub-criterion capital cost

Criterion capital cost ConMod MetCas ConCas
ConMod 1 7 2.
MetCas 0.1429 1 0.1667
ConCas 0.5000 6. 1
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Table 4-26: Normalised matrix of options with respect to sub-criteria cost

Normalised matrix of

criterion capital cost ConMod

ConMod

MetCas

ConCas

MetCas

ConCas

Sum of | Weight/
rows Eigenvector
1.7403 | 0.5801
0.2110 | 0.0703
1.0487 | 0.3496

Table 4-27: Pairwise matrix for options with respect to sub-criterion operational and

maintenance cost

Sub-criterion operational and

maintenance cost ConMod MetCas ConCas
ConMod 1 0.5 1
MetCas 2 1 2
ConCas 1 0.5 1

Table 4-28: Normalised matrix of options with respect to sub-criterion operational and

maintenance cost

Normalised matrix

of sub-criterion

operational and Sum of | Weight/
maintenance cost ConMod MetCas ConCas | rows Eigenvector

ConMod 0.2500
MetCas 0.5000
ConCas 0.2500

Table 4-29: Pairwise matrix of options with respect to sub-criterion decommissioning cost

Sub-criterion decommissioning

cost ConMod MetCas ConCas
ConMod 1 4 3
MetCas 0.2 1 0.5
ConCas 0.3333 2 1
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Table 4-30: Normalised matrix of options with respect to sub-criterion decommissioning
cost

Normalised matrix of

sub-criterion Sum of | Weight/
decommissioning cost | ConMod MetCas ConCas rows Eigenvector
ConMod 1.8697 | 0.6232
MetCas 0.4119 | 0.1373
ConCas 0.7185 | 0.2395

4.5.5 Consistency of the judgement

The procedure used to check the consistency of the judgement is the same as that for the
sub-criteria discussed in Section 4.5.4, and the consistency index CI and consistency ratio
CR values are shown in Table 4-31.

Table 4-31: CI and CR of the judgement matrices for options with respect to sub-criteria
or criteria where there are no sub-criteria

Judgement matrix Consistency Index | Consistency Ratio
(cn (RI)

Options with respect to criteria:
Radiological safety 0.0027 0.0047

Options with respect to sub-criteria:
Capital cost 0.0224 0.0386

Options with respect to sub-criteria:
Operation and maintenance 0.0000 0.0000

Options with respect to sub-criteria:
Decommissioning cost 0.0127 0.0220

Based on the consistency ratio obtained, the judgement was consistent and is shown in

column three of Table 4-31.

4.5.6 Calculating the ranking option
To calculate the ranking, equation 1 must be used. This requires the construction of matrix

A and vector d. Matrix A is shown in Table 4-33. To calculate the vector c_i, each sub-

criterion weight is multiplied by the parent criterion weight to obtain the overall weight of
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each sub-criterion, which is the vector d used in the matrix 4 . This calculation is shown in
Table 4-32.

Table 4-32: Vector d calculation for case two

Overall
Criteria Sub-criteria weight/
Criteria weight Sub-criteria weight Vector d
Cost 0.25 capital cost 0.7235 0.1809
Operational and
maintenance cost | 0.1932 0.0483
Decommissioning
cost 0.0833 0.0208
Radiological safety
of the public and
workers 0.75 No sub-criteria Not applicable | 0.75
Table 4-33: Matrix for the ranking of the options
Radiological Operational and | Decommissioning
Options safety Capital cost maintenance cost | cost
Vector d 0.75 0.1809 0.0483 0.0208
ConMod 0.6479 0.5801 0.2500 0.6232
MetCas 0.2299 0.0703 0.5000 0.1373
ConCas 0.1222 0.3496 0.2500 0.2395

In this matrix, vector d is shown in row two underneath each corresponding criterion or
sub-criterion. The second column is populated using the sixth column of Table 4-24; the
third column is populated using the sixth column of Table 4-26; the fourth column is
populated using the sixth column of Table 4-28 and the fifth column is populated using the
sixth column of Table 4-30. The explanation for these assignments was given in Section
2.1.3.

Vector d is shown in Table 4-33 in row two underneath each corresponding criterion or
sub-criterion and is populated using the fifth column of Table 4-32. This assignment was
also explained in Section 2.1.3.

Using this, equation 1 can then be constructed as shown in equation 8, with the ranking

shown as the column vector in the right-hand side of this equation.
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0.75

0.6479 0.5801 0.2500 0.6232 0.1809 0.6159
0.2299 0.0703 0.5000 0.1373 0.0483 =10.2121 (8)
0.1222 0.3496 0.2500 0.2395 0.0208 0.1719

This, therefore, shows that the first option has a higher ranking of 0.6159 compared to the
second option, which has a ranking of 0.2121, and the third option, which has a ranking of
0.1719. The first ranking was the ConMod, the second-ranking was the MetCas and the

third-ranking was the ConCas.

4.6 Case3

In this case, there are four criteria and three options, as outlined in Section 4.3. Two of the

criteria have three sub-criteria each.

4.6.1 Pairwise matrix of the criteria

The pairwise matrix for the criteria is shown in Table 4-34. Similar to the matrix discussed
in case one, Section 4.5.1, this matrix is also called € with elements c;;, ¢12, €13, C14, C22,
C23, C24, C33, C34, Cas, C21, C31, Ca1, C32, C42 ANd c,3. Elements cy4, ¢35, 33 and c,, are equal
to 1.0, since these are the diagonal terms of the pairwise matrix. Element c¢;, is a
comparison between the criteria radiological safety and system flexibility, and is listed as

item 1 in Table 4-2. It has a value of 5. The rationale for this score is given in the second
row of item 1 of Table 4-2. Element c,, is calculated as c,; = Ci which is a definition of the
12

AHP tool, as stated in Section 2.1.2. The value is 0.2.
Element c,5 is a comparison between the criteria radiological safety and retrievability, and
is listed as item 2 in Table 4-2. It has a value of 7. The rationale for this score is given in

the second row of item 2 of Table 4-2. Element c5, is calculated as c3; = CL which is a
13
definition of the AHP tool, as stated in Section 2.1.2. The value is 0.1429.

Element c,, is a comparison between the criteria radiological safety and cost, and is listed
as item 3 in Table 4-2. It has a value of 3. The rationale for this score is given in the
second row of item 3 of Table 4-2. Element c,, is calculated as c,; = 1/c;, which is a
definition of the AHP tool, as stated in Section 2.1.2. The value is 0.3333.

Element c,; is a comparison between the criteria system flexibility and retrievability, and is

listed as item 4 in Table 4-2. It has a value of 3. The rationale for this score is given in the
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second row of item 4 of Table 4-2. Element c;, is calculated as c;, =Ci, which is a
23
definition of the AHP tool, as stated in Section 2.1.2. The value is 0.3333.

Element c¢,, is a comparison between the criteria system flexibility and cost, and is listed
as item 5 in Table 4-2. It has a value of 4. The rationale for this score is given in the

second row of item 5 of Table 4-2. Element c,, is calculated as c,, =Ci, which is a
24

definition of the AHP tool, as stated in Section 2.1.2. The value is 0.25.

Element ¢;, is a comparison between the criteria retrievability and cost, and is listed as
item 6 in Table 4-2. It has a value of 5. The rationale for this score is given in the second
row of item 6 of Table 4-2. Element c,; is calculated as c,3 = 1/c3, Which is a definition of
the AHP tool, as stated in Section 2.1.2. The value is 0.2.

Table 4-34: Pairwise matrix of the criteria

Matrix of criteria Radiological safety | Flexibility Retrievability | Cost

Radiological safety 1.0000 5.0000 7.0000 3.0000
Flexibility 0.2000 1.0000 3.0000 0.2500
Retrievability 0.1429 0.3333 1.0000 0.2000
Cost 0.3333 4.0000 5.0000 1.0000

The next step was to calculate the weight vector. To calculate this vector, the matrix was
normalised to the matrix C2 in terms of columns of matrix C using equation 2 for each

column of matrix €2. This matrix is shown in Table 4-35 as the cells shaded light blue.

Table 4-35: Normalised matrix of the criteria

Normalised

matrix of | Radiological | System Sum of | Weight/
criteria flexibility | Retrievability | Cost rows Eigenvector
Radiological

safety 2.1921 | 0.5480
Flexibility 0.4598 | 0.1149

Retrievability 0.2249 | 0.0562

Cost 1.1232 | 0.2808
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From this matrix a column vector ¢ with elements ¢;, where i = 1, 2,3, 4 is calculated using
equation 3. The values are shown in the cells shaded light green in Table 4-35.

Finally, this vector was normalised to a vector € with elements e;, where i = 1, 2, 3,4 using
equation 4. This is shown in the cells shaded yellow in Table 4-35. This vector ¢ was then

a weighted vector derived from the pairwise comparison matrix shown in Table 4-34.

4.6.2 Consistency of the judgement

The procedure used to check the consistency of the judgement is the same as that for the
sub-criteria discussed in Section 4.5.4. The Cl was calculated and had a value of 0.0852.
Then the CR was calculated and had a value of 0.0947. Based on the consistency ratio

obtained, the judgement was consistent.

4.6.3 Pairwise comparison of the sub-criteria of system flexibility

The pairwise matrix for the sub-criteria is shown in Table 4-36.

Similar to the matrix discussed in case two, Section 4.6.2, this matrix is also called S1, with
elements s1,4, s1;,, s1;3, 51,5, s1,3 and s1;3. Elements s1,4, s1,,, and s1;; are equal to

1.0, since these are the diagonal terms of the pairwise matrix.

Element s;, is a comparison between the sub-criteria localisation and modularity, and
listed as item 7 in Table 4-3. It has a value of 3. The rationale for this score is given in the
second row of item 7 of Table 4-4. The element s1,, is calculated as s1,; = 1/s1,, which
is a definition of the AHP tool, as stated in Section 2.1.2. The value is 0.3333.

Element s1,5 is a comparison between the sub-criterion localisation and the sub-criterion
possibility of changing vendor, and listed as item 8 in Table 4-3. It has a value of 5. The

rationale for this score is given in the second row of item 8 of Table 4-3. The element

s1;3, is calculated as s13; = S% which is a definition of the AHP tool, as stated in Section
13
2.1.2. The value is 0.2.

Element s,; is a comparison of sub-criteria between modularity and the possibility of
changing the vendor and listed as item 9 in Table 4-3. It has a value of 3. The rationale for
this score is given in the second row of item 9 of Table 4-3. The element s15, is calculated
as slz, = 1/s1,3 which is a definition of the AHP tool, as stated in Section 2.1.2. The value
is 0.3333.
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Table 4-36: Matrix of the sub-criteria of system flexibility

Matrix of sub-criteria of Possibility of changing
flexibility Localisation Modularity vendor
Localisation 1.0000 3.0000 5.0000
Modularity 0.3333 1.0000 3.0000
Possibility of changing vendor | 0.2000 0.3333 1.0000

The next step was to calculate the weight vector. To calculate this vector, the matrix was
normalised to the matrix $§3 in terms of the columns of matrix §1 using equation 2 for each

column of matrix $3. This matrix is shown in Table 4-37 as the cells shaded light blue.

Table 4-37: Normalised matrix of the sub-criteria of system flexibility

Normalised matrix Possibility of
of sub-criteria of changing Sum of | Weight/
flexibility Localisation Modularity | vendor rows Eigenvector

Localisation 1.9000 | 0.6333
Modularity 0.7815 | 0.2605
Possibility of

changing vendor 0.3185 | 0.1062

From this matrix a column vector 5 with elements s;, where i = 1,2, 3 is calculated using
equation 3. The values are shown in the cells shaded light green in Table 4-37.

Finally, this vector was normalised to a vector é with elements ¢;, where i = 1,2,3 using
equation 4. This is shown in the cells shaded yellow in Table 4-37. This vector & was then

a weighted vector derived from the pairwise comparison matrix shown in Table 4-36.

4.6.4 Consistency of the judgement for the sub-criteria of system flexibility comparison

The procedure used to check the consistency of the judgement is the same as that for the
sub-criteria discussed in Section 4.5.4. The Cl was calculated and had a value of 0.0277.
Then the CR was calculated and had a value of 0.0477. Based on the CR obtained the

judgement was consistent.

4.6.5 Pairwise comparison of the sub-criteria of cost

The pairwise comparison of the sub-criteria of cost is the same as that of case two in

Section 4.6.2 and will not be repeated in this section.
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4.6.6 Pairwise comparison of the option with respect to sub-criteria or criteria where there

are no sub-criteria

There are four criteria and two of these have three sub-criteria each; therefore, there will
be eight pairwise comparison matrices, one for each sub-criterion or criterion where there
is no sub-criterion. There are three options, therefore each pairwise matrix will have

dimension 3 x 3.

A similar process was used for the pairwise comparison of the options with respect to sub-

criteria or criteria where there are no sub-criteria in Section 4.6.4 of case two.

The matrix for the options with respect to the criterion radiological safety is the same as

that in Section 4.6.4 of case two and will not be repeated in this section.
Using the data from

Table 4-7, item 17, 18 and 19, the pairwise matrix for the options with respect to sub-
criterion localisation shown in Table 4-38 was constructed using the method outlined
above for the first criterion shown in this section, and the resulting weight is shown in
Table 4-39.

Using the data from Table 4-8, items 20, 21 and 22, the pairwise matrix for the options with
respect to the sub-criterion modularity shown in Table 4-40 was constructed using the
method outlined above for the first criterion shown in this section, and the resulting weight

is shown in Table 4-41.

Using the data from Table 4-8, items 23, 24 and 25, the pairwise matrix for the options with
respect to the sub-criterion possibility of changing vendor shown in Table 4-42 was
constructed using the method outlined above for the first criterion shown in this section,

and the resulting weight is shown in Table 4-43.

Using the data from Table 4-8, items 26, 27 and 28, the pairwise matrix for the options with
respect to criterion retrievability shown in Table 4-44 was constructed using the method
outlined above for the first criterion shown in this section, and the resulting weight is shown
in Table 4-45.

The matrices of the options with respect to the sub-criteria of cost, capital cost, operational
and maintenance cost and decommissioning cost are the same in Section 4.6.4 of case

two and will not be repeated in this section.
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Table 4-38: Pairwise matrix of options with respect to sub-criterion localisation

Matrix of options with respect to sub-

criterion localisation ConMod MetCas ConCas
ConMod 1.0000 5.0000 1.0000
MetCas 0.2000 1.0000 0.2000
ConCas 1.0000 5.0000 1.0000

Table 4-39: Normalised matrix of options with respect to sub-criterion localisation

Normalised matrix of
options with respect
to localisation ConMod MetCas

ConMod

MetCas

ConCas

Sum of
ConCas rows

Weight
Eigenvector

/

1.3636 | 0.4545
0.2727 |0.0909
1.3636 | 0.4545

Table 4-40: Pairwise matrix of options with respect to sub-criterion modularity

Matrix of options with respect to sub-

criterion modularity ConMod MetCas ConCas
ConMod 1.0000 5.0000 1.0000
MetCas 0.2000 1.0000 0.2000
ConCas 1.0000 5.0000 1.0000

Table 4-41: Normalised matrix of options with respect to sub-criterion modularity

Normalised matrix of
options with respect to
criterion modularity ConMod MetCas

ConMod

MetCas

ConCas
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ConCas

Sum of
rows

Weight/
Eigenvector

1.3636

0.4545

0.2727

0.0909

1.3636

0.4545




Table 4-42: Pairwise matrix of options with respect to the sub-criterion possibility of

changing vendors

Matrix of options with respect to the

sub-criterion possibility of changing

vendor ConMod MetCas ConCas
ConMod 1.0000 5.0000 1.0000
MetCas 0.2000 1.0000 0.2000
ConCas 1.0000 5.0000 1.0000

Table 4-43: Pairwise matrix for options with respect to the sub-criterion possibility of

changing vendors

Normalised matrix of options

with respect to the sub-

criterion possibility of Sum of | Weight/

changing vendor ConMod [ MetCas ConCas [ rows Eigenvector

ConMod 1.3636 | 0.4545

MetCas 0.2727 | 0.0909

ConCas 1.3636 | 0.4545
Table 4-44: Pairwise matrix of options with respect to criterion retrievability

Matrix of options with respect to

criterion retrievability ConMod MetCas ConCas

ConMod 1.0000 0.3333 1.0000

MetCas 3.0000 1.0000 3.0000

ConCas 1.0000 0.3333 1.0000

Table 4-45: Normalised matrix of options with respect to criterion retrievability

Normalised matrix of
options with respect to

criterion retrievability ConMod

ConMod

MetCas

ConCas

MetCas
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ConCas

Sum of
rows

Weight/
Eigenvector

0.6000

0.2000

1.8000

0.6000

0.6000

0.2000




4.6.7 Consistency of judgement for the options

The procedure used to check the consistency of judgement is the same as that for the
sub-criteria of cost discussed in Section 4.5.4, and the consistency index CI and
consistency ratio CR values are shown in Table 4-31. Based on the consistency ratio

obtained, the judgement was consistent and is shown in column three of Table 4-46.

Table 4-46: CI and CR of the judgement matrices for the option with respect to sub-
criteria or criteria where there are no sub-criteria

Judgement matrix Consistency index Consistency ratio

Options with respect to sub-criterion:
localisation 0.0000 0.0000

Options with respect to sub-criterion:
Modularity 0.0000 0.0000

Options with respect to sub-criterion:
Possibility of changing vendor 0.0000 0.0000

Options with respect to criterion:
retrievability 0.0000 0.0000

4.6.8 Calculations of the ranking for Case 3
To calculate the ranking, equation 1 must be used. This requires the construction of matrix

A and vector d. Matrix A is shown in Table 4-48. To calculate the vector cf, each sub-

criterion weight is multiplied by the parent criterion weight to obtain the overall weight of

each sub-criterion, which is the vector d used in matrix A . This calculation is shown in
Table 4-47.
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Table 4-47: Vector d calculation for case three

Sub-criteria Overall
Criteria Criteria weight | Sub-criteria weight weight
Radiological
safety 0.5480 None 0.5480
Flexibility 0.1149 Localisation 0.6333 0.0728
Modularity 0.2605 0.0299
Possibility of
changing vendors | 0.1062 0.0122
Retrievability | 0.0562 None 0.0562
Cost 0.2808 Capital cost 0.7235 0.2032
Operational and
maintenance cost | 0.1932 0.0542
Decommissioning
cost 0.0833 0.0234
Table 4-48: Matrix for the ranking of the options for case three
Y— T
° 8 S8 |2
g |, S 1S
© c o = 7 T © )
s |5 |§ |zg |8 |8 |&F ¢
& o2 o =] 5 2 .0 = © = o)
g 52 & |8 |8z |5 |& |8z |&8¢®
& e ® |9 = RS 4 O OE |Aa8
o [co] (@] N AN A AN <
[c0] N (o) AN © ™ < ™
< N~ AN ~— Yo} o (o) AN
= (o) o o o o AN o o
Vector d o o o o o = o o
ConMod 0.6479 | 0.4545 | 0.4545 | 0.4545 | 0.2000 | 0.5801 | 0.2500 | 0.6232
MetCas 0.2299 | 0.0909 | 0.0909 | 0.0909 | 0.6000 | 0.0703 | 0.5000 | 0.1373
ConCas 0.1222 | 0.4545 | 0.4545 | 0.4545 | 0.2000 | 0.3496 | 0.2500 | 0.2395

In this matrix, vector d is shown in row two underneath each corresponding sub-criterion or
criterion when there are no sub-criteria. The second column is populated using the sixth
column of Table 4-24; the third column is populated using the sixth column of Table 4-39;
the fourth column is populated using the sixth column of Table 4-41; the fifth column is
populated using the sixth column of Table 4-43; the sixth column is populated using the

sixth column of Table 4-45; the seventh column is populated using the sixth column of
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Table 4-26; the eighth column is populated using the sixth column of Table 4-28, and the
ninth column is populated using the sixth column of Table 4-30. The explanation of these

assignments was given in Section 2.1.3.

Vector d is shown in Table 4-48 in row two underneath each corresponding criterion or
sub-criterion and is populated using the fifth column of Table 4-48. This assignment was

also explained in Section 2.1.3.

Using this, equation 1 can then be constructed as shown in equation 9, with the ranking

shown as the column vector in the right-hand side of this equation.

10.54807
0.0728
0.0299
0.0122
0.0562
0.2032
0.0542

L0.0234-

0.2299 0.0909 0.0909 0.0909 0.6000 0.0703 0.5000 0.1373
0.1222 0.4545 0.4545 0.4545 0.2000 0.3496 0.2500 0.2395

0.2148

0.6479 0.4545 0.4545 0.4545 0.2000 0.5801 0.2500 0.6232]
0.2206

[0.5646

This, therefore, shows that the first option has a higher ranking of 0.5646 compared to the
second option, which has a ranking of 0.2206, and the third option, which has a ranking
of 0.2148. The first ranking was the ConMod, the second ranking was the ConCas and the

third ranking was the MetCas.

4.7 \Verification of calculation

The procedure to calculate the weight for criteria, sub-criteria, options, the ranking of the
options and the consistency ratios was implemented using the Microsoft Excel program

discussed in Chapter 3 Section 3.

An alternative approach was used through which the procedure was coded using a Fortran
compiler, thus producing an executable; the code was named jun0219 and is part of the
NWURCS code suite (Naicker et al., 2015). The code was not written by the author of this

study and was therefore considered to be an independent implementation of the AHP.

The first verification check was to ensure that the calculation of the comparison matrices
for the criteria, sub-criteria and options were correct, and it found that both sets of results
were consistent.

The next verification check was to establish that the final ranking and the consistency

ratios were the same.
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The results were identical to four significant figures after the decimal point. The results for

all three cases as calculated with the code are included in Appendix 1.

4.8 Summary and Comments

The following ranking was obtained in the three cases chosen for this study:

In case one, the first ranking was the ConMod (0.76) and the second ranking (0.24) was
the MetCas.

In case two, the first ranking was the ConMod (0.62), the second ranking was the MetCas
(0.21) and the third ranking was the ConCas (0.17). In case three, the first ranking was the
ConMod (0.56), the second ranking was the ConCas (0.22) and the third ranking was the
MetCas (0.21). It is noted that in comparing case two and case three the order of second
and third-ranked options changed. However, in both cases, the second-ranked option had
the same ranking of 0.21. The strength of the first and third ranking changed. Since the
third case was the most general case, it is important to realise that all the criteria, sub-
criteria and options must be considered as far as possible, since the rankings are sensitive

to this selection.

The results show that ConMod (concrete modules with an inner canister stored on a
reinforced concrete storage pad open to the environment) is the best option to meet South
Africa’s needs within the constraints of this study. These results will most probably change
when more detailed studies are carried out later. One could have guessed intuitively that
these results would be obtained, i.e. without the implementation of the AHP. This is
because intuition is built on experience and knowledge without formal (mostly based on
scientific reasoning) assimilation. However, the difference between the concrete cask and

the concrete module might have required more than an intuitive judgement.

In order to achieve the ranking shown above, pairwise comparisons were performed on
each possible pair for the criteria, sub-criteria and options. None of the criteria, sub-criteria
or options could be compared numerically, as was shown in the example in Chapter 2,
where items were compared based on their mass. Therefore, all the comparisons
performed were based on the judgement of the writer. These judgements were based on
the experience that the writer has had in this field of study, which included information

obtained from the literature that was reviewed.

It is noted that these judgements are biased since only a single person was involved in the
decision process. The judgements made must, therefore, be extended to include other

workers in the field. The terminology normally used is that “expert judgement” should be
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obtained. However, since such work will increase the scope significantly, this is reserved
for further studies. Nevertheless, since the present study was intended to introduce the

methodology, it was deemed acceptable to use only the judgements of a single person.

In addition to the above-mentioned involvement of other workers in the field in conducting
the pairwise comparison, further information needs to be obtained to make the comparison

more numerical or easier; for example:

e The cost of each dry storage system and the related facilities or support systems is
required. This cost includes the purchase cost or design and construction cost,
operational and maintenance cost and the expected decommissioning cost.

e An expected dose rate of each dry storage system is required.

e The total number of SNF assemblies that can be stored in each dry storage

system must be determined.

The expected dose rate is required to ensure that the country’s regulatory dose rate limit

will not be exceeded.

The total number of SNF assemblies that can be stored in each dry storage system is vital
to determine the required number of dry storage systems and the size of the space

needed for storage.

In essence, it has been demonstrated in this study that the AHP tool has the potential to
be used as a selection tool to decide which is the best available option from the subset of
options that will best meet South Africa’s needs. It has the advantages of robustness and a
clear concept. The use of the AHP tool becomes more important when elements of the
decision-making process are difficult to quantify or compare equally. The procedure is
simple to implement once one is familiar with the process. However, if many criteria, sub-
criteria and options are considered, it takes time to implement. It has also been noted that
when new criteria, sub-criteria and options are introduced, the results change. As
mentioned above, it would also be important for the next study to consider all the criteria

and sub-criteria and options identified to identify the best options.

A potential weakness of the AHP tool is that it assumes independence between criteria or
sub-criteria on the same level, which can lead to bias in the judgement, as some criteria or

sub-criteria are implicit in others. For example, in this study, it has been noted that cost is
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implicit in other criteria. It is expected that in more detailed studies following this study,
careful attention will have to be paid to this question of independence. However, for the
purposes of this study, these matters are considered independent of one another. This

question of dependencies has been highlighted in the text.

Regarding the criteria, sub-criteria and options, it is possible that not all the elements were
identified in this study. It would, therefore, be of value to reconsider this aspect of the study
and to include the input from other experts in the field in the assignment of possible

criteria, sub-criteria and options in follow-up studies.
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5 CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

This study was intended to demonstrate the application of the AHP tool to compare dry
storage options currently in use worldwide to decide which of the available options will best
meet South Africa’s needs.

To achieve the purpose, a number of objectives were set and specific relevant criteria and
sub-criteria were derived from literature sources for use in the selection of dry storage

system options.

A computer code was used to verify the calculation of the comparison matrices for the
criteria, sub-criteria and options and the final ranking and the consistency ratios. This gave

confidence in the correctness of the implementation of the AHP tool.

This study has shown that the AHP is a good tool to use in the selection of a dry storage
system in that the concept is clear and robust, as well as easy to implement when one is
familiar with it. More importantly, it enables decision-making when the elements of the
decision-making process are difficult to quantify or compare equally. These characteristics
make the AHP a potential tool that can be used in the selection of a dry storage system

that will best meet South Africa’s needs.
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5.2 Recommendations

Based on this study, the following recommendations are made:

To address the dependencies discussed above, it is recommended that the next
study must first look into the dependencies in which the ANP must be used.

Only a subset of criteria, sub-criteria and options identified was used to make this
study feasible; it is therefore recommended that future studies should include all
the criteria, sub-criteria and options.

Since the aim of the study was to initiate the implementation of the AHP tool, it
was decided to consider the two variant designs for metal casks as one option and
the two variant designs for concrete casks as one option. It is recommended that
future studies should consider these designs as individual options.

As mentioned, in this study only one person was involved in decision-making. It is
recommended that the next study be extended to include other workers in the field.
Ethical considerations when working with people in such a research study must

also be taken into account.
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6 APPENDIX

Verification of the correctness of the Excel spreadsheet calculations using a code named
jun0219.

The outputs from the code for the various cases are shown in the sub-sections below. The
final ranking of the options is given in the last column of the output under the heading
“Pref”.
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6.1 Case1

Paired Compari=szons Matrix for lewvel: 1

Paired Comparisons Matrix
RadSaf Cost

RadSaf 1.0000 3.0000

Cost 0.3333 1.0000

Weights=
0.7500 0.2500

lamda max cC.I C.E iC.R
2.0000 O0.0000 O.0000 O.000

Criteria reduced to lewvel 3

1 0.7500 1 O O RadSaf

2 0.2500 2 O O Cost

Paired Comparisons Matrix of Alternatives for Criteria RadSaf

Paired Comparisons Matrix
ConMod MetCas

ConMod 1.0000 3.0000

MetCa=s 0.3333 1.0000

Weights=
0.7500 0.2500

lamda max cC.I C.E iC.R
2.0000 O0.0000 O.0000 O.000

Paired Comparisons Matrix of Alternatives for Criteria Cost

Paired Comparisons Matrix
ConMod MetCas

ConMod 1.0000 44,0000

MetCa=s 0.2500 1.0000

Weights=
0.28000 0.2000

lamda max cC.I C.E iC.R
2.0000 0.0000 O.0000 O.000

RadS5af Co=st

| C.wgt | Pref
ConMod O0.7500 0.2000 | 0.7500 | 0.7625
MetCa=s 0.2500 0.2000 | 0.2500 | 0.2375
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6.2 Case2

Paired Comparisons Matrix for lewvel: 1

Paired Comparisons Matrix
Rad5af Cost

RadSaf 1.0000 3.0000

Cost 0.3333 1.0000

Weights
0.7500 0.2500

lamda max cC.I C.R :(C.R
2.0000 0.0000 0.0000 ©.000

Paired Comparisons Matrix for lewvel: 2 Cost

Paired Comparisons Matrix
CaCost CHMCost DeCost
CaCpst 1.0000 5.0000 7.0000
OMCost 0.2000 1.0000 3.0000
DeCost 0.1429%9 0.3333 1.0000

Weights
0.7235 0.1932 0.0833

lamda max cC.I C.R :(C.R
3.1115 0.0557 0.0%961 9.609

Criteria reduced to lewvel 3

1 0.7500 1 0 O RadS3af

2 0.1809 2 1 O Cost CaCost

3 0.0483 2 2 0 Cost CMCost

4 0.0208 2 3 0 Co=t DeCost

Paired Comparisons Matrix of Blternatives for Criteria RadSaf

Paired Comparisons Matrix
ConMod MetCas ConCas
ConMod 1.0000 3.0000 5.0000
MetCas 0.3333 1.0000 2.0000
ConCa=s 0.2000 0.5000 1.0000

Weights
0.647% 0.225% 0.1222

lamda max cC.I C.R 3C.R
3.0054 0.0027 0.0047 0.465
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Paired Comparisons Matrix of Alternmatives for Criteria Cost CaCo=st

Paired Comparisons Matrix
ConMod MetCas ConCas
ConMod 1.0000 7.0000 2.0000
MetCa= 0.1429 1.0000 O0.l1les7T
ConCa=s 0.5000 &.0000 1.0000

Weights=
0.5801 0.0703 0.34%&

lamda max cC.I C.E FC.E
3.0447 0.0224 0.0388 3.855

Paired Comparisons Matrix of Alternmatives for Criteria Cost CHCo=st

Paired Comparisons Matrix
ConMod MetCas ConCas
ConMod 1.0000 0.5000 1.0000
MetCas= 2.0000 1.0000 2.0000
ConCa=s 1.0000 O0.5000 1.0000

Weights
0.2500 0.5000 0.2500

lamda max cC.I C.E FC.E
3.0000 O.0000 O0.0000 O.000

Paired Comparisons Matrix of Alternatives for Criteria Cost DeCost

Paired Compari=sons Matrix
ConMod MetCas ConCas
ConMod 1.0000 4.0000 3.0000
MetCas= 0.2500 1.0000 O.5000
ConCa=s 0.3333 2.0000 1.0000

Weights
0.6232 0.1373 0.2355

lamda max cC.I C.E iC.E
3.0255 0.0127 0.0220 2.1897
LowWw = ¥
RadSaf Cos=st Cost Cost
CaCo=st OMCost DeCost

| C.wgt | Pref

ConMod ©0.6479 0.5801 0.2500 0.6232 ] 0.7500 | 0.6159

MetCas 0.225%% 0.0703 0.5000 0.1373 | 0.1809 | 0.2121

ConCa=s 0.1222 0.34%6 0.2500 0.23985 | 0.0483 | 0.171%9
| 0.0208 |
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Paired Comparizons Matrix for lewvel: 1

Paired Comparisons Matrix
Rad5af Sy=sFle Retrie Cost
RadS5af 1.0000 5.0000 T7.0000 3.0000

SysFle 0.2000 1.0000 3.0000 0.2500
Retrie 0.1429 0.3333 1.0000 0.2000
Caost 0.3333 4.0000 5.0000 1.0000
Weights

0.5480 0.114% 0.0562 0.2808

lamda max cC.I C.R iC.R
4.2556 0.0852 0.0%47 9.467

Paired Comparisons Matrix for lewvel: 2 SysFle

Paired Comparisons Matrix
Locali Modula ChaVen
Locali 1.0000 3.0000 5.0000
Modula 0.3333 1.0000 3.0000
ChaVen 0.2000 0.3333 1.0000

Weights
0.6333 0.2605 0.1082

lamda max c.I C.R iC.ER
3.0554 0.0277 0.0477 4.773

Paired Comparisons Matrix for lewvel: 2 Cost

Paired Comparisons Matrix
CaCost CMCo=st DeCost
CaCost 1.0000 5.0000 7.0000
CMCost 0.2000 1.0000 3.0000
DeCo=st 0.1429 0.3333 1.0000

Weights
0.7235 0.1932 0.0833

lamda max cC.I C.E EC.ER
3.1115 0.0557 0.0%261 ©9.609

Criteria reduced to lewvel 3

1 0.5480 1 0 0 RadSaf

2 0.0728 2 1 0 5y=sFle Locali
3 0.0299 2 2 0 5y=sFle Modula
4 0.0122 2 3 0 5ysFle ChaVen
5 0.0562 3 0 0 Retrie

& 0.2032 4 1 0 Co=st CaCos=stc
7 0.0542 4 2 0 Cost CMCost
8 0.0234 4 3 0 Cost DeCost
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Paired Comparisons Matrix of Alternatives for Criteria ERad3arf

Paired Comparisons Matrix
ConMod MetCas ConCas
ConMod 1.0000 3.0000 5.0000
MetCa=s 0.3333 1.0000 2.0000
ConCa=s 0.2000 0.5000 1.0000

Weights
0.6479 0.2299 0.1222

lamda max cC.I C.E iC.E
3.0054 0.0027 0.0047 0.465

Paired Comparisons Matrix of Alternatives for Criteria SysFle Locali

Paired Comparisons Matrix
ConMod MetCas ConCas
ConMod 1.0000 5.0000 1.0000
MetCa=s 0.2000 1.0000 0.2000
ConCas=s 1.0000 5.0000 1.0000

Weights
0.4545 0.0905 0.4545

lamda max cC.I C.E iC.E
3.0000 0.0000 0.0000 O0.000

Paired Comparisons Matrix of Alternatives for Criteria SysFle Modula

Paired Comparisons Matrix
ConMod MetCas ConCas
ConMod 1.0000 5.0000 1.0000
MetCa=s 0.2000 1.0000 0.2000
ConCas=s 1.0000 5.0000 1.0000

Weights
0.4545 0.0905 0.4545

lamda max cC.I C.E iC.E
3.0000 0.0000 0.0000 O0.000

Paired Comparisons Matrix of Alternatives for Criteria SysFle ChaVen

Paired Comparisons Matrix
ConMod MetCas ConCas
ConMod 1.0000 5.0000 1.0000
MetCa=s 0.2000 1.0000 0.2000
ConCas=s 1.0000 5.0000 1.0000

Weights
0.4545 0.0909 0.4545

lamda max cC.I C.E iC.E
3.0000 0.0000 0.0000 O0.000
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Paired Comparisons Matrix of Alternatives for Criteria ERetrie

Paired Comparisons Matrix
ConMod MetCas ConCas
ConMod 1.0000 0.3333 1.0000
MetCa=s 3.0000 1.0000 3.0000
ConCa=s 1.0000 0.3333 1.0000

Weights
0.2000 0.6000 0.2000

lamda max cC.I C.R IC.R
3.0000 0.0000 O0.0000 O0.000

Paired Comparisons Matrix of Alternatives for Criteria Cost CaCost

Paired Compariszons Matrix
ConMod MetCas ConCas
ConMod 1.0000 7.0000 2.0000
MetCa=s 0.1429% 1.0000 0.16&7
ConCas=s 0.5000 &.0000 1.0000

Weights
0.5801 0.0703 0.34%6

lamda max cC.I C.E iC.ER
3.0447 0.0224 0.0386 3.855

Paired Compariszons Matrix of Alternatives for Criteria Cost CHMCost

Paired Compariszons Matrix
ConMod MetCas ConCas
ConMod 1.0000 O.5000 1.0000
MetCa=s 2.0000 1.0000 2.0000
ConCa= 1.0000 O.5000 1.0000

Weights
0.2500 0.5000 0.2500

lamda max cC.I C.E iC.E
3.0000 0.0000 O0.0000 O0.000

Paired Compariszons Matrix of Alternatives for Criteria Cost DeCost

Paired Compariszons Matrix
ConMod MetCas ConCas
ConMod 1.0000 4.0000 3.0000
MetCa=s 0.2500 1.0000 0.5000
ConCa=s 0.3333 2.0000 1.0000

Weights
0.8232 0.1373 0.23395

lamda max cC.I C.E iC.E
3.0255 0.0127 0.0220 2.187

2
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RadSaf

ConMod 0.6479
MetCa=s 0.229%3
ConCas 0.1222

Sy=sFle
Locali

0.4545
0.0808
0.4545

Sy=sFle
Modula

0.4545
0.0808
0.4545

SysFle
ChaVen

0.4545
0.090%
0.4545

Retrie

0.2000
0.6000
0.2000

Cost
CaCost

0.5801
0.0703
0.3496
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Cost
CMCost

0.2500
0.5000
0.2500

Cost
DeCost

0.6232
0.1373
0.23385

[n]

[ e s T e s T e

WOt

. 5480
0728
L0299
0122
.0562
L2032
. 0542
.0234

Pref

0.5646
0.2148
0.22086



