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Abstract

The loading of the nuclear Spent Fuel Assemblies (SFAs) produced in Switzerland into
disposal canisters for their final emplacement into a deep geological repository have to be
planned in advance. To limit the associated cost and the time duration of the corresponding
surface facility, an optimization has to be applied to the aforementioned problem, since its
solution cannot be found analytically. For this purpose, the National Cooperative for the
Disposal of Radioactive Waste (Nagra) developed the logistic optimization code “SIMAN”,
using the so called Simulated Annealing method. The objective is to find the best possible
loading configurations to minimize the total number of canisters needed. The aims of this
study were to finish and analyze the performance of the previous code system and provide
features for extended analysis on the resulting canister loading configurations. Two code
versions were used to simulate different boundary conditions regarding the disposal procedure.
Realistic boundary conditions confirmed to add a 10% increase (conservatively) to the total
number of disposal canisters needed, compared to the simplified boundary conditions. In
addition, the different reasons and their relative contributions to this increase have been
determined and quantified. Finally, an extension to the reference disposal concept has been
investigated (mixed canister) indicating significant potentials for further decrease of the total
number of canisters.
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Chapter 1

Introduction

The origin of radioactive waste production in Switzerland stems primarily from the four
commercial Nuclear Power Plants (NPPs) of Beznau (2 units), Mühleberg, Gösgen and
Leibstadt. Even before the eventual decommissioning, these NPPs produce continuously a
variety of different radioactive waste streams: from spent fuel assemblies (SFAs) over highly
activated core waste components and operational waste (e.g. spent resins) towards low active
waste types resulting from daily business work inside the reactor building (e.g. cleaning
materials, protective clothing, lightly contaminated tools, etc.). This amount of radioactive
waste is increased by the mostly low active contributions from the research centers (PSI
– Paul Scherrer Institute in Villigen, CERN in Geneva) and from industrial and medicine
facilities.

In the frame of the waste management concept – approved by the Federal Council and
Parliament – radioactive waste produced in Switzerland will undergo deep geological dis-
posal [15].To take care of all the radioactive waste in Switzerland, the “National Cooperative
for the Disposal of Radioactive Waste” (Nagra) was founded in 1972 by all Swiss producers
of radioactive waste. Since then it faces its main task to research and plan for a safe geological
disposal for all types of radioactive waste. Two types of disposal sites have been chosen for
the disposal and are currently further investigated: one for the intermediate and low active
(ILW) and one for the long lived and high active waste (HLW).

The HLW repository, as shown in Fig. 1.1, will contain the vitrified waste from the SFA
reprocessing as well as the comparable high active and/or long lived waste streams from
decommissioned research reactors, particle accelerators and hot cell laboratories. The largest
contribution to the HLW repository concerning the total radiological inventory as well as
the sheer volume will come from the approximately 12’000 SFAs being discharged from the
NPP over their total life span.
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Fig. 1.1 HLW repository and final emplacement of a HLW/SFA disposal canister.

These 12’000 SFAs need to be loaded into the final disposal canisters in a hot cell
of a geological disposal surface facility (called “BEVA” – “BrennElement-Verpackungs-
Anlage”). Following this process, they will be transferred underground into their respective
emplacement position within the HLW repository. Each canister will be placed on a bentonite
plinth in the disposal tunnel and the entire tunnel will be backfilled with bentonite granulate.
Together with the overlying formations, the host rock forms the geological barrier.

The final disposal repository will contain SFAs from both boiling water reactors (BWR)
and pressurized water reactors (PWR). The current concept of Nagra prohibits mixing of
different types of SFAs within the same disposal canister. The reason behind this concept
is the different dimensions of the SFAs between BWR and PWR (the cross section of a
PWR SFA is considerably larger than that of a BWR assembly resulting to asymmetric
configurations in case of “mixed” canisters). Therefore, both reactor types provide their own
respective disposal canister, although they are similar concerning their structure (materials
and diameter). In Figs. 1.2–1.3, a comparison between the canister for PWR (four fuel
assemblies) and BWR (nine fuel assemblies) SFAs is shown.

The optimization of the disposal canister loading is a complex task which takes into
account different aspects and constraints. This optimization is essential to reduce the total
number of canisters needed for SFAs disposal and at the same time to minimize the expected
costs for the BEVA and repository operation (time constraint).

One of the main limitations is the total heat power loaded into the disposal canister which
is not allowed to exceed 1’500 Watts at the time of emplacement in the repository. Some
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Fig. 1.2 Cross section of a PWR canister. Fig. 1.3 Cross section of a BWR canister.

SFAs have a significantly higher decay heat power at the time of loading than the average
permissible value of each canister type which is the 1/4th (or 375 Watts) and the 1/9th (or
167 Watts) of the maximum canister heat load of 1’500 Watts, for PWR and BWR SFAs
respectively. This is caused by the burnup (BU), the type of fuel assembly (UO2–MOX)
and the discharge time. Therefore, hotter SFAs have to be combined with much colder
SFAs to qualify for a canister loading not exceeding this 1’500 Watt heat limit. Under these
constraints, it is very important to develop an optimal loading plan for the disposal canisters.

1.1 The Development of SIMAN-I

In early 2000 Nagra had developed a logistic optimization code, SIMAN, which could
solve the canister loading task, taking into account the total number of SFAs to be disposed
of, the maximal heat power, and the different SFAs types. The underlying methodology
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uses a general-purpose optimization algorithm inspired from statistical mechanics, called
“Simulated Annealing”, hence the name of the Nagra code.

Depending on some important steering parameters (starting year of canister emplacement,
duration of canister loading operations, yearly rate of loaded canisters, NPP specific BEVA
capacity split, etc.) and of course on the specif characteristics of the ca. 12’000 discharged
SFA, generic studies had been undertaken to address different disposal scenario requirements.

One significant critique of the existing SIMAN code was that the “idealistic” boundary
conditions and assumptions built into this methodology lead to an optimistic prognosis for
the total number of required disposal canisters. In fact it has to be taken into account that the
SFAs will initially be loaded into Transport and Storage Cask (TSC). In addition, the BEVA
facility will contain only a limited (most probably four) number of TSC docking station.
Therefore, the availability of each SFAs will be defined by the TSC docking-undocking
sequence. That fact limits the free choice of SFA loading into the disposal canisters being
assumed within the SIMAN code. Instead, the TSC docking procedure as well as the selection
process of the respective TSC to be docked has to be simulated in detail to assure realistic
results for the logistical optimization problem at hand.

1.2 The extended version SIMAN-II

To respond to the – justified – critique above, Nagra developed a second extended version
of SIMAN: SIMAN-II. This version was not only able to run the task within the former
idealistic boundary conditions and assumptions, but to also simulate in detail the BEVA
operations of TSC docking, unloading and undocking. A much more sophisticated input
was required to contain not only the vast amount of information for 12’000 SFAs but also
their current location, i.e. the TSC loading configurations. Fig. 1.4 depicts an interim storage
area for the SFAs which are loaded in TSCs. The docking of each TSC at the BEVA has to
be initially requested and the TSC has to be transfered from its interim storage area to the
surface disposal facility.

The new code proved to be very complex and never reached more than “beta” status
(meaning many bugs were still limiting its usage), however it could successfully answer the
question of how much additional disposal canisters to a comparable SIMAN-I solution would
have to be added under realistic conditions. Even by assuming a future perfectly working
SUMAN-II code version, it was also concluded that SIMAN-I still would have its role for
generic studies of different disposal scenarios.
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Fig. 1.4 Interim storage area of SFAs loaded in TSC.

1.3 Objective of the Thesis

The objective of this thesis is threefold:

- Finalization of the existing SIMAN-II code version and subsequent validation of its
results by analyzing the TSC and canister loading plans in comparison with SIMAN-I;

- Preparing SIMAN-II for future extensions/modules by streamlining the source code
structure and improving the internal documentation;

- Extending the code by implementing a third type of disposal canister (i.e. “mixed”
BWR/PWR SFA type canister) into the optimization algorithm and investigating the
effect of this new canister type on the general performance of the SFA disposal.

1.4 Thesis Structure

This thesis is divided into six thematic units. At first, an introduction to the field optimization
problems will be presented. Further attention will be given to combinatorial optimization
problems with the use of Simulated Annealing. In the following two Chapters, the boundary
conditions and the functionality of the SIMAN-I and the SIMAN-II codes will be provided.
For this purpose, each assumption considered will be discussed providing the necessary
background for the evaluation of the results. Then, a comparison of the two codes will
be performed highlighting the main differences and indicating the causes for the resulting
deviations. In the end, an alternative disposal concept will be presented which provides
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the potential for further reduction of the total number of canisters need. Finally, in the last
Chapter the conclusions will be discussed along with recommended future steps.



Chapter 2

Optimization Problems and Simulated
Annealing

Many problems in engineering can be formulated as optimization problems. The basic
concepts of optimization and the main features that make such problems very hard to be
solved are introduced in Chapter 2. Optimization methods and techniques have extremely
wide range and applications in mathematics and computer science. In this Chapter, attention
is put on the type of optimization problem that describes the logistics for the loading pattern
of the spent fuel assemblies (SFAs) into the final disposal canisters.

This Chapter provides an overview of the basic concepts for constructing an optimization
problem. An introduction to the basics of a generic heuristic algorithm for discrete optimiza-
tion, called Simulated Annealing (SA), will be given. This algorithm is integrated with the
code that was used to approximate the solution to our problem. Then, the implementation of
Simulated Annealing towards practical problems is discussed. Firstly, the concept of local
search is introduced and then a presentation of Simulated Annealing as a direct analogy from
the physical concept of annealing is given. Following, the description of the asymptotic
behavior of the algorithm is provided. Finally, a presentation of the problem generic and
specific decisions that have to be taken for a practicable implementation of the algorithm, are
given. This brief introduction is of paramount importance as it allows further insight and
understanding towards the nature of our problem, its limitations and finally the quality of the
obtained results. In parallel with the description of the theory a simple example will be given.
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2.1 A Mathematical View of Describing an Optimization
Problem

The generic goal of optimization is to solve optimization problems. Solving a minimization
problem requires finding an input value χopt for which a mathematical function f takes
on the smallest possible value (or the largest possible value for maximization problems).
Hereafter, optimization problems will be considered as minimization problems. This can
be done without loss of generality, since the same applies for maximization problems after
simply reversing the sign of the cost function.

An optimization problem is a triplet consisting of a problem space (possible solution
structure) X, one or a set f = { f1, f2, . . .} of n = |f| objective functions fi : X 7→ R and a
comparator functions cmpf which allowing us to compare two candidate solutions χ1,χ2 ∈X
based on their objective values f (χ1) and f (χ2) [1].

In case of a minimization problem, we have to find a solution χopt that can satisfy the
following expression

f (χopt) ≤ f (χ), ∀χ ∈ X. (2.1)

This solution is called globally optimal solution or minimal solution. The solution space
is commonly not known. As a result, it could contain more than one global minimum (or
infinite), or a lot of local minima. In addition, the variance of the candidate solutions could
be large enough1 compared to the global minimum. These types of phenomena make the
procedure of approaching the global optimum a challenging task. As we shall see there are
different ways of approaching a global optimum. Usually, the objective function (or functions
in case of multi-objective optimization) is imposed to constraints which do not allow the
feasibility of all candidate solutions. Therefore, a candidate solution is feasible if and only if
fulfills all constraints.

2.2 Types of Optimization Problems

Numerous optimization algorithms exist for different types of optimization problems. Each
algorithm has its own way of moving in the problem space with different search operations.
Basically, there are two types of optimization tasks: continuous or numerical and discrete or
combinatorial problems.

1Large deviations introduce higher probability of being trapped in a local minimum. In same cases, lower
and upper bounds for subsequent deviations between candidate solutions could be approximated, even if the
solution space is not known.
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In continuous optimization, the variables that form the problem space are nominally
allowed to take on a continuous range of values (permitted by the constraints). Such problems
are defined over problem spaces which are subspaces of (uncountable infinite) numerical
spaces such as the real vector (X ⊆ Rn) [1]. A great deal of tasks can be well modeled
as continuous optimization problems most commonly in engineering design, e.g. research
activities in the field of Computational Fluid Dynamics. Greater attention will be given in
combinatorial optimization problems, since our optimization problem cannot be modeled as
continuous (refer to Section 3.3.2).

The mathematical modeling of a real-life problem as a Combinatorial Optimization
problem consists of representing the feasible solutions by integer points in some high
dimensional space and the cost associated with these scenarios by a real-valued function on
this space. The objective is then to efficiently compute an optimal point which enables to
identify an optimal scenario [2]. A combinatorial optimization problem can be formalized
similarly as a pair of the finite set of all possible solutions S and the cost function f defined
as

f : S 7→ X. (2.2)

The candidate solution structure can be expressed as elements from finite structure or
any form of nesting, combination, partitions, or subsets, such as χ ∈ X⇒ χ = (x1,x2, . . .).
There is a wide variety of combinatorial problems in engineering, management science etc.
Among them the most known problems are the Traveling Salesman Problem (TSP) and the
Bin Packing Problem (BPP). The bin packing problem can be considered as a simplified
“version” of our problem.

2.3 Combinatorial Optimization

In this Section, the complexity of the combinatorial optimization problems is approached by
demonstrating one of the most intensively studied problems in combinatorial optimization
programming. The bin packing problem (BPP) attracts such interest since it can be viewed as
the simplest Integer Linear Programming problem and it partially appears in many different
problems in more complex and practical situations. Moreover, this problem appears as a
subproblem to the optimization of the logistics for the loading of the spent fuel assemblies
into the final disposal canisters. Therefore, it is of paramount importance to fully understand
this simplified task in order to be able to discern the complexity of our problem.
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2.3.1 Example: Bin Packing Problem

The bin packing problem is a well known combinatorial optimization problem. It is a type of
the classical knapsack problem2 [5], and it can be described using the terminology of these
kind of problems. Given n items and n bins (or knapsacks) with

w j = weight of item j,

ci = capacity of bin i,

the objective is to assign each item to a bin so that the total weight of the items in each
bin does not exceed c (none of the bins flows over) and the number of the bins used is
minimum. A graphical representation of the problem is given in Fig. 2.1.One possible way
to mathematically formulate the problem is the following [5]

minimize z =
n

∑
i=1

yi (2.3)

subject to
n

∑
j=1

wixi j ≤ cyi , i ∈ N = {1, . . . ,n}, (2.4)

n

∑
i=1

xi j = 1, j ∈ N , (2.5)

yi = 0 or 1, i ∈ N , (2.6)

xi j = 0 or 1, i ∈ N , j ∈ N , (2.7)

where

yi =

1 if bin i is used;

0 otherwise,

xi j =

1 if item j is used;

0 otherwise.

The objective function is applied to the final number of bins and is illustrated in Eq. (2.3).
The Eqs. (2.4) – (2.7) hold the additional constraints of the problem. This problem can be
easily reformulated and with the addition of extra constraints it could describe the type of

2 Given a set of items, each with a mass and a value, determine the number of each item to include in a
collection so that the total weight is less than or equal to a given limit and the total value is as large as possible
[3].
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Fig. 2.1 An example of a bin packing problem. It depicts the distribution of n = 10 items of
variable sizes/weights in k = 5 bins of capacity c = 5 [1].

problem that this thesis is dealing with. Table 2.1 presents the analogy between the classical
BPP and our problem. This formulation of the problem takes into account assumptions which
soften the boundary conditions of our problem, thust are not realistic in our case. In Chapters
3 and 4, these assumptions will be presented along with the additional constraints that have
to be considered. Further insight of the following mapping is also given at these Chapters.

Table 2.1 Mapping of the classical bin packing problem onto our optimization problem.

Bin packing problem SFA loading optimization
Bins Final disposal canisters
Items Spent fuel assemblies
Weight Decay Heat of the SFA
Capacity Thermal load limit of the canister

2.3.2 Computational Complexity

Finding the optimal solution to the above equations is considered as one of the most difficult
problems in computational mathematics. In theoretical computer science there are classes
that group different problems based on their inherent difficulty. The bin packing problem is a
kind of problem that cannot be solved in polynomial time 3. In computational complexity
theory, it has been proven [7], that the BPP is an NP-hard problem. This means that so far,
no polynomial-time algorithm for computing machines has been discovered for this class

3An algorithm is said to be of polynomial time if its running time is upper bounded by a polynomial
expression in the size of the input data. In other words, polynomial time is a synonym for “feasible”, “efficient”,
or “fast” algorithms[6].



12 Optimization Problems and Simulated Annealing

of problems. The runtime for every kind of algorithm that could be applied to this kind of
problems, increases exponentially with the input size.

A naive approach for trying to solve this kind of problems is to examine every possible
partition of the items that by satisfying the constraints provides the best loading configuration.
That is the so called brute force search. However, the number of different ways that the items
could be arranged is 2n. Therefore, even for a n = 60, which is a comparatively low number
(and much smaller compared to the problem is aimed to be solved), it is impossible for any
computer nowadays to perform this amount of calculation in reasonable time [5].

2.3.3 Optimization Algorithms

Large NP-hard problems have to be solved. For this reason, one can distinguish between two
different ways of constructing an optimization algorithm. On one hand there are optimization
algorithms which search for the optimal solution with the risk of large or even impracticable
amount of computation time. On the other hand approximation or heuristic algorithms search
quickly for a solution with the risk of sub-optimality. The second class of algorithms can
also be divided into further categories. Regarding the applicability of the code to different
problems, one can distinguish between general and tailored algorithms. General algorithms
can be adopted easily to a wide range of problems, while tailored algorithms have to know
problem specific information in order to be implemented.

The classification of the optimization algorithms is an arduous task, since the area of
Global Optimization is a living and breathing research discipline. There are many contributors
from a wide range of different scientific areas. The reader can refer to [1] for further
information regarding a possible taxonomy / grouping of the optimization algorithms.

Before the onset of this Master Thesis, Nagra had already developed an internal code
which makes use of a high quality general optimization algorithm for approximating the
solution for the spent fuel assemblies disposal logistics. This optimization algorithm is called
Simulated Annealing. It is one of the most known “local search” algorithms, since it can
provide good results in a reasonable amount of time and it is widely applicable.

2.3.4 Local Search

Simulated Annealing is a randomization algorithm which can be asymptotically viewed as
an optimization algorithm, as it will be shown. However, in any practical implementation it
behaves as an approximation algorithm [8]. Simulated Annealing can be considered as an
improved version of a classical local search algorithm.
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In a local search approximation algorithm an initial solution is needed. Then, this solution
is gradually improved by applying small perturbations or changes. The set of solutions that
can be produced in this way is known as the neighborhood solution and its elements are
called neighbors. Thus, given an initial solution then another trial solution has to be chosen
from a given set of neighbors. If the trial solution improves the objective function, then it is
selected and the same procedure continues. The program terminates when the code is unable
to find any better solution. The drawback with this approach is that it terminates (usually)
in a local minimum rather than a global one. So, its success depends on the initial solution
given which usually is not good enough to approach the global minimum.

Recalling the definition of a combinatorial optimization problem (S, f ), from a finite
solution space S and a cost function f : S 7→ X we are trying to find a real cost χopt that
minimizes the objective function: f (χopt) ≤ f (χ), ∀χ ∈ S. For applying the local search
heuristic, a neighborhood structure N(χ) on the solution space S has to be defined. In other
words, for every χ ∈ S, N(χ) is a finite subset of candidate solutions whose members are
close to χ in some way. From the above definition, a local search algorithm can be stated as:

Algorithm 1 Local Search algorithm
Program

1: Initialize (χ0) ◃ Provide an initial solution
2: χi ⇐ χ0
3: repeat
4: Select χ ∈ N(χi) ◃ Find a candidate neighborhood solution
5: if f(χ)< f(χi) then
6: χi ⇐ χ ◃ Improve solution
7: end if
8: until f(χ)≥ f(χi) ∀ χ ∈ N(χi)

End

The main advantage of this approach is that it is generic and easily applicable to almost
every combinatorial problem. It only requires an initial solution and a structure for the
neighborhood solution space. On the other hand, it can be easily seen that the quality of
the final solution is strongly dependent on the starting point. That means that it is highly
probable for the code to converge to a local minimum, rather than the global one. There are a
few ways in order to overcome this disadvantage. One way is to adapt some heuristic rules in
order to obtain a “promising starting point” in the solution space [9]. In addition, one could
use a variable neighborhood search or even allow some “controlled” uphill moves. In the
next Section, Simulated Annealing and the technique which this method uses in order to
overcome this pitfall of local search is presented.
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2.4 Simulated Annealing: Theory and Implementation

In 1953 Metropolis et al. [10] developed a Monte Carlo method for integration over configu-
ration space for simulating statistical mechanical problems which are as yet not analytically
soluble. This method could simulate the way that metal crystals reconfigure and reach
equilibrium in the process of annealing. In the early 1980’s, this method inspired Kirkpatrick
et al. [11], and independently around the same time Černý [12], to develop the Simulated
Annealing algorithm for applying this technique to combinatorial optimization problems.

2.4.1 The Metropolis Algorithm

In solid state physics, annealing is know as the thermal process where a material can reach
low energy states after heated past its melting point and slowly cooling down. Fig 2.2
visualizes the annealing process. This process contains two steps:

- Increase the temperature of the heat bath up to a value where the solid melts;

- Decrease carefully the temperature until the particles arrange themselves in the ground
state of the solid.

Fig. 2.2 A sketch of annealing in metallurgy as a model for Simulated Annealing [1].
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The structural properties of the resulting material depends on the residual energy in the
material which is highly dependent on the rate of cooling. In contrast to annealing, quenching
is the method where the solid is instantaneously cooled resulting to a material in a meta-stable
state. With the risk of great simplifications on the description of the process, we can assume
that all particles can arrange themselves randomly when the solid is in the liquid phase. The
higher the energy of the ions, the higher their diffusion rate. The movement of the particles
decreases as the temperature diminishes. The ground state of the solid is obtained only if the
maximum value is sufficiently high and the cooling rate is sufficiently low. Otherwise, the
solid can be trapped in a meta-stable state.

This is the process which Metropolis et al. [10] modeled with a simple algorithm, which
simulates the evolution of a solid in a heat bath to thermal equilibrium. The solid is considered
as a system of atoms. Given a possible solid state i (or atom configuration) the energy of
the system can be calculated as Ei. By applying a small perturbation to the system then a
subsequent state j is generated with energy E j. This perturbation mechanism could be just
an interchange between two atoms or a displacement of an atom. If the energy difference
δE = E j −Ei, between the current and the subsequent state is less than or equal to zero then
the state j is accepted and as the new current state. If δE is greater than zero then the state j
is accepted with a probability given by

P(δE) = exp
(

Ei −E j

kβ T

)
(2.8)

where kβ is the Boltzmann constant and T denotes the temperature of the heat bath. The
above is facilitated by generating a random number r, generated from a uniform distribution
on the interval [0,1) and accepting the new system configuration only if r < P(δE). This
acceptance rule is known as the Metropolis criterion or the Metropolis algorithm. Therefore,
this algorithm uses the Monte Carlo method in order to generate a sequence of states of the
solid up to the time where the solid has approached the thermal equilibrium.

2.4.2 The Simulated Annealing Algorithm

In order to apply the Metropolis algorithm in practical combinatorial problems, both the
Boltzmann constant and the temperature of the heat bath have to be suppressed to a single
constant, ct , which from now on will be referred as the control parameter or simply the
temperature. Simulated Annealing uses the Metropolis algorithm to generate a sequence of
solutions for combinatorial optimization problems by using the following analogy:

- the solutions of a combinatorial problem are equivalent to the system states;



16 Optimization Problems and Simulated Annealing

- the cost of the solution is equivalent to the energy of the state.

All the analogies can be summarized as presented in Table 2.2 [9]. This mapping allows us
to convert any local search algorithm into Simulated Annealing. As a result, we can accept
non-improving moves according to Eq. 2.8, in order to overcome the previously mentioned
(refer to Section 2.3.4) drawbacks of the classical local search.

Table 2.2 Direct analogies between the Metropolis algorithm and combinatorial optimization
problems [9]

Thermodynamic Simulation Combinatorial optimization
System states Feasible solutions
Energy Cost
Change of state Neighborhood move
Temperature Control parameter
Frozen state Heuristic solution

The probability of accepting an uphill step will obviously be dependent on the magnitude
of the increase of the objective function value and on the current temperature. Therefore,
small changes will be accepted more frequently than large ones and the acceptance probability
will gradually reduce to zero as the control parameter (or temperature) approaches to zero.
A coarse representation of Simulated Annealing is presented in the following pseudo-code
Algorithm 2.

Let χ0 be the initial solution provided to the algorithm, ct the control parameter and nrep
the number of transition steps at each temperature. The above representation is a generic
statement of the algorithm which includes a number of decisions that have to be made for
the implementation of the algorithm to practical combinatorial problems. These decisions
can be grouped into two categories. The first group refers to decisions (or problem generic
decisions) related to the cooling schedule such as the starting temperature, the rate of cooling
(or the parameters α and nrep) and the stopping criterion. The second group forms the
decisions which are related to the local search method (or problem specific decisions) such
as the definition of the solution space, the objective function and the neighborhood structure.

2.4.3 The Mathematical Modeling of Simulated Annealing

This Section gives a very brief introduction towards the theoretical background of Simulated
Annealing. For further details, the reader can refer to Aarts and Korst [8] who provide a
much more detailed and accurate mathematical description of Simulated Annealing.
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Algorithm 2 The Simulated Annealing Algorithm
Program

1: Initialize (χ0,ct) ◃ Provide an initial solution and a high temperature
2: χi = χ0
3: repeat
4: for i = 1 to nrep do
5: Select χ ∈ N(χi) ◃ Find a candidate neighborhood solution
6: δ = f(χ)− f(χi)
7: if δ < 0 then
8: χi = χ ◃ Improve solution
9: else

10: r = U[0,1)
11: if exp(−δ/ct)> r then
12: χi = χ ◃ Accept an uphill step
13: end if
14: end if
15: end for
16: ct = α(ct) ◃ Reduce the control parameter
17: until stopping criterion = “true”
End

Simulated Annealing can be viewed as a sequence of Markov chains. Therefore we have

Pi j(ct) =


Gi j(ct)Ai j(ct) if i ̸= j

1− ∑
l∈S,l ̸=i

Gil(ct)Ail(ct) if i = j

where

Gi j(ct) =

 1
Ni

if j ∈ N(i)

0 otherwise
for any ct

and

Ai j(ct) =

1 if f ( j)≤ f (i))

exp
(

f (i)− f ( j)
ct

)
otherwise.

For a specific value of the control parameter, each chain generates a number of trial
sequences and their final outcome corresponds to the solutions of the problem.Thus for any
pair if solutions i and j the probability that the system will move from the state i to the state j
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is given by the product of the probability of generating solution j as neighbor of i, denoted by
Gi j(t) and the probability that j will be accepted, denoted by Ai j(t) [9]. Recall that for this
basic model each neighbor solution of i is selected with equal probability and the acceptance
probability is given by Eq. (2.8).

2.4.4 Convergence

A Markov chain is a random process that undergoes transitions from one state to another on
a state space. It is characterized as “memoryless” since the probability distribution of the
next state depends only on the current state and not on the sequence of events that preceded
it. The theoretical background of Simulated Annealing can be described in terms of Markov
chain theory and statistical mechanics.

By applying Simulated Annealing to a combinatorial optimization problem, Markov chain
theory states that the algorithm reaches a solution i after an infinite number of transitions
at a constant temperature ct , for each solution i. The probability of reaching this solution is
called the stationary distribution, denoted by Qct (i), and it is the equivalent of the Boltzmann
distribution [8].

Qct (i) =
exp
(
− f (i)

ct

)
∑
j∈S

exp
(
− f ( j)

ct

) . (2.9)

This leads to the following important result: given a properly formulated combinatorial opti-
mization problem, Simulated Annealing finds the set of globally optimal solutions, denoted
by S∗, after an infinite number of trials for a constant value of the control parameter [8].

lim
ct↓0

Qct (i) =

 1
S∗ if i ∈ S∗

0 otherwise.
(2.10)

The above Eq. (2.10) guarantees asymptotic convergence of the Simulated Annealing
method to the set of globally optimal solutions under the condition that the stationary
distribution of (2.9) is attained at each value of the control parameter [8]. That results in the
fact that asymptotic convergence can be proven even if the algorithm is formulated as a single
inhomogeneous Markov chain (meaning that the control parameter is now decreased between
subsequent trials [8]). In that case, however, additional constraints have to be applied on the
sequence of the values of the control parameter.
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Finally, it is essential to point out that Simulated Annealing converges to the optimal set
of solutions after a number of iterations that exceeds the cardinality4 of the problem space.
Specifically, for NP–hard problems the number of transitions is necessarily exponential to the
size of the problem. In other words, it would be faster to enumerate all possible solutions in
order to find with certainty the global optimum than applying Simulated Annealing. However,
that does not mean that Simulated Annealing is slow in practical combinatorial optimization
problems. It only needs a fine “tuning” (refer to Section 2.4.5) for speeding up the algorithm.
In that case, the algorithm will provide high quality results (or even the global optimum)
significantly faster, even if the convergence cannot be guaranteed. This altered version of the
code is called Simulated Quenching.

2.4.5 Algorithm Decisions or Parameter Tuning

As argued before, for the practical implementation of Simulated Annealing some parameters
have to be fine-tuned. This tuning can be divided in two categories: the problem generic
decisions and the problem specific decisions (refer to Section 2.4.2). Moreover, additional
enhancements and modifications could be applied to the algorithm which could “bend”
the rules of the classical Metropolis based algorithm. In some cases, these modifications
significantly enhance the performance of the algorithm by maintaining the quality of the
results (refer to [9] for further details).

2.4.5.1 Problem Generic Decisions

The generic decisions define the cooling schedule of the algorithm which includes the starting
and the final temperature, and the temperature reduction function.

Firstly, the starting temperature ct0 (or the initial value of the control parameter) has
to be defined. As mentioned, at the beginning the temperature has to be high enough in
order to allow free movement through the solution space. A practical way of calculating
this is to find the mean or maximum change in cost (value of objective function) over all
uphill neighborhood moves. Then, given a certain probability of acceptance (Racc) the initial
temperature can be calculated by using the following formula [9],

ct0 =
−U

ln(Racc)
(2.11)

4The cardinality of a set A is written as |A| and stands for the number of elements in the set.
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where U is the mean increase of the cost over uphill moves and Racc is the required acceptance
ratio. The acceptance ratio is defined as

Racc =
number of accepted transitions
number of proposed transitions

. (2.12)

The evolution of the acceptance ratio as a function of the control parameter is depicted at the
following Fig. 2.3 [8]. In addition, Fig. 2.3 indirectly illustrates the “strength” of Simulated

Fig. 2.3 Acceptance ratio as a function of the control parameter[8].

Annealing. For high temperatures the algorithm performs a lot of exploration for discovering
interesting areas of the solution space with the hope of approaching the solution space at
the proximity of the global optimum. As the control parameter decreases the optimization
process becomes like a Hill Climber and is less likely to move away from a good solution
towards a worse one and instead it concentrates on exploiting the solution.

An other parameter that is of paramount importance for the proper implementation of the
algorithm is the reduction function or the cooling rate. This is governed by the function α and
the number of steps at each temperature, nrep (refer to Section 2.4.2). There are numerous
of reduction functions proposed for the cooling schedule, thus only the basic concepts will
be presented in this Section. The most important one is to slowly lower the temperature.
The most common concepts to decrease the parameter α are linearly, logarithmically or
exponentially with time. The value of nrep is often related to the size of the neighborhood,
thus it varies from temperature to temperature. Usually, nrep increases as the control
parameter diminishes. This is the result of a dynamic scheduling where the temperature is
reduced with reference to the number of moves accepted, or with the acceptance ratio.

Finally, the freezing point should be determined. In theory the temperature should be
reduced to zero but in practice a configuration freezes when the acceptance ratio falls below a
threshold value or when a predefined number of iterations have been performed for a certain
(calculated) value of the final temperature. The reader can refer to [8] for further details.
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2.4.5.2 Problem Specific Decisions

The problem specific decisions cover the definition of the objective function, the neighbor-
hood structure and the solution space. For this reason, there are no objective rules that could
be applied for the proper implementation of the algorithm, in contrast to problem generic
decisions. The success for proper defining these parameters is highly related to the user
experience, both on the optimization method and also on the understanding on the principles
of his unique problem. However, some consideration has to be taken into account.

Firstly, the conditions for convergence have to be maintained. This assures the high quality
of the obtained solutions. The second consideration covers the importance of slow cooling,
independently on the selected cooling schedule. Finally, selection of the neighborhood
structure, the cost function and their combination is of great importance for the success of
the algorithm (further details are presented in [9]).





Chapter 3

SIMAN-I: Simplified Approach Towards
Canister Loading Optimization

As was previously mentioned, before the onset of this project Nagra, had already developed
an internal code, called SIMAN-I, which could find an efficient loading strategy for the final
disposal canisters. This code provides the total number of canisters (both BWR and PWR
type) needed to dispose all spent fuel assemblies (SFAs) accompanied by a detailed loading
plan (ID# and further individual characteristics of each SFA) for each canister. However,
considerable assumptions and simplifications had been made to address the problem boundary
conditions, implying some significant limitations compared to reality. For this reason, there
was a necessity for developing a new code version, called SIMAN-II, which tackles among
other things more realistic boundary conditions.

The understanding of the functionality of the first version of the code is of paramount
importance since it will be the basis for any further developments and in particular to
understand the functionality of SIMAN-II which build upon the SIMAN-I approach (refer to
chapter 4).

This chapter describes on one hand the SIMAN-I approach followed to solve the optimiza-
tion problem as well as the functionality of the code. The key input data will be described
accounting for the SFAs database and the “heat matrices” used for the calculation of the time
dependent decay heat. Likewise, the structure of the optimization problem will be presented,
coming along with a flow chart illustrating the optimization method. Moreover, this Chapter
presents the generated output files of the code and the information herein included for the
result analysis.

On the other hand this Chapter also describes the limitations of the code both in the
description of the optimization problem (constraints) but also in the implementation of
Simulated Annealing (control parameters). Furthermore, it details the logic for additional
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development towards the implementation of further constraints and extended boundary
conditions to the optimization problem.

Finally, it points out the necessity for extending the analysis on the final optimized total
canister loading plan along with the importance of evaluating the quality of the SIMAN-I
solution as an outcome of the optimization algorithm.

3.1 Problem Description and Approach

The objective of the first version of the code, SIMAN-I, is to find the total loading plan of the
SFAs into final disposal canisters, in a way which minimizes the number of canisters needed.
As relevant variables for optimal loading, both the filling fraction and the heat load of each
canister are considered. The filling fraction is defined as the ratio of the number of loaded
SFAs in the canister to the total number of SFA positions which this canister type contains.
The heat load of a canister is defined as the sum of the decay heat of each SFA which has
been loaded at the time of loading. The maximum thermal power of a disposal canister is
required to be 1’500 W according to the derived requirements for the repository [13]. Nagra
has proposed two types of final disposal canisters based on the type of the SFA loaded. BWR
and PWR type canisters contain nine and four SFA positions, respectively.

Fig. 3.1 Main parts of the code “SIMAN-I”.

One main assumption of SIMAN-I is that every single SFA can be requested for loading
into the chosen disposal canister at any time, thus it has to be available. From now, we
will refer to this major simplification as the one pile boundary condition. In other words,
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this version of the code ignores the fact that most of the SFAs will be already loaded in
transport/storage casks (TSCs), being stored in the ZWILAG and/or ZWIBEZ dry interim
storage facilities. This fact will be considered later in the next code version, SIMAN-II (refer
to Chapter 4).

The code is divided mainly in three parts, as they are depicted in Fig. 3.1; the input data,
the optimization algorithm and the result of the optimizer (i.e. output data) which describes
not only the required total number of final disposal canisters but also their determined SFA
loading plans. Each part of the code needs to be separately described for achieving a major
comprehension towards its functionality as well as its limitations.

3.2 Input Data

The input data structure forms the first section of the code. They can be categorized into two
main parts. The first part includes the SFA database which quantifies and comprehensively
characterizes all Swiss SFA that has been already produced and will arise in the future (by
discharge year, initial enrichment, heavy metal mass (HMM), burnup and SFA type). The
second part includes pre-calculated SFA heat data in terms of “heat matrices” (decay heat
versus decay time and burnup) which the code uses for the approximation of the individual
time dependent decay heat of each SFA.

3.2.1 Spent Fuel Assemblies Database and Simulation Parameters

Initially, a database enclosing all SFAs has to be read by the code. Clearly this database differs
depending on the case scenario that needs to be simulated. These data are of paramount
importance as they highly influence both the precision and the accuracy of the simulation
compared to the real problem. Recall that accuracy stands for the proximity of the solution
compared to the reality whereas precision determines the spread of the calculated values
compared to the real ones. Further analysis on the sensitivity of the final results will be done
at the end of the Chapter, but more extensively in Chapter 6.

A sample of this input file is presented in Fig. 3.2. The crucial information which the
code is storing is highlighted in green. Summarily, at the upper part the generic information
which defines critical parameters of the simulation is declared. Although these parameters are
extensively explained in the next paragraphs, shortly, they represent the starting year for the
operation of the disposal facility, the number of the NPPs considered, the thermal heat load
limit of the canisters HeatLim (refer to Section 3.3.2), the range of the heat interval “bins”,
BinWdth, for binning the decay heat values of the SFAs (refer to Section 3.3.2), the lower
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threshold for the filling of the canisters FillLevel (refer to Section 3.3.2) and the maximum
number of canisters which the facility can dispose per year or ‘”throughput” ContpYear.

Following this part, more information is provided for each NPP. For each one, groups of
SFAs with similar characteristics are stated in the form of one line format. Each line contains
a number of SFAs with same:

- Discharge year;

- Type of fuel (UO2 or MOX);

- Initial enrichment of U-235;

- Burnup [GWd/t IHM];

- Initial heavy metal mass.

In addition, the specifics of each NPP are provided within each block, but are inserted only
in terms of comments. Thus they are not used (included as variables) in the code. These data
are the following:

- Number of SFAs (given by the multiplication of the number of lines per NPP section
times the number of SFA per line);

- Type of NPP (BWR or PWR);

- Thermal Power [MW];

- Starting year of NPP operation.

Finally, in the input file the user can determine the code version which would like to work
with, under the comment “BEVA”. Values equal to zero used for running SIMAN-I. Any
other value is used to deactivate SIMAN-I mode.

3.2.2 Decay Heat Matrices

Another pivotal part of the code is the calculation of the time dependent decay heat of the
SFAs. In order to account for this, another input file has to be provided. This input file
contains pre-calculated decay heat matrices for a spectrum of different SFAs. The concept is
to group all SFAs in a way which represents the whole spectrum of SFA characteristics. In the
past, a decision was made to arrange all different SFAs into two categories, UO2 and MOX,
regardless of the NPP type. These two main categories were further divided into blocks of
different U-235 enrichment. For these blocks the decay heat of the SFAs is provided for
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Input-Example.txt

C***5***10***15***20***25***30***35***40***45***50***55***60***65***70

MeshDspY 1 2065

NumNPP 4

HeatLim BinWdth FillLevel ContpYear BEVA

1495.00 10.00 0.74 180 0

C Beznau: NumFix

C========= 95

C Type Th-Power 1.op-year

C========= PWR 2260.00 1970

year Type # Enrich BurnUp Mass Comment

1980 1 3.00 4.30 27.92 325.00 KKB

1981 2 4.00 4.80 30.03 320.00 KKB

1985 1 1.00 4.30 32.16 325.00 KKB

1987 1 1.00 4.30 34.84 325.00 KKB

1988 1 3.00 4.30 33.56 325.00 KKB
...

...
...

...
...

...
...

Fig. 3.2 Example of SIMAN-I input file.

a range of burnup values (from 10 to 75 GWd/t) and decay times (from discharge year to
150 years later). An example of this input file is shown in Fig. 3.3.

The decay heat calculations have been performed with the BOXER1 software (for MOX
SFAs) and with the ORIGEN-ARP package included in the SCALE software. The accuracy of
these calculations should (at least theoretically) influence the final results. Further analysis is
made in Chapter 6. Anew, the essential information that is provided to the code is highlighted
in green and could be summarized as:

- Number of blocks (“heat matrices”) based on the initial U-235 enrichment;

- U-235 enrichment of the following block;

- Decay heat values [Watt/t IHM] for a number of decay times and burnups.

3.3 Optimization Method

At this point the input data are properly formed in order to be inserted into the optimization
algorithm - Simulated Annealing - which searches for the optimal canister loading plan. The

1BOXER was developed in Paul Scherrer Institute (PSI) and among several capabilities it can perform
burnup calculations.
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Decay Heat Matrix - Example.txt

C*********************************************************************

C* Ori.ARP UO2 4.30%, 5.00%, Boxer 5.30%

C* Burnups 10, 19, 28, 37, 43, 48, 50, 55, 60, 65, 70, 75 GWd/tIHM

C*

C***5***10***15***20***25***30***35***40***45***50***55***60***65***70***75***80

3 /* number of enrichment blocks, for each block:

/* blank line

5.00 /* enrichment of following block in percent

29 6 /* number of times, number of burnups

50.00 55.00 60.00 65.00 70.00 75.00

time [y] Watt/tIHM

0 407008.03 409230.26 411956.45 419602.60 421467.41 423820.01

1 13471.59 14443.47 15449.38 16459.35 17458.28 18459.40

3 4729.21 5252.40 5799.66 6378.47 6971.94 7585.10

5 2806.37 3173.97 3571.32 3988.66 4432.16 4898.50

10 1847.82 2099.35 2365.57 2656.48 2966.07 3295.70
...

...
...

...
...

...
...

Fig. 3.3 Example of the decay heat matrix of the input file.

objective lies on the minimization of the total number of canisters needed for the disposal
of all SFAs. In the next paragraphs this approach is going to be presented along with its
assumptions and limitations. Furthermore, a simplified flow chart will be given describing
the functionality of the optimization algorithm.

3.3.1 Approach to Canister Loading Optimization

Recall that the main assumption to canister loading is the so called one pile boundary
condition, shown in Fig. 3.4. This simplification allows any SFA to be selected for disposal
at any time. Under this condition, the loading optimization can be described in three steps:

1. Individual optimization for BWR and PWR canister loading;

2. Combination of these two optimized loading plans after sorting the individual canister
loading proposals based on their corresponding heat load and filling fraction;

3. Selection of the highest ranked canisters from the combined optimized loading plan
for disposal, until the yearly throughput of the BEVA (maximum number of disposal
canisters) has been reached.
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Fig. 3.4 SIMAN-I one pile boundary condition (where BE→ SFA) [14].

This procedure is repeated each subsequent year until all SFAs have been disposed. Each
subsequent year the remaining SFAs will have decayed slightly more, leading to less decay
heat generation or “colder” SFAs.

The approach of the canister loading optimization can be described as a whole in Algo-
rithm 3. Let startyear to be the first operation year of the disposal facility and endyear a
theoretical upper limit of operation years, which had been set equal to 200 years greater than
the starting year (i.e. much higher than the suspected operation time of the disposal facility).
This allows to track any possible unfavorable discontinuity of the operation of the disposal
facility, resulting from the proposed canister loading optimization. The reasons for possible
discontinuities are described in the next Section where the problem constraints are presented.
Initially, the decay heat of each spent fuel assembly, Heati, is calculated for the current year.
Then an initial solution to the disposal plan is formed, χoptBWR and χoptPWR , separately for
BWR and PWR canister loadings. This solution is provided by another algorithm which
is briefly described in Section 3.3.3. After that, both initial solutions are inserted in the
Simulated Annealing algorithm, where the optimal solution for each canister type is searched
individually. Thus, Simulated Annealing is performed twice per disposal year, one for each
reactor type.

Subsequently, the optimized loading plans for the disposal canisters are combined into
one final disposal plan and ranked based firstly on their filling fraction and secondly on
their heat load. Let throughput to be the maximum number of canisters that the disposal
facility can load per year. The code now selects the first throughput canisters of the combined



30 SIMAN-I: Simplified Approach Towards Canister Loading Optimization

Algorithm 3 SIMAN-I Canister Loading
Program

1: repeat
2: for year = startyear to endyear do
3: Calculate Heati ∀ SFAi
4: Initialize (χ0,BWR,χ0,PWR)
5: Call Simulated Annealing (χ0,BWR,χ0,PWR)
6: χopt = χopt,BWR +χopt,PWR
7: Rank (χopt)
8: if Can# ≥ throughput then
9: Dispose = throughput

10: year = year+1
11: else
12: Dispose = Can#
13: end if
14: end for
15: until SFAleft = 0
End

optimized loading canister list for final disposal. The same procedure is repeated each year
until all SFAs are loaded into the canisters and finally disposed.

3.3.2 Optimization Problem Set Up

The structure of the optimization problem will be presented in this Section, based on the
methodology which is described in Chapter 2. Recall that the objective of SIMAN-I is the
minimization of the number of canisters which are needed in order to dispose all SFAs. The
objective function had been formulated as shown in Eq. (3.1).

f (χ) = min

(
n

∑
∀ j∈χi

(
HeatLim−CanHeat j

))
(3.1)

In other words, the objective function searches for a solution χi which minimizes the sum
of the difference of the theoretical thermal load limit of the canister, to the loaded heat of
the proposed canister coming from the candidate solution. This means that the value of the
objective function depicts the so called “heat deficit” of the disposed canisters compared to
the theoretical maximum heat load of those. Ideally, the objective function results to zero
value when the canisters from the candidate solution are loaded up to the canister heat limit.
Therefore, the filling fraction of the canister is not taken directly into account in the objective
function. The SFAs that have been finally selected and disposed within a year are eliminated
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from the database. The same optimization problem is performed each year until there is no
SFA left available.

The objective function is subjected to constraints. As mentioned is Chapter 2 hard
constraints cannot be violated. As a result these constraints practically form the space of all
feasible solutions, since the combinations that do not verify them are excluded. In SIMAN-I
the hard constraints can be described be the following equations.

k

∑
i=1

Heati ≤ 1495 W (3.2)

k

∑
i=1

wi ≤CanPos j (3.3)

k

∑
i=1

wi ≥ f . f . (3.4)

where

wi =

1/4 if PWR canister type

1/9 if BWR canister type

CanPosi =

4 if PWR canister type

9 if BWR canister type

f f = filling fraction threshold for both canister types

The first hard constraint, shown in Eq. (3.2), prevents the filling of a canister above
the thermal load limit, which has been set equal to 1’500 W. Notice, that the thermal load
limit provided in the code is set to 5 Watts less than the real one. The reason is that in
SIMAN-I the decay heat of the SFAs is grouped into heat intervals of 10 Watts - from now
refereed as BinWdth - by taking the mean value of each group. Therefore, the heat of an
ideal (fully heat and SFA load) BWR canister will be always higher than a PWR canister
(1’495 W compared to 1’490 W), since they contain odd and even numbers of SFA positions,
respectively. As a result, the code is forced to dispose firstly the ideal BWR and then the
PWR canisters. Since, BWR SFAs is a priori known to be colder, the above simplification
artificially gives more time to PWR SFAs to decay and become colder. Consequently, their
disposal becomes easier since their average decay heat gets lower.

Eq. (3.3) presents the second hard constraint applied to the optimization problem. This
constraint sets the maximum number of SFAs that can be loaded in a canister, which is equal
to the SFA positions in each canister type.
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The third constraint is depicted in Eq. (3.4) and prevents the disposal of canisters with
less SFAs than a minimum threshold limit, f . f .. This limit has a floating value and it is
determined/altered by the user. Usually is set equal to 0.74 which practically means that not
less than 3 PWR-SFAs and 7 BWR-SFAs could exist in a proposed canister for disposal,
within a certain year. In other words, this constraint faces the reality and enables also the
disposal of partially loaded canisters. Exceptionally, this constraint can be violated for the
last 100 canisters (at the last disposal year).

On the other hand the objective function is also subjected to soft constraints. By definition,
soft constraints have some variable values that are penalized in the objective function if the
conditions on the variables are not satisfied. Therefore, the violation of these constraints is
possible, but not desired.

The first group of the soft constraints presents the areas where Simulated Annealing is
applied. Hence, in SIMAN-I the code is searching for

- canister filling fraction as high as possible;

- canister heat load as high as possible.

The optimization algorithm finally provides a list with the proposed canister loadings. The
penalty values are not directly implemented in the objective function. Initially, the code
calculates all feasible solutions for a certain year and does not give different “weights” to
each one of them. As mentioned, Simulated Annealing is performed twice per time step,
each time for the different canister type. Thenceforth, the proposed canisters from both types
are combined under a common list and this list is ranked based on their filling fraction and
heat load. Therefore, the second group of soft constraints are indirectly implemented and
could be presented by the following arguments.

• Sort f f (χi)

• Sortheat (χi)

The candidate solution, χi, is given after the implementation of Simulated Annealing algo-
rithm and theoretically is close to the optimal solution. It contains the disposal plan which is
described by the number of canisters and their individual SFA loading plans.

3.3.3 Simulated Annealing in SIMAN-I

This Section describes the implementation of the Simulated Annealing algorithm in SIMAN-I
by the means of the following flow chart 3.5.
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Fig. 3.5 Flow chart of Simulated Annealing in SIMAN-I.

At first, an initial solution has to be calculated in order to be provided to the opti-
mization algorithm. For this reason, SIMAN-I uses an approximation algorithm called
First Fit Decreasing (FFD). FFD operates by firstly sorting in decreasing order of decay heat
values the SFAs, and then inserting each SFA into the first canister with sufficient remaining
space.

Thereupon, the initial temperature is calculated. In SIMAN-I this parameter is defined as
1000 times higher than the total number of canisters found by the FFD algorithm. At this
point the code randomly decides whether to optimize the filling fraction or the heat load
of the canisters. After this decision the code perturbs the current solution by applying the
following steps:

1. Randomly selects a part (between the last 10% and 90%) of the proposed plan of the
current solution (for the first time it gets a part of the FFD solution);
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Algorithm 4 First Fit Decreasing Algorithm
Program

1: Can# = 1
2: for i = 1 to SFAleft do
3: for j = 1 to Can# do
4: if SFAi fits in Canj then
5: Pack SFAi in Canj
6: Break the loop and pack next SFA
7: end if
8: end for
9: if SFAi does not fit in any available Can then

10: Can# = Can#+1
11: Pack SFAi in Can#
12: end if
13: end for
End

2. Randomly rearrange the SFAs of this partial plan into an other list. In other words, a
second list is produced with exactly the same SFAs sorted randomly;

3. Uses the First Fit 2 (FF) algorithm for loading the rearranged SFAs into new canisters.
With this step the code in searching for new solutions (taking into account the current
configuration) by introducing a random process (base of Monte Carlo methods).

Following, the code uses the Metropolis Algorithm for accepting or not the new calculated
solution, as described in Section 2.4.1. If the new solution results to lower heat deficit
(or smaller value of the objective function which leads to less canisters for disposing the
selected SFAs), ∆Can ≤ 0, then the new solution is accepted and replaces the selected part
of the previously proposed plan. If ∆Can ≥ 0 then the new solution is accepted with a
probability given by the magnitude of the canister increase and the current control parameter
(temperature).

This procedure is repeated until a certain number of steps is reached at a certain tempera-
ture (or reach of thermodynamic equilibrium). In SIMAN-I this number has been set two
times higher than the total number of canisters initially calculated from the FFD algorithm.
When this condition is true then the temperature is decreased. For SIMAN-I it was decided
that the code will perform these iterations only for two temperature steps, following a linear
decrease 0.75 times the current temperature. The optimization algorithm is terminated (or
the system is frozen) when the same number of successful steps is reached for the final
temperature.

2The same as FFD, but now the SFAs are not arranged in decreasing order of decay heat.
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3.4 Output Files

There are three main output files in the SIMAN-I version. Two of them describe the disposal
plan calculated from the Simulated Annealing method in a different level of detail and a third
one summarizes the input data provided to the code for the simulation.

The last mentioned file has an extension of “.sum” and a part of it is shown in Fig. 3.6.
It provides information individually for each NPP concerning the total number and type

Output-*.sum-Example.txt

Results for 50years of operating time

==============================================================================

Results for NPP # 1

------------------------------------------------------------------------------

Added from NPP # 1 # BE-UO2= 1451 # BE-MOX= 232 # BE-ALL= 1683

For burnup/timestep-szenario: 1 1 the # of BE in the set is now: 1683

...

Results for Disposal in: 2065 and burnup/timestep-szenario: 1 1

# of BE to be disposed: 12579 3690 BE-PWR 8889 BE-BWR

******************************************************************************

Fig. 3.6 Example of the output file *.sum

(UO2 or MOX) of SFAs. Moreover it gives a summary information of the SFAs both for all
NPPs and also for each NPP type (BWR and PWR). Finally, it states the starting year of the
disposal operation.

The other two files describe the disposal plan. The file with the extension “.out”, a part
shown in Fig. 3.7, provides a summary information per year of disposal on

- how many canisters and of which type have been disposed;

- how many SFAs of which type (BWR or PWR) have been disposed;

- how many SFAs are still left for disposal;

- the sum of the canisters and of which type have disposed over the previous and current
year.

The last output file with extension “.coc” describes in further details the disposal plan. An
example of this file is shown in Fig. 3.8. The information is provided per disposal year
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Output-*.out-Example.txt

Results for Disposal in: 2065 and burnup/timestep-szenario: 1 1

# of BE to be disposed: 12579 3690 BE-PWR 8889 BE-BWR

******************************************************************************

2065 180 canisters disposed, 0 PWR 180 BWR with 0 BE-PWR 1620 BE-BWR

There are still 10959 BE left, 3690 BE-PWR 7269 BE-BWR

Sum of disposed containers 180 ---> 0 PWR 180 BWR

...

2076 98 canisters disposed, 98 PWR 0 BWR with 196 BE-PWR 0 BE-BWR

There are still 0 BE left, 0 BE-PWR 0 BE-BWR

Sum of disposed containers 2009 ---> 1021 PWR 988 BWR

Fig. 3.7 Example of the output file *.out

and it breaks down to the actual SFA loadings per canister. The canisters are presented in
descending order of firstly filling fraction and secondly heat load. Each canister is described
in a two line format with 21 columns. The first four entries show the ascending number
of the disposed canister, the total heat load, the filling fraction, and the number of SFA
disposed. The next nine entries represent the decay heat of the individual SFAs of the
canisters, following by another nine entries representing their SFAs-ID#. Bellow these
entries the SFA type is shown (1 if UO2 or 2 if MOX).

As a conclusion, these output files contain all the information taken from the code
regarding the solution to our optimization problem. Thence, SIMAN-I does not provide any
information about the quality of the solution neither on the validity of the solution. As a
result the provided solution cannot be (at least) directly reviewed.

3.5 Code Debugging

Even though SIMAN-I was considered as a stable working version it still had a considerable
bug. Fortunately, this did not affect the final results regarding the total number and type of
canisters. It was affecting just the detailed disposal plan and thence the canister SFA loadings.
As a result, at the detailed output file many SFA-IDs appeared more than once in more than
one canister in different years and other SFA-IDs have not been disposed of at all. It was of
great importance to correct this bug, since further analysis on the results is obviously based
on the information taken from this output file.
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Output-*.coc-Example.txt

Ct# TotHea FlLv#BE HeaBE1 HeaBE2 HeaBE3 HeaBE4 HeaBE5 HeaBE6 HeaBE7 HeaBE8 HeaBE9 i_BE1 i_BE2 i_BE3 i_BE4 i_BE5 i_BE6 i_BE7 i_BE8 i_BE9

TyBE1 TyBE2 TyBE3 TyBE4 TyBE5 TyBE6 TyBE7 TyBE8 TyBE9

1 1495.0 1.00 9 195.0 275.0 205.0 175.0 165.0 55.0 75.0 175.0 175.0 -9566-11585 -4864 -8646 -8361 -5590 -5077 -8534 -4883

1 1 1 1 1 1 1 1 1

2 1495.0 1.00 9 245.0 175.0 105.0 265.0 215.0 145.0 235.0 55.0 55.0-11023 -8957 -3838-11524-10199 -7587-11923 -5677 -5821

1 1 1 1 1 1 1 1 1

3 1495.0 1.00 9 245.0 215.0 195.0 245.0 195.0 185.0 105.0 55.0 55.0-12088-10144 -9372-10936 -9622 -9084 -6623 -5528 -5901

1 1 1 1 1 1 1 1 1

4 1490.0 1.00 4 715.0 335.0 305.0 135.0 0.0 0.0 0.0 0.0 0.0 830 2128 1002 104 0 0 0 0 0

2 1 1 1 0 0 0 0 0

5 1490.0 1.00 4 465.0 615.0 225.0 185.0 0.0 0.0 0.0 0.0 0.0 2763 269 665 555 0 0 0 0 0

1 2 1 1 0 0 0 0 0

6 1490.0 1.00 4 525.0 485.0 345.0 135.0 0.0 0.0 0.0 0.0 0.0 3342 2851 1306 43 0 0 0 0 0

1 1 1 1 0 0 0 0 0
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Fig. 3.8 Example of the output file *.coc

The bugs were located in three different subroutines of the code, specifically at the

- production of the arrays which include the SFA decay heat values and ID# being
provided to Simulated Annealing;

- writing of the detailed output file;

- elimination of the SFAs after their disposal at the current year.

It was a fortunate mistake that the code repeated the same bug both at the elimination
and at the writing of the output file. In such way, the code was eliminating the correct SFA
heat value, but it was assigning wrong ID# to the eliminated SFAs. For this reason, the
final number of the proposed canister was correct. This part has been debugged and further
analysis can be made regarding the SIMAN-I canister loadings plans.

3.6 Conclusions

SIMAN-I can be considered as a stable, non-conservative version of delivering results in
short computation times (≈15min), for the optimization of the logistics for the disposal of
the SFAs in the final canisters. The non-conservatism of the code originates from the fact
that the boundary conditions taken into account are ideal and do not represent the reality,
which imposes further constraints. Therefore, the results provided by the SIMAN-I version
present an ideal scenario and the final total number of canisters can be considered to be as
low as it can possibly be. The objective function minimizes the heat deficit of the proposed
canisters. In addition, this optimization is subjected to constraints that prevent the disposal
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of the canisters that do not fulfill certain criteria regarding their filling fraction. The major
assumption of the “one pile” boundary condition clearly prevents any realistic approximation
to the theoretically ideal solution of the pragmatic problem. On the one hand this assumption
generates the need of the development of a new code version which could be considered
conservative and takes into account more realistic boundary conditions. However, on the
other hand SIMAN-I could be viewed as a powerful and stable tool for developing and
testing further ideas that could potentially be implemented in the SFA waste management
concept. Its simplicity provides an inherent advantage for testing a wide range of different
scenarios. Consequently, SIMAN-I results can be considered as a precursor for any possible
development and could provide justification to any new potential concept. Finally, it has
to be noticed that this version provides no evaluation both to the quality of the results and
to the functionality of the optimization method. All the results have to be post-processed
based on the information provided only from the three generated output files. Therefore,
the evaluation becomes challenging and/or even impossible in case of assessing Simulated
Annealing functionality.



Chapter 4

SIMAN-II: Approach Towards Canister
Loading

As described in Chapter 3, SIMAN-I is meant to be a “generic” optimization code towards
solving the task of loading SFAs into final storage canisters as efficient as possible. In
order to be generic, the code includes assumptions that do not represent the current realistic
constraints which the Swiss waste management concept for the disposal of high level waste
(HLW) establishes. Recall that the main assumption in SIMAN-I is the so called “one pile
boundary condition” which implies the selection of any SFA for disposal and loading into the
chosen canister at any time. Therefore, SIMAN-I results cannot be considered to represent
realistic answers to the “real” problem. The difference of the “real problem” compared to the
simplified “one pile” assumption of SIMAN-I is that a surface encapsulation facility (BEVA)
for the loading of the disposal canisters has to be considered. This extra boundary condition
clearly adds further constraints. The SFAs delivered to the surface facility have to be initially
loaded into transport/storage canisters (TSCs). The TSCs are loaded with a limited number
of SFAs and each SFA is not available at any time. In addition, there are only a limited
number of docking station where the TSCs could be docked for unloading the available SFAs
to the disposal canisters. Further constraints have to be also taken into account, but they will
be described later in this Chapter. All these additional boundary conditions introduce more
bottlenecks to the optimization procedure. Therefore, SIMAN-I results are not conservative
with respect to the real problem.

This fact imposed the necessity for the development of a new code version, called
SIMAN-II, which includes further and more detailed boundary conditions.

This new version of the software was completed some years ago and had been used once
to determine qualitatively and quantitatively the effects of the additional constraints (imposed
by the BEVA). However, SIMAN-II was never optimized and not even fully debugged. The
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initial and one of the most important goals of this master thesis was the debugging and the
development of a new stable version of SIMAN-II.

In this Chapter the current boundary conditions of the Swiss SFA disposal concept will
be presented, reasoning the motivation for the SIMAN-II development. In addition, the new
features of the code compared to SIMAN-I will be introduced and a description of their
functionality will be presented along with simplified explanatory algorithms. Moreover, a
list with the modifications introduced for each previous code bug will be given. Finally, the
important conclusions concerning the functionality of the code and the interpretation of the
result’s quality will be given in the end.

4.1 Swiss SFA Disposal Concept

The purpose of this Section is to briefly present a part of the entire spectrum of the Swiss
management concept for the disposal of radioactive waste. A terse introduction will be
given mainly for the SFA concept, highlighting the critical boundary conditions that are of
paramount importance for structuring new constraints in SIMAN-II.

Nagra has proposed that a deep geological repository is the only method for managing
radioactive waste that meets the strict requirements related to long-term safety. However,
the final storage of radioactive waste in an underground repository requires an aboveground
facility to encapsulate all waste packages into canisters suitable for emplacement in such a
repository. In facilities at the surface, the waste can be directly controlled and monitored
and is easily retrievable. Important boundary conditions for designing the encapsulation
facility for spent fuel assemblies (SFAs) and high-level waste (HLW), referred to hereafter
as “BEVA” (Brennelementverpackungsanlage), stem from the requirements inside the final
repository (maximum thermal loading of the canisters). Throughput and capacity of the
BEVA encapsulation facility are determined by the number and size of the nuclear power
plants (NPPs) and their expected operation time [13], as well as the expected time of operation
of the BEVA and its rate of canister emplacement per year.

Fig. 4.1 illustrates the waste flow streams of the Swiss management concept. The upper
part of the figures depicts the process for the disposal of the SFAs. In more detail, SFAs are
stored in wet storage pools at the NPPs (for a minimum of five years), followed by transfer
to dry transport/storage casks (TSC), or external intermediate wet storage pools (wet SFA
storage facility in KKG). Having decayed sufficiently to lower thermal power the SFAs will
be loaded into TSCs and are shipped to the central Swiss Interim Storage Facility ZWILAG
or to a separate interim radioactive waste storage facility in Beznau (ZWIBEZ). Eventually,
the TSC will be transfered to the BEVA facility for the final encapsulation of the SFAs into
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Fig. 4.1 Waste streams in the Swiss management concept [15].

the disposal canisters. The emplacement of the high level waste (HLW) is not expected to
start before 2060 due to thermal constraints for the repository. The performance of the facility
relies heavily on the sequence of TSCs loaded at the available docking stations. Summarily,
the BEVA is conceived of as a stand-alone facility at the repository site, which has to receive
HLW TSCs from ZWILAG or the NPPs, repack the SFA wastes and transfer the disposal
canisters directly to the entrance of the ramp to the repository, which is assumed to be located
immediately adjacent to the BEVA. As a result, there are limitations on the number of TSCs
and disposal canisters that the facility can handle simultaneously. A broad range of boundary
conditions and requirements for the BEVA are currently established [13]. Some of those
which are highly related with SIMAN-II functionality and impose further constraints to the
optimization problem are:

- Number of TSC docking stations: 4;

- Number of disposal canister docking stations: 4;

- Operating time of the BEVA: ≈15 years;

- Maximum throughput of 200 disposal canisters per year.

The starting year of the BEVA facility has been currently set to 2060. However, for the first
five years mostly intermediate level waste and vitrified HLW will be disposed, since the
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thermal power of this waste is significant lower allowing the majority of the SFAs to cool
down longer. Therefore, conservatively it is assumed that the disposal of the SFAs will start
only at 2065. For more information regarding the BEVA facility, the requirements and the
boundary conditions the reader can refer to [13].

4.2 SIMAN-II Boundary Conditions

The current layout of the BEVA facility clearly contradicts the assumption of the “one pile
boundary condition” that was introduced in SIMAN-I. Fig. 4.2 shows the inherent limitations
of SIMAN-I. This figure the case of PWR-SFAs loading optimization method is depicted.
SIMAN-I is considering all SFA produced from the NPPs (KKB and KKG) available at any
time. Clearly the TSCs loadings (TLB) where not taken into account. As a result, the most of
the solutions generated in SIMAN-I are not feasible in SIMAN-II. The red “delete” symbol
is used to represent the unavailability of the selected SFAs in case of SIMAN-II compared to
SIMAN-I.

Fig. 4.2 Non validity of the “one pile boundary condition in SIMAN-I optimization
methodology [14].

The major simplification of the “one pile” boundary condition which also does not
account for any TSCs loadings has to be replaced in order to properly simulate the surface
facility procedures. Since the BEVA facility contains the limited number of four docking
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stations for the TSCs, not every SFA is now available for selection and disposal into the
disposal canisters, but only the given subset of the SFAs of those TSCs have been currently
docked. As a result the solution space becomes much smaller since not every combination of
the generally available SFAs (i.e. the former “one pile”) is now feasible.

A new problem has arisen which is translated into the question of which combination of
four TSCs as well as which docking sequence is the most suitable for minimizing the number
of total disposal canisters. The solution of this more complicated optimization problem is
not a trivial task.

The flow of the process that has to be simulated in SIMAN-II is visualized in Fig. 4.3.
The SFAs of each NPP are stored in the TSCs (or TLB in the figure). A selection has to be
done in order to dock four of them at the BEVA facility. So, it has to be decided:

- which type of SFAs (PWR or BWR) should be disposed first;

- the criteria which determine the selection of the TSCs to be docked;

- how many canisters should be disposed each year of a particular SFA type;

- whether and when a change of SFA type should occur within a year1.

Fig. 4.3 More realistic boundary conditions applied to the optimization methodology.

After this decision, an optimization for the loading of the available (i.e. docked) SFAs into
the disposal canisters has to be performed. For this task the “one pile boundary condition” is
still valid since every SFA from the selected TSCs is available for disposal at this moment.
Apparently, the flexibility is limited compared to SIMAN-I considering the much smaller
SFA “pile”.

1That means emptying all docked TSCs before docking TSCs of different SFA type
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The constraint to the possible combinations of the SFAs, introduced by the capped
number of TSC docking stations, will certainly increase the number of disposal canisters
needed. Therefore, SIMAN-I algorithm clearly considered not conservative for the realistic
optimization problem at hand. More limitations will also arise which affect the final number
of disposal canisters and they will be analytically discussed in the next Sections.

4.3 SIMAN-II Algorithm Description

The approach used for simulating the BEVA facility in order to find the optimal solution
to the canister loadings will be described in this Section. The critical parts of the code are
described with the help of algorithm 5.

The basic idea in which SIMAN-II was built is rather simple. Briefly, the concept is to
make use of the SIMAN-I solution in order to “mirror/reproduce” this solution fitting now to
the new BEVA constraints.

To begin with, SIMAN-I is still the base of the new version. This means that for every
considered year the same optimization problem is performed exactly as before. The whole
idea of the new code version is based on three additional subroutines written on top of
SIMAN-I.

At the beginning a decision has to be made on which SFA type has to be disposed first.
The code per default begins by disposing BWR type canisters, since it is a priori known (and
not based on code internal calculations) that these SFAs are much colder on average than the
PWR-SFAs. Following the above decision, the code enters the additional subroutines which
simulate the BEVA facility.

The TSCs docking sequence at the BEVA facility is based on a ranking process. Thus,
the selection of the TSCs to be docked each time is determined from a subroutine which
“weights” the TSCs based on their capability of reproducing the SIMAN-I solution (i.e. based
on the former “one pile” situation for all SFAs). The code docks the 4 highest ranked TSCs
and it tries to reproduce the SIMAN-I solution with the available subset of docked SFAs.

Generally, the code tries to dispose approximately the same number of each canister type
per operation year as in SIMAN-I. When, the number of the disposed canisters is in the
proximity of the facility’s throughput per year then the code empties the docked TSCs and
loads the remaining SFAs as best as possible into the canisters, and then exits the BEVA
simulation and moves on to the following year. Now it performs the same exact steps as
before. This is done until all SFAs have been disposed.
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Obviously, there are numerous decisions need to be taken in order to simulate the above
process. The next Sections describe each part of the new code separately along with simplified
algorithms when needed.

Algorithm 5 Overview of SIMAN-II Core Methodology
Program

1: repeat
2: for year = startyear to endyear do
3: Calculate Heati ∀ SFAi
4: Initialize (χ0,BWR,χ0,PWR)
5: Call Simulated Annealing (χ0,BWR,χ0,PWR)
6: χopt = χopt,BWR +χopt,PWR
7: if χopt,BWR > 0 then
8: Call BEVA Simulation (χopt,BWR,CanBWR#)
9: Rank TSCsBWR

10: repeat
11: Mirror SIMAN-I solution: χopt
12: until Can# ≈ CanBWR#
13: else
14: Call BEVA Simulation (χopt,PWR,CanPWR#)
15: Rank TSCsPWR
16: repeat
17: Mirror SIMAN-I solution: χopt
18: until Can# ≈ CanPWR#
19: end if
20: end for
21: until SFAleft = 0
End

4.3.1 Preparation for the BEVA Simulation

As mentioned at the beginning, the SIMAN-II code performs exactly in the same way as
SIMAN-I until the global “one pile” based solution for the disposal plan of the current year
has been reached. Following, the individual solutions for each canister type, χopt,BWR and
χopt,PWR, are separately sorted based on filling fraction and loaded heat. The minimum
number of canisters needed for each type, AllCanBWR# and AllCanPWR#, is stored. Then, it
has to be decided which type of SFAs have to be disposed first. This decision is based on a
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sequence of logical expressions with the help of two predefined parameters:

CMinLmt1 = 30

CMinLmt2 = 20

}
if throughput = 180 canisters

The unit of their values represents number of disposal canisters. These values are user defined
empirical parameters which are based on the maximum throughput of the facility considered
and on the user’s experience. The throughput of the facility is considered to be 10% less than
the reference, to account for any possible “deviation” from the normal operation.

The logical expression is based on a sequence of decisions which simply examine whether
the disposal of a specific type of canisters is feasible and/or practicable. Initially, the code
per default investigates the feasibility for the disposal of BWR canisters , since BWR-SFAs
in general are colder than the corresponding PWR-SFAs and as a result is easier to produce
an efficient canister loading. Consequently, at the same time the code gives more time to
PWR-SFAs to decay which will make their later disposal easier.

The logical expression used for BWR canisters is the following:

(icbwr ≥ CMinLmt1) .OR. (4.1)

(icbwr = MinBWR) .OR. (4.2)

((icbwr ≥ CMinLmt2) .AND. (MinBWR ≥ CMinLmt1)) (4.3)

where

icbwr number of BWR canisters, CanBWR#, proposed by the final SIMAN-I so-
lution, χopt for the certain year of operation, which contains only the first
“throughput” number of canisters of the optimized and sorted mixed total list
for both BWR and PWR canisters;

MinBWR total number of BWR canisters, AllCanBWR#, needed to dispose all BWR-
SFAs in the current year (no throughput limitation considered), calculated
from SIMAN-I, χopt,BWR;

CMinLmt1 minimum number of BWR canisters disposed per year, considering an
efficient loading;

CMinLmt2 minimum number of BWR canisters considering an acceptable loading.

For explaining the meaning of this expression, it has to be understood how the BEVA
facility works, or how the code is loading the SFAs and disposing the final canisters within
the BEVA (for further details refer to Section 4.3.3). Summarily, each time when the code
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decides to dispose a specific type of SFA it has to order four available TSCs to the docking
stations. Before changing to a different type of SFA, every docked TSC has to be emptied
before it is allowed to be removed, meaning all of its SFAs have to be disposed. In addition, it
has to be considered that on average each BWR and PWR TSC contains ca. 69 and 37 SFAs,
respectively 2. Finally, as mentioned in the previous Section SIMAN-II tries to reproduce
the SIMAN-I final solution, meaning that it is approximately disposing the same number of
canisters of each type, CanBWR# and CanPWR# per current year, as calculated in SIMAN-I.
Taking into account the above explanations, the logical expressions can be easily understood.

The first part (4.1) of the expression is “true” only if the number of BWR canisters
included in the final SIMAN-I solution for the current year is greater than 30. In other
words, this condition prevents the docking of four TSCs to the BEVA facility if the final
SIMAN-I solution contains less than 30 BWR canisters. Considering average BWR-TSCs
of 69 SFAs any switch on the SFA loading type from BWR to PWR could be done only
after the successful disposal of all of the initially docked TSCs, meaning approximately
4∗69

9 ≈ 31 canisters have to be disposed. Any SIMAN-I solution with less than 30 BWR
canisters for disposal in the current year is considered by SIMAN-II as probably inefficient
under the realistic boundary boundary conditions, so it would normally try to avoid the
docking of BWR type TSCs to the BEVA at all this year. This assumption brings us to
consider possible exceptions of this general rule.

The second part (4.2) of the expression is “true” only when the number of BWR canisters,
CanBWR#, in the SIMAN-I final solution, χopt, is equal to the total number of BWR canisters
that are needed to be disposed at all, AllCanBWR#. This condition overcomes the general
limitation of 30 canisters introduced before, and usually is valid only when most of the
BWR canisters have been already disposed and only the last few BWR-SFAs are remaining.
In other words, SIMAN-II disposes the rest of the BWR-SFAs even by risking a not quite
optimized BWR canister loading. Since at some point these remaining SFAs have to be
disposed the code selects to dispose them immediately.

The third and last part of the expression (4.3) is the most devious to be understood. It
would be easier to be explained by following the reductio ad absurdum method. Therefore,
this condition is only relevant when the other two conditions before are false. That means
that we are in a situation where less than 30 BWR canisters are included in the SIMAN-I
final solution for the current year, but at least one BWR canister is foreseen to be loaded
in the future years. So, the last condition can be true only if at least 20 BWR canisters are
included for the current year and at the same time 30 or more BWR canisters are needed
to dispose all BWR-SFAs. In other words, SIMAN-I has provided a solution which is not

2These two numbers are the two most abundant BWR/PWR TSC types used so far in Switzerland
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ideal under the SIMAN-II boundary conditions but it will be accepted for switching to the
BWR type loading if the reserve of the BWR-SFAs is considered large enough to guarantee
flexibility for the loading of the BWR canisters in the coming years. If this “reserve” is not
large enough (MinBWR<CMinLmt1) then SIMAN-II prefers to wait at least one more year
before switching to BWR loading type. This waiting provides one more decay year to the
remaining BWR-SFAs, thus it might be possible that the second condition (icbwr=MinBWR)
will be verified in the coming year.

If none of the above logical conditions is true (meaning the logical expression is false)
or when the code has successfully managed to reproduce the calculated SIMAN-I solution
for BWR canister disposal as good as possible, then it determines whether it is reasonable
to dispose PWR canisters within the same current year. This decision is based on the exact
same logical expression as before. However, there is an additional condition shown in
Eq. (4.4). This condition prevents the disposal of PWR canisters for the current year when
the number of the already disposed BWR canisters is at the proximity of the throughput of
the encapsulation facility. There must be at least 20 canisters reaming for disposal towards
the throughput value (considered equal to 180 canisters per year). Otherwise, SIMAN-II will
not switch to the PWR loading mode for the remaining throughput capacity of the current
year 3.

(CanpYear− iCanFill)≥ CMinLmt2 (4.4)

where

CanpYear targeted throughput of the surface facility or maximum number of disposed
canisters considered normally per year;

iCanFill number of canisters have already been disposed within the current year.

4.3.2 Transport / Storage Casks Ranking

As mentioned before, the ranking process of the TSCs is one of the three additional subrou-
tines which were created to simulate the BEVA facility. Once again, the basic idea of this
ranking procedure is to determine the sequence in which the TSCs will be docked in the
encapsulation facility. The generic criteria which determine this sequence are based on each

3The reason is originated from the fact that SIMAN-II had been coded in a way that forces the “clearing” of
the BEVA (meaning all TSCs have to be emptied and the contained SFA subset to be disposed into the canisters)
at the end of each year. This is not a realistic boundary condition but has to be taken into account for the above
decision, since the code is functioning in this way.
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TSCs SFA loading configuration, or in other words the TSC capability of reproducing/mirror-
ing the final SIMAN-I solution. This determination is done by assigning weighting factors to
each of the TSCs SFAs, so that each TSC will be rated by an individual value (i.e. the sum of
its SFA weighting factors).

The process that was used for the ranking procedure is shown in the simplified algorithm 6.
The concept is to compare each SFA from the available TSCs to SFA included in the proposed
canister loading plan of the SIMAN-I solution, χopt,BWR or χopt,PWR, only for the first “icbwr”
or “icpwr” – or Can# – as it is shown in the algorithm 6, and give an individual “value” to
each TSC-SFA. At the end, each TSC is graded based on the sum of these “values” which
are assigned to its own SFAs.

The comparison performed on each iteration is simply the difference of the decay heat
between the current SFA from the SIMAN-I solution and the current SFA from the selected
canister, ∆Heat. Recall that the objective is to grade each TSC based on its ability to
reproduce the SIMAN-I solution. Therefore, an ideal TSC contains SFAs of decay heat
values which exactly match the decay heat values of the SFAs from the proposed solution
(i.e. is ∆Heat = 0 for every SFA included in the TSC). However, since this ideal scenario is
rare or improbable the TSC-SFAs which are close to the decay heat of the compared SFA of
SIMAN-I solution have also to be considered.

Algorithm 6 SIMAN-II Ranking of Transport / Storage Casks
Program

1: for i = 1toTSC# do
2: for j = 1toTSCi,SFA# do
3: Initialize counters (C1 −C5)
4: TSCHeat = HeatTSCi,SFAj

5: for k = 1toCan# do
6: for l = 1toCank,SFA# do
7: CanHeat = HeatCank,SFAl

8: ∆Heat = HeatCank,SFAl −HeatTSCi,SFAj

9: if ∆Heat < BinWdth then
10: Ci = Ci +1
11: end if
12: end for
13: end for
14: Adjust Counters (C1 −C5)
15: TSCWi = TSCWi +w1 ∗C1 +w2 ∗ (C2 +C3)+w3 ∗ (C4 +C5)
16: end for
17: end for
18: Sort TSCW list in descanting order
End
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For this procedure five counters, C1 −C5, and three weighting factors, w1 −w3, were
used. For each TSC-SFA the counters were increasing based on the magnitude of ∆Heat. To
evaluate the significance of ∆Heat the variable “BinWdth”, introduced in Section 3.3.2, is
used. As mentioned before, this variable depicts a predefined heat interval which has been set
equal to 10 Watts, in the current version of SIMAN-I/II. The code is considering four cases:

- ∆Heat = 0, increase C1 by one;

- ∆Heat ≤±1×BinWdth, increase C2 or C3 by one, respectively;

- ∆Heat ≤±2×BinWdth, increase C4 or C5 by one, respectively;

- ∆Heat >±2×BinWdth, don’t consider these TSC-SFAs in the weighting process.

Following, the counters are adjusted in a way which on the one hand prevents multiple
counting and on the other hand corrects their value in case of excess of hotter SFAs. The
former has to be taken into account since any additional weight coming from the excess of
hot SFAs should not be considered because it will lead to infeasible solutions (i.e. higher
average decay heat than the compared one from the SIMAN-I solution).

For each of the considered cases three predefined weighting factors have been assigned.
The smaller ∆Heat the higher the weighting factor, in order to apply higher importance to
these SFAs. In the end, each TSC is weighted based on the accumulation of the individual
rankings of its SFAs. Finally, the code creates a sorted list in descending order of TSC total
weight which will be used to determine the sequence of TSCs scheduled for loading at the
BEVA. Therefore, the higher the TSC ranking is the more probable it is to contain SFAs
which could reproduce the SIMAN-I solution as best as possible.

4.3.3 Simulation of the BEVA Facility

The second subroutine created to account for the additional constraints imposed in SIMAN-II
is simulating the general functions of the BEVA facility. At this point the code has already
decided which type of SFAs will be disposed and it has ranked the available TSCs. The main
idea of this subroutine is to dock and undock the TSCs of the same type according to the
respective TSC ranking list at the BEVA and to decide at which point no other TSC of the
current SFA type should be docked but the remaining TSCs should be immediately emptied
and their remaining SFAs to be loaded - as best as possible - into the final disposal canisters.
This “clearance” of the BEVA will either be done to switch to the others SFA type or to end
the BEVA operation for the current year. The crucial parts of this subroutine are described by
algorithm 7. The code could simply be divided in the following steps.
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Algorithm 7 SIMAN-II General Decisions for BEVA TSC Docking Procedure
Program

1: Initialize BEVA status
2: repeat
3: for i = 1toDock# do
4: if Docki = empty then
5: Dock highest ranked TSC available
6: Update BEVA status
7: end if
8: end for
9: Call Dispose subroutine (BEVA status) ◃ until at least one TSC is emptied

10: Update BEVA status
11: Calculate BevaSFAleft
12: if iCanFill > (MinLWR−CMinLmt2) then
13: if type = BWR then
14: icheck = icbwr
15: pos# = 9
16: else
17: icheck = MinLWR
18: pos# = 4
19: end if
20: end if
21: Calculate SFA# of the next candidate TSC
22: test = iCanFill + ((SFA#/pos#)/ f . f .)
23: if test > MinLWR then
24: Dispose the remaining SFA#
25: else
26: Dock another TSC
27: end if
28: until BevaDock = empty
End

At the beginning, the four highest ranked TSCs available are docked at the empty positions
of the BEVA docking stations. Then the code stores every information regarding the current
TSCs docking i.e. the TSC-ID# and their SFA loading details (SFA-ID# and heat), in a
separate array, called “BEVA-status”. At this point, the third and last subroutine of SIMAN-II
is called to perform the loading of the final canisters with the available SFAs from the four
docked TSCs.

When the first TSC is emptied (i.e. has disposed all of its initially loaded SFAs) the
BEVA-status is updated. Afterwards, the code checks whether or not the number of the
already disposed canisters, iCanFill, is at the proximity of the SIMAN-I solution, MinLWR.
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If this condition is true then it is investigated whether the docking of an additional TSC will
produce significantly more canisters than the proposed for the current type of SFAs (from
SIMAN-I solution) at the current year.

For this reason, the number of the SFAs of the next TSC in the sequence is read, SFA#.
Then, the number of the theoretically additional canisters is approximated. The code reads
the filling fraction “ f . f .” of the last disposed canister and multiples it with the number of
canisters which ideally would be needed (SFA# / pos#). In this simplified way, any possible
inefficiencies to the theoretical canister loadings could be taken into account being, however,
just an approximation.

As a result, depending on the verification of the above condition, either another TSC is
docked at the BEVA and the disposal continues until at least the next one TSC is emptied or
the docking of a new TSC is prevented and the reaming SFAs are disposed until all docked
TSCs are emptied.

4.3.4 SIMAN-II Disposal Method

The third and last additional subroutine in SIMAN-II handles the disposal by loading the
canisters with the available SFAs in the docked TSCs. The objective of this method is to
reproduce the proposed canister loadings of the SIMAN-I solution. Therefore, Simulated
Annealing was not used for this purpose. The disposal approach can be described by
algorithm 8.

SIMAN-II is trying to find the most “efficient” canister loading configuration, that could
mirror one of the SIMAN-I canisters loading proposals, for the given SFA type. Here, it
is not considering only the first MinLWR canisters (refer to Section 4.3.3) but the whole
SIMAN-I solution (i.e.canister loading list).

Firstly, a loop is generated over all canister proposals from SIMAN-I solution. The current
(i.e. first from the solution list) canister loading configuration is tried to be reproduced by
selecting the most “appropriate” SFAs from the available docked TSCs. The codes finds the
best configuration that represents this canister and stores the relevant information regarding
this configuration in a temporary variable. After that, the BEVA status is initialized and
the same procedure is repeated for every other canister of the proposed list. As a result,
different canister configurations will be produced based on which proposed canister (from
SIMAN-I) is being tried to be reproduced. Every time that the codes finds a better canister
loading configuration (based both on filling fraction and total loaded heat) then the temporary
variable is updated in order to store the new optimized configuration. Finally, the “best”
canister will be disposed.
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Algorithm 8 SIMAN-II Disposal Method
Program

1: Initialize Configtmp ◃ temporary canister configuration
2: Initialize Configbest ◃ best canister configuration
3: repeat
4: for i = 1 to CanXWR# do ◃ for every canister
5: TotalH = CanHeati
6: step = 0
7: for j = 1 to Cani,SFA# do ◃ for all SFAs included
8: CanH = HeatSFA,j
9: for k = 1 to Dock# do ◃ for every docked TSC

10: for l = 1 to TSCk,SFA# do ◃ for all SFAs included in TSCs
11: TscH = HeatSFA,l
12: ∆H = TscH−CanH
13: if (∆H< (step×BinWdth)).AND.((TotalH+∆H)<HeatLim) then
14: Update Configtmp,i
15: TotalH = TotalH+∆H
16: GOTO {9}
17: end if
18: end for
19: end for
20: end for
21: if (Can = Filled).OR.((step+1)×BinWdth > HeatLim) then
22: GOTO {27}
23: else
24: step = step+1
25: GOTO {9}
26: end if
27: if Can ̸= Filled then
28: ∆H = Canheat−Deficit
29: Dispose SFAH ∼= ∆H ◃ use above disposal method to find first best fit
30: Update Configtmp,i
31: end if
32: if Configtmp,i > Configbest then
33: Configbest = Configtmp,i
34: end if
35: end for
36: Dispose Can-Configbest
37: Eliminate disposed SFAs from BEVA status
38: until At least one TSC is emptied
End
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Specifically, the above described disposal procedure which is used in SIMAN-II is based
on a BinWdth (refer to Section 4.3.2) stepwise method. The code is searching for best
matching TSC-SFAs (in terms of decay heat) to those which are included in the selected
canister for “reproduction” (from the SIMAN-I solution). For this reason, the conditions
shown in Eqs. (4.6) – (4.7) are applied for evaluating the “fitness” of the candidate TSC-SFA
for disposal. Firstly, the decay heat difference of the SFAs (∆H) is calculated as presented
in Eq. (4.5). The first condition (4.6) is verified when the candidate TSC-SFA is at the
proximity of the current selected Can-SFA decay heat, defined by the multiplication of the
default heat interval, called BinWdth (equal to 10 Watts), and a counter-step. In other words,
this step defines the similarity of the candidate SFA to the selected one. At the beginning,
when the step is equal to zero, only “identical” SFAs are considered. When every available
TSC-SFAs have been examined for reproducing the SFAs of the selected canister and at least
one Can-SFA couldn’t be reproduced, then the step is increase by one and the same condition
is applied again but to a wider range of decay heat which increases ±10 Watts, each time.
Therefore, for each SFA of the proposed canister the code tries to find the first best fit from
the available TSC-SFAs.

∆H = HeatTSC,SFA −HeatCan,SFA (4.5)

∆H < BinWdth× (step+0.5) (4.6)

HeatLim > TotalHeatCan +∆H (4.7)

However, even when a candidate TSC-SFA verifies the first condition (4.6), it will be
disposed only if it also fulfills condition (4.7). This second constraint ensures that the disposal
of the candidate SFA will not increase the total heat load of the canister that is desired to
be reproduced. In other words, only when identical TSC-SFAs have been found, all of
them could be disposed. A problem arises when a candidate SFA which is not identical but
fulfills the first condition is found. Eq. (4.7) ensures that (at least at the beginning) no hotter
candidate SFA will be disposed. As a result the SFA has to be colder, but in the range of the
step times the BinWdth. After the disposal of this SFA, a heat “deficit” of the reproduced
canister compared to the selected one (from SIMAN-I) is created. This means that in order
the selected canister to be reproduced in terms of total heat load, another SFA which is hotter
in absolute value as the previous colder one which had been disposed, can now be selected.
So, the code is aiming for a reproduction of the total loaded heat based on the available
TSC-SFAs. This procedure stops either when all the canister positions have been filled or
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when the step has increased that much that it exceeds the theoretical heat load of the canister,
which is 1’495 Watts.

In case this method has not managed to fill all available SFA positions of the canister,
then the potential heat gap to the maximum theoretical heat load is tried to be “reached”. For
this reason, and independent to the number of empty positions that have been produced, the
code is trying to dispose a SFA with a decay heat as close as possible to the targeted heat gap
value. For this purpose, the same BinWdth step-wise method is being used.

In the end, the final canister configuration is stored only if it proves to be a better canister
configuration (based on filling fraction and heat load) compared to all previous iterations (i.e.
reproductions of the previous proposed canister loading configurations from the SIMAN-I
solution). After applying this method to every proposed canister, only the best configuration
is stored and finally disposed. The TSC-SFA database is then updated by eliminating the
disposed SFAs and the same exact procedure continues until at least one TSC is emptied.
Following, a decision has to be taken on whether or not a new TSC docking should be made.

4.4 Code Debugging

The previous Sections described how the code should properly perform, taken into account
the basic ideas that have been developed before the onset of this master thesis. However,
SIMAN-II was never managed to be fully free of programing bugs and as a result no stable
version had ever been finalized. Major bugs prevented the code from running simulations
for more than one NPP, thence it could provide results only for individual NPP problem
dependent scenarios.

A significant part of this master thesis was on one hand the assimilation of the SIMAN-II
methodology and the full understanding of its implementation in the code. The length of the
source code and its inherent complexity made this process not a straightforward task. On
the other hand, the initial critical objective of this master project was the debugging of the
SIMAN-II code. Consequently, the above tasks constituted a lengthy and extensive part of
this master thesis.

The reader could find the most important bugs which caused either the termination or
unexpected behavior and incorrect results at the Appendix A.1. Every bug was removed and
additional parts were coded and implemented in the SIMAN-II version. Therefore, the code
now is properly functioning and a stable version has been established.
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4.5 Conclusions

In SIMAN-II additional constraints were introduced taking into account the realistic boundary
conditions which the encapsulation facility imposes to the optimization problem. However,
the assumption introduced from the subroutines written for simulating the BEVA facility,
added further constraints which deteriorate (in some extend) the quality of the results.

It could be said that SIMAN-II is more a heuristic than a generic code. This is concluded
from the fact that major decisions on the disposal method of SIMAN-II are user-made and
do not occur as direct a outcome of an optimization method. In some extent, heuristic codes
can provide high quality results. However, the final results of the code are dependent on
the input data which are mostly based on future assumptions and predictions, thus are quite
uncertain. As a result, the characteristics of the SFA database can be altered depending on
the tested scenario. Moreover, it has to be considered that both combined and individual NPP
simulations have to be performed. Considering the above, it is clear that the characteristics
of the SFAs database given as input to the code could drastically change (in case of different
NPP scenarios). Therefore, decisions such as which type of canisters should be disposed
first, when and how a change on the canister type should occur and how many canisters of a
specific type should be disposed, should be taken after consideration of the current scenario
that is simulated.

Moreover, it has to be noticed that the SIMAN-II methodology is based on a coupling
procedure with the SIMAN-I results. In other words, there is no separate optimization on the
loading strategy of the BEVA facility for which an individual optimization algorithm, such as
Simulated Annealing, could have been applied. On the one hand this is an intelligent method
of approaching the solution of the problem without additional effort of constructing another
optimization problem. On the other hand there is no guarantee either on the quality of the
results or for the convergence to a theoretical global minimum of the problem. Furthermore,
the evaluation of the quality of the results becomes challenging, since there are no objective
criteria that could be applied on the convergence, as there were in the SIMAN-I code.

In addition, the extra constraints that have been imposed to the problem due to the coding
methodology certainly deteriorate the quality of the results. For example, the decision for a
change in the canister type within the same year, or the necessity for “clearing” the BEVA
TSC docking stations by the end of each year. Also the ranking method which used for
finding the sequence of the TSC. Furthermore the effect of approximating the throughput of
the facility and not disposing exactly the maximum allowed number of canister per year.

It should be also noticed that certain features of the encapsulation facility [13] were not
taken into account at all. The most important feature is the additional docking stations which
are also considered for the disposal canisters. The implementation of such a concept could
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decrease the total number of canisters calculated with the previous approach, since the non
ideal canisters wouldn’t have to be disposed immediately. Therefore, further optimization
could be done for the loading of these canisters each time that a TSC is docked and as a
result the flexibility will be increased.

The modification of the existing code and the implementation of new features is not a
trivial task. However, the effect of each of the above limitations will be presented in Chapter 5
along with extra subroutines and features that have been implemented to a newer version of
the code, called SIMAN-IIb, developed during this master thesis.

SIMAN-II includes an inherent difficulty for running a variety of different scenarios.
This difficulty originates from the construction of the input file that has to be provided. The
necessity for denoting the TSC loadings could be considered as a separate task on its own.
The assumptions that were considered as well as the predictions made on future scenarios
of the NPPs operation clearly introduce uncertainties on the results. Since there is still
mixed input coming from the utilities regarding the TSC loadings for future discharged SFAs,
theoretical scenarios have to be created for simulating the BEVA operations. Nowadays, the
percentage of the SFAs that have been loaded in TSCs is less than 25% of the theoretical total
number of SFAs that will be produced during all years of operation. Therefore the code could
also be used as a tool for approximating possible TSC loading configurations for optimizing
the SFAs final disposal. This feature could be of great importance both for Nagra and for
the utilities. The code could provide an individual cost estimation for each NPP depending
on specific consumption if the future BEVA annual throughput capacity. Further analysis
regarding the evaluation of the provided results is given in the next Chapters.

Table 4.1 Characteristics comparison between SIMAN-I and SIMAN-II.

SIMAN-I SIMAN-II Relevance

B. C. One Pile
BEVA simulation One pile = Unrealistic / ideal condition

Clearing
effect

TSC
ranking

Disposal
method

BEVA sim = Realistic conditions
Constraints = Result deterioration

Run time 15 min 15 min Ability of testing numerous scenarios

Results Unrealistic Conservative
Best case scenario for SIMAN-I
Worst case scenario for SIMAN-II

In summary, SIMAN-II has been successfully debugged and it can been considered as
a stable version. Different scenarios were run in order to test its performance accounting
for individual NPP dependent scenarios and numerous combinations of them. Table 4.1
summarizes the basic characteristics of the two versions. The color coding of green, orange
and red used to indicate good, poor and unacceptable situations, respectively. Synoptically,
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SIMAN-I is based on the “one pile” boundary condition which is an unrealistic case given the
current Swiss SF waste management concept. Therefore, SIMAN-I results can be considered
as a best case scenario, thus not conservative at all. On the other hand, in SIMAN-II the
additions constraints that the BEVA facility imposed to the SFA disposal procedure are taken
into account. However, coding inefficiencies result to an inherent conservatism on the code’s
behavior. Consequently, SIMAN-II results have to be considered as the worst case scenario.
Additional subroutines were towards analyzing the code’s functionality. The influence of the
main effects that imposes deterioration on the results will be discussed at the next Chapter.
All the above, highlight the significance of developing a new code which in a generic way
will tackle the realistic constraints that are implied to the problem. This development will
also allow the lowering of the safety margins of the total number of canisters needed, making
this a best–estimate code [16].

4.5.1 SIMAN-II Future Development Concept

A topic worth investigating is the further optimization of the SIMAN-II code. This project
would have to decouple the necessity of SIMAN-I results for the determination of SIMAN-II
canister loading plan. In addition, an optimization method (e.g. Simulated Annealing) could
be used for the disposal of the docked SFAs at the BEVA. Moreover, further features of the
BEVA facility could be taken into account, such as the consideration of fewer or additional
TSC docking stations but also disposal canister docking stations (which at this time are not
considered at all), for investigating their effect to the final results. Also, some existing coding
limitations that are downgrading the quality of the results have to be corrected (clearing
effect).

For this reason, an idea has been developed and partially implemented within this project.
Initially, a new TSC ranking has to be made, independently of the SIMAN-I results. This
idea was inspired from the field of data analysis and statistical interference. The purpose is to
analyze the TSC-SFA loadings by looking the number and decay heat of those SFAs, given
in the input file. An evaluation regarding each TSC loading could be done by characterizing
the distribution of the loaded SFA heat power values, i.e. the average value, the standard
deviation, the skewness and the kurtosis of each distribution could be determined. Following
this step, an optimization method can be applied in order to find the most suitable TSCs
that could be docked at the BEVA. This optimization will be based on the assumption that
the best “combined” distribution of four TSCs will have an average value (and low skew)
approximately equal to the theoretical average value that a SFA should have to be efficiently
disposed (375 and 167 for PWR and BWR SFAs, respectively).
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Fig.4.4 depicts the combined distribution of four PWR SFA loaded TSCs. A possible
selection of four TSCs with a resulted distribution similar to the one in the figure would
produce an efficient loading with the use of Simulated Annealing (as it has been shown in
SIMAN-I). The advantage of this approach is that SIMAN-II could be totally decoupled
from SIMAN-I results. In addition, the optimization method regarding the TSC selection
could easily be implemented, since all the possible permutations could be evaluated and then
only the best one will be selected. The number of permutations for a given type of SFAs
between four TSCs, is in the order of few millions. In Fortran this amount of calculations can
be performed in less than one second, with the current computational power of an average
PC.

Fig. 4.4 Discrete Distribution of the SFA decay power of four selected TSCs.





Chapter 5

Comparison of SIMAN-I and SIMAN-II
Results

Until now, SIMAN-I and SIMAN-II have been described from a theoretical point of view.
Chapters 3 and 4 described their functionality along with the considered boundary conditions.
Their limitations have been evaluated and the reader should have developed a general idea
about each code’s purpose and performance.

In this chapter the results coming from those two different code versions of SIMAN
– after all additional code revisions and bug cleaning mentioned in the previous two chapters –
will be discussed. For this purpose, an identical set of input data will be given to both
codes. Therefore, the SFA database given to the SIMAN-I code will also be provided for
SIMAN-II, but with all SFAs be included in a transport/storage cask (TSC). The given
database – or SIMAN input file – serves for comparison purposes only and is not representing
the most recent update of the Nagra SFA data. However, it is close enough to the SFA total
configuration in Switzerland at the end of all 5 NPP operations to allow a fair comparison of
the different results of SIMAN-I and SIMAN-II, under realistic boundary conditions.

At the beginning, the input data given to the codes will be presented. An analysis will
be made on the SFA decay heat distribution for the expected starting year of the disposal.
Following, the results will be presented along with a detailed analysis of the yearly sub-steps
between the two code versions including a look into the different internal sequences for
disposal canister loading operations. This detailed analysis could be undertaken thanks to
the additional subroutines written in the scope of this thesis. Finally, an evaluation will be
done with respect to the main results, and the reasoning for further code development will be
discussed.
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5.1 Input Data - Reference Scenario

This section describes the input data that were provided both to SIMAN-I and SIMAN-II for
determining the optimal final disposal canister loading plan under their inherent boundary
conditions. As mentioned, the SFA database that were provided is not meant to be in absolute
accordance with the latest state of the Nagra Swiss SFA inventory and predictions 1.

The following Table 5.1 presents the total number and type of SFAs per NPP that were
provided in the input data. The numbers in Table 5.1 are based on a 60 years NPP operation
scenario accounting for each NPP. Obviously, this is an assumption which doesn’t represent
the current situation, since the Mühleberg NPP is scheduled to stop its operation in the year
of 2019. Therefore, this input data is more on the conservative side concerning the final
number of disposal canisters needed. From now on the input file (or the underlying scenario)
used for the code version comparison will be named “C-inp”.

Table 5.1 SFAs per NPP provided as input for the code comparison (C-inp).

SFA #
UO2 MOX Total

KKB 1451 232 1683
KKG 1859 148 2007
KKM 1461 0 1461
KKL 7428 0 7428

Total 12199 380 12579

In chapter 3, the basic structure of an input file of SIMAN-I was illustrated. Recall that
for each SFA the following parameters should be provided: discharge year, type of SFA,
U-235 initial enrichment, burnup, initial heavy metal mass and the SFA-ID. These data were
primarily used to calculate the decay heat for each SFA individually. Predefined decay heat
matrices were used to calculate and assign a decay heat value to each available SFA for each
year of BEVA operation. As mentioned in the 3rd Chapter, the decay heat matrices were
produced with the use of the ORIGEN-ARP package for the UO2-SFAs and with the use
of the BOXER code for MOX-SFAs. Each calculated value was afterwards grouped into
heat interval bins of 10 Watts (e.g. SFAs with calculated decay heat of 551 and 559 Watts
were both rounded to the 555 Watts bin) resulting always to an odd number of decay heat bin
values (i.e. a number multiple to (n×10+5)).

1The next update of the Nagra database and TSC loading configurations is due in the next year. This will be
a major update based on the most recent strategies of the utilities with regards at the planned operation cycles
up to the end of each NPP operation life time
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Accounting for this binning, the SFA decay heat distribution in the year of 2065 (assuming
that this is the starting year for SFA disposal) is showed in the Fig. 5.1. The following generic
characteristics of the SFA types can be distinguished. Firstly, the total number of BWR-SFAs
is much larger compared to that of the PWR-SFAs (3’690 PWR-SFAs and 8’889 BWR-SFAs).
Secondly, the BWR-SFAs are much colder compared to PWR-SFAs. Finally, the PWR-SFAs
heat values are much more spread along the energy axis.

Fig. 5.1 SFA decay heat distribution in 2065 (C-inp).

The current SFA canister types for disposal have been defined by Nagra to contain nine
or four SFA positions for BWR or PWR SFAs, respectively. As a result, an average decay
heat value of a SFA that would be needed in order to load the canisters up to their maximum
heat limit of 1500 Watts, amounts to 167 Watts or 375 Watts for BWR and PWR SFAs,
respectively.

An alternative way to display the SFA heat distribution in order to evaluate how “cold”
or “hot” the SFAs are, is to normalize their values to the average SFA decay heat for both
canister types. Fig. 5.2 illustrates the normalized decay heat distribution of the SFAs in 2065.
The SFAs which are colder or hotter than the theoretical average decay heat value for the
specific canister type are lying below and above the normalized “one”, respectively.
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It can be easily seen that the BWR-SFAs are following a more or less symmetrical
distribution around their resulting average decay heat value, whereas the majority of the
PWR-SFAs is considerably hotter than the corresponding average value. Consequently, the
optimized disposal for PWR-SFAs is significantly more challenging. Major problems are
caused especially due to the hot MOX fuel coming mostly from Goesgen (noted by a red
circle in Fig. 5.2). However, even by excluding those hottest MOX SFAs, the average value
of the remaining SFAs is still larger than the canister based average. As a result, there are
only a limited number of combinations possible between cold and hot SFAs that could be
done to successfully produce ideal canister loading configurations (with maximum filling
fraction and heat load).

The effect of this excess decay heat will be analytically discussed at the end of the chapter,
where the results of the simulations will be presented. A more detailed analysis of the results
will be made later and have to profit from the implementation of additional subroutines which
enable a closer look into the optimized loading configuration plan proposed by the codes.

Fig. 5.2 Normalized SFA decay heat distribution in 2065 (C-inp).
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5.1.1 Characteristics of TSC loading Configurations

In the year of 2006, when the SIMAN-II developed started, Nagra decided to update its
SFA database and determine (for the first time) the TSC-SFA loading configurations for
each NPP. For this purpose both ZWILAG and the utilities were contacted. The data given
from ZWILAG concerned the stored TSCs being already loaded (at that time). On the other
hand, each NPP gave an input regarding their future TSC loading configurations (if already
available) or the basic guidelines applying for future TSC loadings. Based on the total
number of SFAs for each NPP as in Table 5.1, a total number of 227 TSCs were determined
to finally store all available SFAs.

The following Table 5.2 provides summarized information regarding the total number
of TSCs per NPP. In addition, information is given regarding the minimum, maximum and
most frequent number of SFA positions for each expecting TSC and NPP type. Furthermore,
a four digit identification number was assigned to each TSC. The first number denotes the
running number of the considered NPP and the last three digits correspond to the running
number of the TSC for that NPP. As an example, each TSC belonging to KKB starts with the
number “2” and its 46th TSC is denoted as “2046”.

Table 5.2 Number of TSCs determined per NPP and typical numbers of SFAs per TSC
(C-inp).

TSC
type NPP TSC

#

# of SFA per TSC
Most

frquent Min Max

PWR KKB 46
37 16 37

KKG 60

BWR KKL 101
69 52 97

KKM 20

Undoubtedly, the given loading configuration plans for all TSCs will in some way affect
the total number of disposal canisters calculated by SIMAN-II. In other words, even by not
changing the underlying SFA database, different TSC loading configurations could lead to
(slightly) different results (i.e. total amount of disposal canisters needed). However, any
sensitivity analysis on this effect was not a part of this project and will be done later by
Nagra.

On top of debugging the SIMAN-II code, an additional feature was developed for taking
a look into the TSCs loading status for each year of the BEVA operation. The SFA decay heat
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values and their corresponding SFA-ID# could be retrieved. All the information is written to
a new output file called “TLBWout”.

The following Table 5.3 presents a small part of that information. Color coding is used
to indicate the differences in decay heat values of individual SFAs. Information regarding
only for the first 13 SFA positions for 16 randomly selected TSCs (3 from KKL and 14 from
KKB) is depicted.

Useful conclusions can be made from this graphical visualization of the displayed
information. The first aspect is that some TSCs contain SFAs having a wide range of
decay heat values compared to other TSCs containing SFAs sharing similar heat power
without much variation.. In addition, TSCs even coming from the same NPP may contain
significantly different SFAs in terms of decay heat. It must also be taken into account that
different numbers of SFAs positions are considered for different types of TSCs. In addition,
there are 9 partially filled TSCs with only 16 out of 37 positions filled by SFAs to store the
hottest KKG SFAs.

In the end, the same input file was used for both code versions (SIMAN-I just neglected
all the data related to SFA loading configuration for TSCs).

Table 5.3 Visualization of TSC loading configurations (C-inp) for a given year (part of
“TLBWout” output file). Color coding in dependence of SFA heat power.
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5.1.2 Simulation Parameters

In the reference input file (C-inp), apart from the aforementioned information given, addi-
tional simulation parameters had to be defined. As it was mentioned in section 3.2.2, the
starting year for the disposal of the SFAs, the maximum thermal load of the disposal canisters,
the bin width of the heat interval for binning the decay heat values, the minimum allowed
filling fraction for the final disposal canisters, the throughput of the BEVA per year and
the code version used, had to be specified. Table 5.4 represents the parameters used for
the simulation of the above scenario both with SIMAN-I and SIMAN-II. Recall that the
SIMAN-I mode is enabled (“switch on”) by defining any other number instead of zero (in
case of SIMAN-I) under the comment “BEVA” in the input file.

Table 5.4 Simulation parameters (C-inp).

Simulation Parameters

Starting year 2065
Canister heat limit 1495 Watts
Bin width 10 Watts
Min. filling fraction 0.74
Throughput (# canisters) 180
Code version “switch” 0 / 1

The year of 2065 is conservatively assumed to be the first year of canister emplacement
by using the full BEVA throughput.

5.2 Analysis of SIMAN-I Results

Under the major assumption of the “one pile” boundary condition, Table 5.5 presents the
results of the SIMAN-I optimization. The data are provided from the generated output file
“Siman.out” which contains an overview of the determined loading configuration plan (refer
to section 3.4).

Table 5.5 shows the summarized information, in terms of total number of disposal
canisters loaded in the BEVA per type and year, based on the optimized canister loading
configurations determined by SIMAN-I. The first column depicts the disposal year. Under
the simplified SIMAN-I boundary conditions, 12 years of continuous BEVA operation is
required to dispose all of the 12’579 SFAs. For this, a total number of 2’009 disposal canisters
is needed, of which 988 are BWR canisters and 1’021 are PWR canisters.
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Table 5.5 SIMAN-I summarized results (C-inp).

Disposal
Year

Total
Canisters

BWR
Canisters

PWR
Canisters

Average
f.f.

2065 180 180 0 1
2066 180 180 0 1
2067 180 180 0 1
2068 180 47 133 1
2069 180 29 151 1
2070 180 53 127 1
2071 180 28 152 1
2072 180 97 83 1
2073 180 120 60 1
2074 180 74 106 0.86
2075 111 0 111 0.77
2076 98 0 98 0.5

Total 2’009 988 1’021 0.951

The code has obviously managed to find an optimum loading plan regarding the BWR-
SFA disposal. The theoretical minimum number of canisters that are required for their
disposal is equal to the total number of BWR-SFAs divided by the BWR canister capacity, or
8889/9 = 987.7, being exactly the number of BWR canisters in Table 5.5 (988).

For the case of PWR canisters the code has calculated 1’021 canisters being larger than
the theoretical minimum of 923 (= 3690/4). The additional 98 canisters that are required are
coming from the excess decay heat of the PWR-SFAs compared to the theoretical average
one (1500/4 = 375 Watts) accounting for the maximum thermal load of the canisters and
the number of PWR-SFA positions for that canister type. The calculation of a theoretical
minimum number of PWR canisters (accounting for their integral heat) is not a straightfor-
ward task since the decay heat is decreased with time. A more detailed analysis regarding the
additional PWR canisters that are required will be made in the next section.

The second column shows the number of final canisters disposed per year. For each year
the code managed to dispose 180 canisters which is the maximum throughput of the facility
that was assumed for a continuous operation. Exceptionally, at year 2076 (last year) the
code disposed 98 canisters and only 111 in the year before. This result can be understood
by recalling the simulation parameters defined in the input file. With the help of the last
column which depicts the average filling fraction (f.f. - number of SFA positions filled
devided by the total number of SFA positions for the corresponding canister type) of the
canisters disposed per year, it can be noticed that the f.f. of the year before the last is 0.77.
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Since, the minimum filling fraction of the canisters was set to 0.74 (meaning that canisters
with less than 3 PWR or 7 BWR SFAs are not allowed to be disposed), every additional
canister beyond the 111th one at that year would not fulfill this condition. At the last year of
emplacement and exceptionally for the last 100 canisters this condition can be soften and a
reduced filling fraction is tolerated by SIMAN-I. As a result, 2076 is the only year where the
average f.f. falls bellow 0.74, as there would be no sense of waiting much longer for the SFA
heat to decay and by this interrupting the BEVA operation.

Moreover, it has to be noticed the sequence of the canister types being disposed per year.
For the first three years, the code is disposing only BWR type canisters. Then, it enters to a
mixed operation where both types are disposed, and for the last two years only PWR type
canisters are disposed. Since the maximum thermal canister load and the bin width have
been set to 1’495 Watts (instead of 1’500 Watts) and 10 Watts (rounded to the middle of the
bin) respectively, every canister with odd number of SFA positions could produce that upper
limit of 1’495 Watts. In addition, as it has been already mentioned (section 3.3), the final
180 selected canisters for disposal per year, are an outcome of a sorting procedure of the
whole loading plan which the code determines each year. First, the canisters are sorted based
on their total loaded heat and then by their filing fraction. As a result, fully “heat loaded”
(1’495 Watts) BWR canisters are disposed of, before the best” PWR canisters (1’490 Watts)
will be selected for disposal. Since the BWR-SFAs are much colder and easier to be disposed,
the code has managed to dispose all the BWR-SFAs by the year of 2074. At that year it is also
the first time that partially filled canisters are produced. The average f.f. is lower than one,
and this it attributed to the PWR canisters. At that time, too many PWR-SFAs with decay
heat of more than 375 Watts remain and the code is not able to find enough combinations of
4 SFAs that could produce an integral heat within 1495 Watts. At the last year, the code even
is forced to dispose only half filled PWR canisters.

5.2.1 SIMAN-I – Detailed Look at Canister Loading Configurations

Further insight into the determined canister loading configurations is provided in the generated
output file “Siman.coc” (refer to section 3.4). This file contains information regarding the
total heat load (at the year of disposal), the filling fraction and the number of disposed SFAs
for every single canister disposed. In addition, the decay heat and type of the SFAs loaded as
well as their identification number are given for each canister.

The code has managed to produce optimal canisters (in terms of “heat load” and “filling
fraction”) until the year of 2070. From the following year on, BWR canisters with 9 SFAs but
less than 1495 Watts are produced. Since the code is sorting the canister solution list of each
year first by heat load and then by filling fraction, the aforementioned behavior is as expected.
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Recall that the BWR-SFAs are on average colder than the theoretical average “permissible”
decay heat for BWR canisters of 1495 Watts. As a result, at the year of 2071 (where already
6021 BWR-SFAs or 669 BWR canisters have been disposed) no more combinations of nine
BWR-SFAs were able to produce optimal canisters. The same behavior is found also for
PWR type canisters, starting from 2072.

As a general statement, it can be assumed that since the available number of SFAs for
“optimal” canister loading is decreased for every following year of disposal, the possible
permutations between those SFAs is also significantly decreased. Therefore, the “flexibility”
of the code is reduced each subsequent year and the probability of producing an optimal
canister loading configuration diminishes with time.

In 2074, for the first time, the code is disposing PWR type canisters with less than
four SFAs. At this time, mainly the hottest PWR-SFAs have remained (while most of the
cold PWR-SFAs have been disposed in the previous years) and the code is not able to find
combinations of four PWR-SFAs that do not exceed the heat load limit of the canisters. This
is the reason why the average filling fraction falls below one at that year, as it was initially
shown in table 5.5.

5.3 Analysis of SIMAN-II Results

The following table 5.6 presents the results of SIMAN-II. Great differences can be distin-
guished between those results and the ones provided from SIMAN-I (refer to table 5.5).

To begin with, the most significant differences are found in the total number of canisters
and the number of BEVA operation years needed to dispose all SFAs. The number of
canisters have been increased by 220, resulting to a total number of 2’229. This is an increase
of approximately 10% compared to SIMAN-I results. Moreover, an additional year of BEVA
operation is required for disposing the additional canisters. For understanding further the
reason of these deviations, one has to recall the functionality and the assumptions considered
in the SIMAN-II code (refer to chapter 4).

First, it can be noticed that the total number of disposed canisters per year is not constant
as before. Since SIMAN-II is only “approaching” (under some assumptions - section 4.5.1)
the targeted throughout of the BEVA (i.e. 180 canisters), the number of actually disposed
canisters per year varies and falls withing a range of ca. 10% of the target throughput. This
variation is basically caused by the internally imlemented “strict” condition to undock all
TSCs at the end of a BEVA operation year. The undocking of a TSc is only “permitted” if
the TSCs id fully unloaded (i.e. empty)Out of this reason, it is not possible to keep the total
number of canisters disposed to exactly 180 as was the case with SIMAN-I.
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Table 5.6 SIMAN-II summarized results. (C-inp)

Disposal
Year

Total
Canisters

BWR
Canisters

PWR
Canisters

Average
f.f.

2065 179 179 0 0.93
2066 176 176 0 0.90
2067 184 81 103 0.85
2068 177 46 131 0.91
2069 179 0 179 0.88
2070 180 85 95 0.98
2071 192 118 74 0.79
2072 186 101 85 0.75
2073 176 65 111 0.89
2074 198 109 89 0.91
2075 189 127 62 0.94
2076 88 0 88 0.77
2077 125 0 125 0.49

Total 2’229 1’087 1’142 0.857

Remember also that the SIMAN-II solution is a “feasible” reproduction (under SIMAN-II
assumptions - section 4.3) of the SIMAN-I solution at the current year of disposal. As a result,
for the first two years of disposal the code starts disposing BWR canisters (see Table 5.6).
However, in the third year it already enters in a mixed operation mode where both BWR
and PWR canisters are disposed. At this point, it has to be pointed out that the code tries
again to reproduce the SIMAN-I solution for the current year by taking into account the
last two years of already disposed canisters (i.e. SIMAN-I is focusing only on the currently
remaining SFAs). The disposal of different SFAs per year by SIMAN-II compared to the
original SIMAN-I solution of year 2067, creates a more and more diverting configuration
for the remaining SFAs to be disposed. This difference in the SIMAN-I loading proposal
for 2067 is obviously large enough to “direct” SIMAN-II to also dispose PWR-SFAs in this
year2. As a result the optimal loading configuration plan of year 2067 differs compared to
the one calculated for the same disposal year in the original SIMAN-I run.

In addition, the average filling fraction of the disposed canisters is not optimal as before.
In the SIMAN-II code there is a limited availability of SFAs that could be selected each time
(determined by the docked TSCs at the BEVA), thus the “one pile” boundary condition is not
valid any more. That leads to a limited number of permutations betweens the available SFAs

2A corresponding check for the proposed SIMAN-I solution within the SIMAN-II run, revealed indeed that
the first first years of disposal changed the remaining BWR-SFA configuration so significantly, that SIMAN-I
was not able to still find 180 perfectly loaded canisters for 2067 (as before in the original SIMAN-I run)
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at the BEVA and as a result it is much more probable that the code produces canisters with
less perfect loadings. On top of this, one has to consider all the imperfections introduced
from the TSCs ranking subroutine, the BEVA “clearing” effect before any change of canister
type and the loading algorithm used in the SIMAN-II code (refer to section 4.3).

For investigating the contributions of each of the aforementioned effects, independent
SIMAN-I and SIMAN-II runs were performed based on two “artificial” scenarios. For each
run, each effect was isolated in order to find its relative contribution to the increase of the
total canisters needed by SIMAN-I compared to SIMAN-I.

The contribution of the efficiency of the disposal method (which includes the TSC ranking
procedure and the actual disposal subroutine) can be indirectly evaluated by disposing all the
SFAs in the first year. In this artificial scenario, an “infinite” throughput capacity is given to
the BEVA facility. As a result, the contribution of the clearing effect can be neglected, since
all BWR canisters will be disposed before changing to the PWR canister mode.

For quantifying the contribution of the BEVA “clearing” effect, the above simulation
is modified in the following way. The throughput of the BEVA is set again back to 180
canisters, but the decrease of the decay heat is not this time taken into account. In this way,
the code has to dispose exactly the same set of SFAs as in the previous “one disposal year
only” simulation, however now it has to stop the BEVA operation after ca. 180 canisters and
jump to the next year by removing all the docked TSCs.

The results of the above simulations are presented in Table 5.7. In addition to the
aforementioned simulations, the results of the normal SIMAN-I and SIMAN-II runs are
also given (for the sake of complicity). However the reader should not focus on any direct
comparison between those results, because they underlie different boundary conditions.

The comparison between the results of these two artificial scenarios clearly indicate that
the TSC ranking procedure combined with the loading optimization algorithm, is much more
dominant for the performance of this optimization compared to the internally imposed yearly
BEVA “clearing” necessity. Specifically, an increase of 8.5% (without “clearing”) and 11.7%
(with clearing) compared to the SIMAN-I reference result, can be attributed to quantify the
contribution of both effects. It could be said that the first effect contributes approximately
2/3 to the relative increase of the number of canisters from SIMAN-I to SIMAN-II, where
the contribution of the clearing effect is adding another 1/3 and both summing to be roughly
10%.
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Table 5.7 Investigation of the BEVA “clearing” effect/contribution.

Case SIMAN-I SIMAN-II
Canister # Canister #

Normal
runs

(12 years
of operation)

BWR PWR BWR PWR
988 1021 1087 1142

2009 2229
∆ = 220 (9.9%)

One Year
Disposal

(no "clearing")

BWR PWR BWR PWR
991 1132 1096 1224

2123 2320
∆ = 197 (8.5%)

Clearing Effect
(no decay but

clearing of BEVA
after ≈ 180 canisters.

BWR PWR BWR PWR
988 1130 1118 1280

2118 2398
∆ = 280 (11,7%)

5.4 Extended Analysis Capabilities by new SIMAN Sub-
routines

Even though the generated detailed output file provides valuable information regarding
the determined canister loading configuration, any further analysis of the results is either
a “challenging” task at least. In the scope of building new code capabilities and features,
an additional subroutine was written. Useful information that was not either acquired or
calculated before is now provided in a new output file, called “Siman-BE-Info.txt”.

A part of this file is shown in Fig. 5.3. The information is provided per disposal year,
and it can be divided in two main parts. The first part gives the total number of SFAs and
the integral heat disposed as well as the value of the objective function of that year. As
has been already mentioned (section 3.3.2), the objective function is the sum of the heat
deficit of each disposed canister (of the same type) within each current year. The second part
of the file is the most important one. It provides information regarding the contribution of
each NPP towards the yearly BEVA utilization (or the individual NPP “share” of the yearly
disposed canisters). The calculation of such a feature is of paramount importance, since it
gives required input data for individual NPP cost estimation. Obviously, this determination
is not a straightforward task, if it evolves any kind of SFAs or TSC mixing operations for
different NPPs.
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Part of �Siman-BE-Info.txt�

total # of BE disposed in the year --> 2070 is --> 985

total # of Heat disposed in the year --> 2070 is --> 268465 Watts

------------------------------------------------------------------------------

Heat deficit from 53 BWRs canisters --> 0 Watts

which corresponds to approximately --> 0 additional BWR canisters

Heat deficit from 127 PWRs canisters --> 635 Watts

which corresponds to approximately --> 0 additional PWR canisters

******************************************************************************

Beznau disposed --> 245 BE and --> 67105 Watts of integral Heat

which correspond to --> 34.13 % of the disposed BE based on full can assumption

which correspond to --> 40.75 % based of filling ratio assumption

which correspond to --> 25.00 % of the disposed integral Heat

------------------------------------------------------------------------------

Goesgen disposed --> 263 BE and --> 122125 Watts of integral Heat

which correspond to --> 36.64 % of the disposed BE based on full can assumption

which correspond to --> 43.74 % based of filling ratio assumption

which correspond to --> 45.49 % of the disposed integral Heat

------------------------------------------------------------------------------

Muhleberg disposed --> 52 BE and --> 7370 Watts of integral Heat

which correspond to --> 3.19 % of the disposed BE based on full can assumption

which correspond to --> 1.69 % based of filling ratio assumption

which correspond to --> 2.75 % of the disposed integral Heat

------------------------------------------------------------------------------

Leibstadt disposed --> 425 BE and --> 71865 Watts of integral Heat

which correspond to --> 26.05 % of the disposed BE based on full can assumption

which correspond to --> 13.82 % based of filling ratio assumption

which correspond to --> 26.77 % of the disposed integral Heat

------------------------------------------------------------------------------

Fig. 5.3 Typical information delivered by the new output file “BE-Info.txt”.

Within the scope of this master thesis two simplified approaches have been adapted to
estimate the individual NPP participation on canister disposal. The first approach considers
just the fraction of the total number of disposed SFAs of each NPP to the total number of
disposed SFAs in that year. Obviously, since BWR canisters contain more SFA positions
than PWR canisters, the disposed BWR-SFAs are weighted by 4/9. The second approach
considers the fraction of the integral heat disposed per NPP of the total heat disposed in each
year. Although both approached include advantages and disadvantages, nevertheless they
provide an idea about the contribution of each NPP to the BEVA yearly utilization or the
number of disposal canisters needed.
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Figs. 5.4 and 5.5, illustrate the analysis that is now feasible by the new subroutines. Color
coding is used to indicate the different NPPs. Depending on the approach that is considered,
significant differences can be found, especially in the case of the PWR NPPs. Since, the
much hotter KKG SFAs – compared to KKB SFAs – are more difficult to be disposed in
ideal canister configurations (i.e. maximum heat load and filling fraction), they are taking
higher fraction of the heat load as well as “causing” only partially loaded canisters.

Fig. 5.4 Heat based analysis of NPP specific yearly BEVA utilization (SIMAN-I).

As a result, the heat based approach is leading to considerably higher contributions of
KKG, compared to the SFA-based approach. Which approach will finally be adapted by
Nagra (also more sophisticated “weighted” approaches are feasible) will be declared in the
future. However, the analysis of every approach can easier be performed now.

5.4.1 Development of the NPP Type Specific Total Heat Deficit

As it was mentioned in the previous section, information regarding the total heat deficit per
NPP type and year could be easily obtained from the new output file “BE-Info.txt”. Recall
that the yearly total heat deficit per NPP type depicts the value of the respective objective
function of the optimization problem (section 3.3.2). Interesting results can be found after
analyzing this information for each NPP type and year as it is shown in Fig. 5.6.
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Fig. 5.5 SFA based analysis of NPP specific yearly BEVA utilization (SIMAN-I).

Fig. 5.6 NPP type specific total heat deficit development (SIMAN-I).
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Although the reasoning behind the integral heat deficit creation has been already discussed
(refer to 5.2.1), the visualization of this information is helpful. The code has managed to
dispose optimal canister loading configurations until the year of 2070. The small deviations
from the optimum (i.e. objective function equals zero) can be found with the start of PWR
SFA disposal (year 2068). This is, though, an artificial effect, since with the considered decay
heat binning four PWR SFAs cannot exactly match the given heat limit of the canisters (i.e.
1’495 Watts), meaning even perfectly loaded PWR canisters contributes 5 Watts each to the
total heat deficit.

Starting in 2071, the total heat deficit for the BWR canister fraction starts suddenly to
increase. One year later, the total BWR canister heat deficit becomes even significant up to
the last year of BWR SFA disposal (2074).

At the end, the sum of the total heat deficit results to 112’815 Watts in the case of BWRs
and to 10’555 Watts for PWRs. Only loading at this heat values, this could be viewed as a
potential to avoid 75 canisters in the case of BWRs and 7 canisters for PWRs. In other words,
if this resulting heat deficit could be somehow avoided, the total number of disposal canisters
needed could be significantly decreased. Of course, the pure number of SFAs, especially in
the case of BWR canisters, provides its own lower bound and one cannot look only at the
heat deficit. However, if somehow both constraints, heat deficit and SFA numbers, could be
used together in the optimization, that would possibly lead to a better global minimum (with
respect to SIMAN-I).

The above statement gave the motivation for further investigation regarding possible
approaches that could be adopted in order to produce even more efficient canisters loadings.
The outcome of this research resulted in the development of a new code module which is
presented in Chapter 6.

5.5 Conclusions

At this Chapter the results of the SIMAN-I and the SIMAN-II code were presented. For
the sake of comparison, the same reference SFA database was used, although not being
representative for the current SFA/TSC – database in Switzerland, it still is similar enough to
permit valuable conclusions.

The obtained results indicate an increase of around 10% to the total number of canisters
determined by SIMAN-II compared to SIMAN-I. The resulting canister loading configura-
tions have been analyzed for both codes. Further investigation was made in order to address
the origins of the obtained deviations between SIMAN-I and SIMAN-II results. For this
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reason, artificial scenarios were created in order to approximate the contribution of each
possible effect separately.

It was shown that the dominant contributor to the increase of the total number of disposal
canisters is the optimization algorithm used by SIMAN-II (i.e. the combination of the
TSC ranking method and the SFA loading procedure). This includes the realistic boundary
conditions of the BEVA 4 TSC docking stations simulation leading to a much more difficult
optimization problem compared to SIMAN-I. This combined effect is responsible for
approximately 70% of the total increase (i.e. 7%) compared to the SIMAN-I results. It would
be recommended to further work on the SIMAN-II optimization algorithms because it still
seems to have potential to be significantly improved.

A further contribution of around 30% (i.e. 3%) is attributed to the clearing effect (refer
to section 4.3) at the BEVA which is caused by the SIMAN-II built-in necessity to limit
each BEVA operational year with all TSC docking stations being empty. This necessity is
questionable and could well be removed which would most probable lead to a significant (i.e.
3%) reduction of the total canisters needed 3.

At this point, it has to be pointed out the significance of the successful implementation of
the realistic boundary conditions in the SIMAN-II code. This achievement provided realistic
and conservative answers to the real optimization problem, something which was not feasible
to be done before this step. As a result, the total number of canisters needed under the more
strict boundary conditions can now be determined.

An additional feature built in the code, enables further analysis on the resulting canister
loading configurations. This feature generates an extra output file containing valuable
information for NPP type specific analysis. The contribution of each NPP to the yearly BEVA
utilization can be calculated. This can be viewed as a first step towards more detailed future
cost estimation.

Finally, the visualization of the total heat deficit development per canister type and year,
pointed to some aspects that could further optimize the SIMAN-I global optimization (and
thus would also improve on the SIMAN-II performance). This new optimization approach
will be presented in the next Chapter.

3Based on the reference input (C-inp).



Chapter 6

SIMAN-III – Mixed BWR/PWR
Canister

In this Chapter a new code version is presented, called SIMAN-III. As it was mentioned
in Chapter 5 the development of a new code was inspired after a careful consideration of
the extended analysis on SIMAN-I and SIMAN-II results. The objective of this new code
is to further decrease the total number of disposal canisters needed. For this reason a new
approach towards canister loading has to be considered.

At first, the new canister disposal concept will be introduced, reasoning the potential
advantages of adapting this new approach. Following, the assumptions and functionality of
the new code will be discussed with the help of a simplified algorithm. The results of the
new code will be presented in comparison with the results of the SIMAN-I code. Finally, at
the conclusion section a first cautious evaluation of the new adapted approach will be made
by also stating recommended future steps for further development of this new concept.

6.1 Mixed BWR/PWR Canister Loading Approach

In the previous Chapter, it was shown that a significantly large amount of heat capacity
is “wasted” mainly by the non-ideally (regarding their heat consumptions) loaded BWR
canisters. As explained, this is not caused by an “inefficiency” on the canister loading
optimization method, but from the fact that BWR SFAs are on average colder than the
average decay heat value which could be loaded into a canister with 1’500 Watts.

Fig. 5.6 showed in the previous Chapter presented the total yearly heat deficit resulting
for each NPP type. Those results indicated that a total number of around 80 canisters could
be “saved”, if this total heat deficit could be somehow avoided.
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Motivated by those inefficiencies in the canister loading configurations, an idea for a
third type of canister was inspired. In a “mixed BWR/PWR” canister (called from now on
“mixed canister”) any feasible combination of PWR and BWR SFAs is considered, as long as
it would not change the preexisting canister dimensions. Fig. 6.1 presents the feasible SFA
combinations that could be possibly produced as a mixed canister under the given boundary
conditions.

Fig. 6.1 Feasible variants of PWR and BWR SFAs inlet layouts for a mixed canister type.

At this point, it has to be clarified that the main purpose of this investigation is the
potential benefits in terms of a reduction of the total number of canisters needed. This
concept is not currently considered by Nagra, but would be further investigated if this
approach promise enough optimization potential.

The evaluation of each mixed canister variant is based on three characteristics. The first
one is the symmetry of the potential configuration. Generally, an asymmetric configuration
could create localized heat or radiation peaks and higher stresses. As a result, asymmetric
configurations may not be considered as feasible from a mechanical point of view (although
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this has not been thoroughly investigated yet). The second and third characteristic is based
on a direct comparison between each mixed canister configuration with the two reference
canister types. Therefore, if we consider an average decay heat value of 375 and 167 Watts
for PWR and BWR SFAs (that would be required in order to fill the reference canisters),
the second characteristic is defined as the sum of this average heat per SFA positions for
each proposed mixed canister configuration. This characteristic is also depicted next to each
canister variant in Fig. 6.1. Analogously, the third characteristic concerns the filling fraction
which could be assigned to each canister variant, considering an average filling fraction
weight value for PWR and BWR SFAs equal to 1/4 and 1/9, respectively.

Table 6.1 presents the characteristics of the six potential variants which are depicted in
Fig. 6.1. From this point on, they will be referred as Variant##, where the first and second
digit will represent the number of PWR and BWR SFAs positions available, respectively. It
has to be clarified, that each canister variant will be subject to the disposal limitation of 1500
Watts and the values shown on the Table 6.1 depict just a comparison bewteen each variant
and the reference canister (reasoning the larger than one unrealistic values of their average
filling fraction).

Table 6.1 Comparison of different mixed type canister variants.

#
Canister

Configuration
Integral

Heat
[Watts]

Average
f.f. Symmetry

PWR BWR

Variant16 1 6 1’375 0.92 yes
Variant17 1 7 1’542 1.03 no
Variant18 1 8 1’708 1.14 yes
Variant25 2 5 1’583 1.06 yes
Variant26 2 6 1’750 1.17 no
Variant33 3 3 1’625 1.08 no

The above Table 6.1 highlights the differences for each proposed variant. For evaluating
each variant it has to be clear that (at least for the time) this third type of canister will be
used only to compensate the undesired canister configurations produced by the previous
optimizations. As a result, there is only a limited number of mixed type canisters that will be
considered in our optimization problem. Under this assumption and as a general statement,
it can be said that the higher the average integral heat and filling fraction of the proposed
canister variant is, the higher is the probability for compensating the inefficiencies created
by the previous optimizations (and as a result to decrease the number of disposal canisters
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needed). In other words, each proposed mixed canister variant can be viewed as a substitution
of a certain number of BWR or PWR type canister from the optimization results before.

The main purpose of this new canister type will be at this point to find the best possible
combinations of the hottest PWR SFAs with the much colder BWR SFAs to create optimal
loaded mixed canisters configurations. In the same way, the code will “modify” the remain-
ing distribution of the PWR/BWR SFAs (by eliminating the SFAs disposed in the mixed
canisters), such as to make them more “favorable” for optimal loadings for the reference
canister disposal.

6.2 Description of SIMAN-III

A new code version, called SIMAN-III, has been developed for the purpose of introducing
the mixed canister type configurations in order to investigate a potential reduction of the total
number of disposal canister needed.

This new approach was built under the major assumption of the “one pile” boundary
condition, as in the SIMAN-I code. As it was previously mentioned (refer to section 3.6),
the simplicity of this boundary condition makes it much more accessible for introducing new
concepts that could potentially also be implemented in the more realistic SIMAN-II mode. In
addition, since SIMAN-I was proven to deliver very efficient solutions for the optimization of
the disposal canister loading, it may serve as a serious benchmark for any other optimization
concept. If this new disposal concept would be able to deliver significantly better results
compared to the SIMAN-I solution, it would then also be promising to be explored under the
realistic boundary conditions of SIMAN-II.

In addition, SIMAN-III was written in a generic way allowing the investigation of all
possible mixed canister variants, presented in Fig.6.1.

6.2.1 Implementation Challenges

The introduction of a third type of canister is not a straightforward task, since it alters the
formulation of the optimization problem. In order to define the new optimization problem, at
least the basic boundary conditions have to be delivered. In our case, it was a priori known
that the total number of mixed canisters has to be bounded, assuming that the third type of
canister will be used only as a supplementary canister for coping the resulting inefficiencies
of the SIMAN-I solution. However, no upper limit were defined.

So the question that arose was; how many canisters of the third type should be used?
Secondly, how the optimization procedure is going to be performed? There are numerous
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approaches that could be considered regarding the number of canisters that could be used
and most importantly when do they have to be loaded.

As mentioned, SIMAN-III will be based on the “one pile” boundary condition. In
SIMAN-I this optimization was an easy task, since two separate “piles” of SFA types were
defined for two different type of canisters. Now, only one “mixed” pile has to be considered
and not just one but three canisters. As a result, it is now questionable which SFA has to
be loaded in which type of canister, in order to optimize as best as possible the loading
configurations for the final solution.

6.2.2 Approach for the Mixed Canister Loading Concept

The solution to the aforementioned challenges were given by the consideration of the
following concept. In order to compensate for the “inefficiencies” resulted from the SIMAN-I
solution, the mixed canister configurations have to be as more efficient as possible. Thence,
the hottest PWR SFAs have to be loaded with the “best” available BWR SFAs, in order to
produce optimal solutions. It is a fact that the higher flexibility (in terms of SFA availability)
is provided in the first year of BEVA operation where no SFA have been disposed yet.
Therefore, the idea was to take advantage of this flexibility and introduce the mixed type
canister at the very first year (2065) of assumed SFA disposal.

The PWR SFAs that should be included in the mixed canisters have to be the ones that
mainly caused the creation of the partially filled canisters in the SIMAN-I solution. These
SFAs were the hottest PWR SFAs which couldn’t managed to be combined with colder PWR
SFAs in order to produce an optimal canister configuration.

The major assumption for the development of SIMAN-III is that every set of SFAs
which has an average SFA decay heat lower than the average SFA decay heat needed to
ideally fill a canister (currently 375 and 167 Watts for PWR and BWR type, respectively),
will very effectively be disposed by SIMAN-I. The above assumption has been indirectly
proven after the achievement of reaching the theoretical global minimum for the case of
BWR canisters by the SIMAN-I optimization method.

As a result, the subset of the PWR SFAs that is considered to be loaded in the mixed
canisters, is the one that “brings” the remaining subset of PWR SFAs under the desired
average SFA decay heat value. The selected subset of the PWR SFAs can now be loaded in
the available PWR SFA positions of the mixed canister.

The partially filled mixed canisters have to be additionally loaded with the best combina-
tion of the whole set of BWR SFAs. Since every BWR SFA is available at the first year then
the probability of producing optimal mixed canister configurations is obviously highest. An
optimization procedure is now applied for the loading of the partially filled mixed canisters.



84 SIMAN-III – Mixed BWR/PWR Canister

The above idea is schematically described in Fig. 6.2. This figure shows the normalized
SFA decay heat (per SFA average heat power value of the reference canisters (refer to
Section 5.1) resulting in 2065. At the first step, the hottest PWR SFA subset will be selected
(subjected to the above criteria mentioned) in order to calculate the number of mixed canisters
needed. Then this PWR SFA subset will be loaded into the mixed canisters. Finally, an
optimization will be performed for finding the optimal BWR SFA loading selection for
producing optimal mixed canister configurations.

Fig. 6.2 Schematic representation of the loading concept for mixed canisters.

6.2.3 Layout of the New Optimization Algorithm

Initially the code determines the subset of PWR SFAs that is going to be loaded into the new
mixed type of canister. As was discussed before, this subset should consist of the hottest
PWR SFAs to be disposed of in the first year of the emplacement operation. The removal
of this subset would mean significant reduction of the average decay heat fir the remaining
PWR SFAs
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The elimination of the PWR SFA subset is done by demanding an average decay heat
value for the remaining SFAs (i.e. the “main set”) of 175 Watts + 50 Watts. The additional
50 Watts were considered as a reasonable compensation for the fact that the SFAs will decay
over 10 and more years of BEVA operation. Thus, by the last year the remaining PWR SFA
subset will have an average decay heat around 375 Watts or even lower.

The number of the mixed type canisters that are needed is calculated with the use of a
heuristic algorithm (called Modified First Fit Decreasing (MFFD)). The MFFD algorithm
determines a loading plan for the selected subset of PWR SFAs. If the mixed canister variant
used has only a single PWR SFA position available then the determination os simple (number
of mixed canisters equals the number of SFAs in the subset). If the mixed canister variant
used has 2 or 3 PWR SFA positions then it is proven that for the worst case performance,
this algorithm provides not more than a 1.22 times higher number of canisters compared to
the global optimum solution [17].

After loading the PWR SFAs into the mixed canisters, then an optimization procedure
has to be performed for filling the remaining BWR positions a efficient as possible with the
available BWR SFAs.

The implementation of a third mixed type of canister is not a trivial task since it alters
the nature of the optimization problem that has to be solved. In the two previous codes, the
classical bin packing problem (refer to section 2.3.1) was tried to be solved, subjected to
additional constraints (i.e. the boundary conditions assumed for each code version).

This time the optimization method will be applied after the PWR subset loading into
the given number of mixed canisters. Fig. 6.3 shows an example of the heat distribution for
the loaded mixed canisters after the PWR SFA loading. The heat limit of the canisters is
considered to be 1’500 Watts respecting the maximum thermal load. The shaded part of the
column shown is Fig. 6.3 shows the heat fraction already taken by the loaded PWR SFAs
and the white part indicates the remaining heat capacity of each canister for the BWR SFA
loading.

The optimization problem now to be solved is called Variable Size Bin Packing Problem
(VSBBP). The VSBPP is a generalization of the bin packing problem where canisters of
different capacities are available for packing (i.e. loading) a set of SFAs. The objective is
to pack all the SFAs by minimizing the total cost associated with the canisters. The cost of
the canisters are defined as the value of the objective function, which in the previous code
versions depicted the integral heat deficit of the calculated canister loading plan for a given
type of NPP and year.

Simulated Annealing was used for finding the optimal mixed canisters loading config-
urations. However, a new subroutine was written from scratch for the implementation of
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Fig. 6.3 Demonstration of the “Variable Size Bin Packing Problem” (VSBBP) for the mixed
type of canister.

the Simulated Annealing algorithm. This subroutine calculates (in a generic way) all the
necessary parameters that have to be defined for ensuring the convergence of the code towards
high quality results (refer to section 2.4.5). The problem generic decisions such the initial
temperature and the final temperature are now explicitly calculated based on the input data
(whole set of BWR SFAs) provided each time and the selected neighborhood move (refer to
section 2.4.5.1).

The objective function has been slightly altered, compared to the SIMAN-I code. The
code now is optimizing both the heat load and the average filling fraction of the mixed canis-
ters, compared to the initial solution. As a result, it accepts only the configurations that fulfill
both heat load and filling fraction conditions. Therefore, the objective in this optimization
problem is not to decrease the (fixed) number of the mixed canisters, but to optimize the
BWR loading plan for the given number of mixed canisters and their PWR loadings. After
the optimization procedure, the code selects only the resting canister configurations of mixed
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canisters that fulfill minimum criteria of filling fraction. So, the final disposed number of
mixed canisters will probably differ from the initially calculated number.

Algorithm 9 SIMAN-III Simplified Description.
Program

1: repeat
2: for year = startyear to endyear do
3: Calculate Heati ∀ SFAi
4: if Mixing = true then
5: Calculate (SFAPWR,hot ⊆ SFAPWR)
6: Initialize (χ0,mix,Canmix#) ◃ MFFD to find initial solution
7: Call Simulated Annealing (χ0,mix,SFABWR)
8: Calculate (T0, Tfinal, Colling Schedule)
9: repeat

10: for Temp = T0 to Tfinal do
11: Calculate (χopt,mix)
12: Temp = Call Cooling Schedule
13: end for
14: until Stop = true
15: mixing = .FALSE.
16: Dispose (χopt,mix)
17: year = year+1
18: end if
19: Call SIMAN-I
20: end for
21: until SFAleft = 0
End

The size of the new code SIMAN-III, doubles the size of the preexisting code (considering
both SIMAN-I and SIMAN-II). This development includes many more features which are not
feasible to be presented in details within the current master thesis report. At the Appendix B,
the reader can have a feeling about the size and the amount of additional work have been
made.

Algorithm 9 describes the basic steps that are followed for the implementation of the new
code and its integration into the source code in SIMAN-I. As mentioned, for the first year
of disposal the code finds an optimal loading configuration plan for the proposed number
of mixed canisters. Then, it eliminates the SFAs loaded at those canisters which fulfill the
disposal criteria (minimum filling fraction) from the database. Afterwards, the code enters
the SIMAN-I mode for disposing the remaining SFAs with the use of the two reference
canisters, starting from the second year of BEVA operation. This is expected to be as efficient
as before (i.e. with only two reference canisters but this time the most of the SFAs with
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heat power values significantly higher than the average, have already been removed from the
(remaining) system and been loaded into the mixed canisters.

6.3 Mixed Canister Variant Analysis with SIMAN-III

Three different mixed canister variants were analyzed with the SIMAN-III code. These
variants contain 1 PWR-SFA position and 6, 7 or 8 BWR-SFAs positions, respectively. The
characteristics of these variants can be found in Table 6.1. For all three canister variants
the same input reference input (C-inp) was used as in the previous case of SIMAN-I and
SIMAN-II.

Table 6.3 presents the results of the SIMAN-III optimization for Variant16. Considering
this variant and under the assumptions made, the SIMAN-III optimization resulted in 1’977
disposal canisters in total. In comparison with SIMAN-I (with only two reference canisters
for optimization), this is a reduction of 32 canisters.

Table 6.2 SIMAN-III summarized results for Variant16.

Disposal
Year

Total
Canisters

Mix
Canisters

BWR
Canisters

PWR
Canisters

Average
f.f.

2065 119 119 0 0 1
2066 180 0 180 0 1
2067 180 0 180 0 1
2068 180 0 180 0 1
2069 180 0 44 136 1
2070 180 0 61 119 1
2071 180 0 25 155 1
2072 180 0 21 159 1
2073 180 0 20 160 1
2074 180 0 154 26 1
2075 180 0 43 137 0.85
2076 58 0 1 57 0.5

Total 1’977 119 909 949 0.972

At the first year of the BEVA operation the code disposes 119 mixed canisters which are
the number of the mixed canisters that have been calculated by the new SIMAN-III code and
fulfilled the requirements (after the optimization) for disposal within this year. Consequently,
a total number of 119×7 = 833 SFAs have been able to be disposed in this variant of mixed
canister. Their average filling fraction is equal to one, meaning that the code has managed
to find a loading plan which fills all the available positions of the mixed canisters given
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for disposal. After their disposal the code enters into the SIMAN-I mode. The sequence
of canister type disposal can be explained in the same way as in theSIMAN-I mode before
(refer to section 5.5).

The difference in the canister loading configurations between SIMAN-I and SIMAN-III is
the average filling fraction of the canisters per year. The code indeed has managed to produce
better canister configurations in terms of loading efficiency. Since the hottest (“problematic”)
PWR SFAs have been managed to be efficiently loaded in the new mixed type of canister,
a more efficient canister loading plan resulted for the remaining PWR SFAs. One the one
hand, this explains the reason of the decrease of the total number of canisters needed. On
the other hand, the code has also (consequently) manage to produce more efficient canister
loading configurations in terms of loaded heat. Thus, the produced canisters have a much
lower integral heat deficit per year compared to SIMAN-I solution.

Table 6.3 SIMAN-III summarized results for Variant17.

Disposal
Year

Total
Canisters

Mix
Canisters

BWR
Canisters

PWR
Canisters

Average
f.f.

2065 153 153 0 0 1
2066 180 0 180 0 1
2067 180 0 180 0 1
2068 180 0 180 0 1
2069 180 0 157 23 1
2070 180 0 82 98 1
2071 180 0 29 151 1
2072 180 0 10 170 1
2073 180 0 8 172 1
2074 180 0 11 169 1
2075 166 0 32 134 0.8

Total 1’939 153 869 917 0.983

The results of the Variant17 and Variant18 are presented in Tables 6.3 and 6.4. The
total numbers of canisters for the case of Variant17 and Variant18 compared to the SIMAN-I
reference solution have been reduced by even 70 and 79 canisters, respectively. This reduction
can be explained exactly in the same way as for the Variant16. The difference in the total
number of canisters produced for each variant originates primarily from the product of the
variant’s canister filling fraction and the total number of the mixed canisters been disposed in
each case. So, the more the BWR SFA positions included in the mixed canister variant, the
higher the probability to decrease the total number of canisters needed for disposal.
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Table 6.4 SIMAN-III summarized results considering Config.18.

Disposal
Year

Total
Canisters

Mix
Canisters

BWR
Canisters

PWR
Canisters

Average
f.f.

2065 136 136 0 0 1
2066 180 0 180 0 1
2067 180 0 180 0 1
2068 180 0 180 0 1
2069 180 0 162 18 1
2070 180 0 94 86 1
2071 180 0 23 157 1
2072 180 0 14 166 1
2073 180 0 12 168 1
2074 180 0 5 175 1
2075 174 0 19 155 0.78

Total 1’930 36 869 925 0.980

Moreover, for the case of the Variant18 the integral heat deficit over all years of disposal
for the BWR canisters has been decreased to 610 Watts, whereas the SIMAN-I results
provided a total BWR heat deficit of 112’815 Watts. Therefore, a much more efficient
loading in terms of heat utilization has been found. The diminish of the resulting total
heat deficit proves that the code has managed provide high quality results. Based on the
combination of the average filling fraction and the total heat deficit of the SIMAN-III solution
for Variant18, it can be claimed that not much further improvement can be achieved. The
code managed to provide results very close to the global minimum of the optimization
problem. Recall that based on SIMAN-I results a theoretical reduction of 80 canisters could
be possible and SIMAN-III provided a decrease of 79 canisters.

Summarized information regarding the comparison between the different variants of
SIMAN-III that were analyzed and the SIMAN-I results are presented in Table 6.5.

Table 6.5 Comparison of the mixed canister based solution with the SIMAN-I reference
solution.

Solution
name

Total Disposal
Canisters

Average
f.f.

Disposal
Years

Delta
Canisters

SIMAN-I 2’009 0.951 12

SIMAN-III
Variant16 1’977 0.972 12 -32
Variant17 1’939 0.983 11 -70
Variant18 1’930 0.980 11 -79
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6.4 Conclusions

This Chapter presented the development of a new idea for the investigation of a third type of
BWR/PWR SFA (mixed) canister towards a more efficient disposal loading plan and further
decrease of the total number of disposal canisters needed. This idea was implemented in a
new code, called SIMAN-III.

The new code was built under the same major assumption of the “one pile” boundary
condition, as in SIMAN-I. The simplicity of this boundary condition enables an easier
implementation of whichever idea, in comparison with the much more sophisticated boundary
conditions of SIMAN-II.

The new code considers the implementation of an additional type of canister, which could
include any feasible combination of PWR and BWR SFAs, subjected to the dimensional con-
straints of the previous canisters. However, SIMAN-III handles only one type of additional
canister per simulation.

The purpose of this third type of canister is to take care of the disposal of the hottest
PWR SFAs, which was the main reason for the only partially filled canisters in the SIMAN-I
reference solution. In the same way, the new codes optimizes not only the number of SFAs
loaded in the mixed canisters, but also the heat utilization of them. Therefore, by disposing
the hottest PWR with the coldest BWR SFAs the large amount of the created integral heat
deficit (in case of BWR canisters) in SIMAN-I for the last years of BEVA operation can be
minimized and consequently a further decrease on the number of canisters can be achieved.

The results show a significant improvement in comparison with the SIMAN-I reference
canister loading plan. Depending on the variant of the third canister that is considered for
each simulation, the code has managed to decrease the number of canisters by 32 in the
“worst” case and by 79 in the “best” case. These encouraging results meet the expectations
of achieving a further optimized disposal plan compared to the SIMAN-I reference solution
which was initially considered as the best case scenario.

However, it has also to be considered that those results are based on a theoretical scenario
(“one pile”) which introduces further complexity to the problem by considering a third type
of canister. No final investigation has been done yet regarding the feasibility of this solution.
Moreover, this idea has also to be investigated under the strict realistic boundary conditions
of the BEVA/TSC simulation.

Finlay, SIMAN-III can be considered the first significant step towards the implementation
of this new approach which is also not expected to be improved further (solution very close
to the global minimum). It is not unlikely, that the encouraging results for the introduction of
a third (mixed) type of canister within the generic “one pile” boundary condition will also
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prove advantageous to more realistic conditions (SIMAN-II) and a positive effect for the
SFA disposal and the corresponding cost reduction.



Chapter 7

Conclusion

For lowering the associated cost of the SFA disposal into the final disposal canisters an
optimization method has to be performed. The objective of this optimization is to minimize
the number of disposal canisters needed. Consequently, both the operation years of the
disposal facility and the total number of canisters will be decreased. The so called “SIMAN”
code, with its two versions SIMAN-I and SIMAN-II, had been developed in Nagra for
answering the aforementioned problem.

This Master Thesis aimed to finalize the SIMAN-II version and consequently validate
the code’s capabilities together with a sound comparison with SIMAN-I. In addition, the
implementation of an extended disposal concept which introduces an additional third type of
canister was desired.

7.1 Conclusions

With the completion of the thesis, the initial goals have been successfully achieved. In
addition, extended analysis for the resulting canister loading configurations of SIMAN-I and
SIMAN-II solutions was managed to be included in the framework of this projects.

In summary, a stable version of SIMAN-II has been finalized. An extended result
validation and analysis module have been developed for both SIMAN-I and SIMAN-II codes.
Further information regarding the optimal loading configurations can now be retrieved in
separate output files. Most importantly, an additional module has been integrated with both
code versions which enables the determination of the yearly utilization of the BEVA facility
for each NPP separately. Those results are of paramount importance, since they could be
considered as a first step towards any cost or sensitivity analysis for the contribution of each
NPP to the total cost of the BEVA operation.
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Moreover, it has been proven that the SIMAN-II code provides approximately 10% more
canisters for the disposal of all SFAs, compared to the SIMAN-I results. The increase of the
canister’s number is attributed to the limited flexibility of the code regarding the loading of
the disposal canisters, implied by the realistic constraints that the BEVA imposes. In addition,
further limitations that have been initially considered in SIMAN-II can be considered as an
additional source for the increase of the total number of canisters. All the features that cause
the increase of the total number of canisters in the SIMAN-II, have been identified and their
relative contribution have been determined.

Furthermore, an extension to the reference disposal concept has been developed for
coping with the resulted “inefficiencies” on the canister loading configurations as they were
determined both in the SIMAN-I and SIMAN-II codes. The basic idea of this concept was
the consideration of a third type of “mixed” canister, which could manage to efficiently
dispose the hottest PWR SFAs (which their disposal was not optimal even in SIMAN-I mode)
and to create a better heat utilization of all the proposed canisters. For the third type of
canister, different variants were considered, all of them being the feasible combination of
PWR and BWR SFAs, always with respect to the dimensional and heat load limitations that
the reference canisters impose.

Finally, a new code, called SIMAN-III has been successfully produced. The results
showed a significant decrease in the total number of final canisters. Remarkably, SIMAN-III
can decrease the final SIMAN-I results by approximately 80 canisters, with respect to a
specific configuration for the third type of canister. As a result, by assuming that the total
cost for the disposal of one canister is formed in the range of a few hundred thousands CHF,
the potential saving of 80 canisters as well as the associated decrease of the BEVA operation
time, could offer a considerable reduction of the total cost.

7.2 Future Steps

The first major achievement of this Thesis was the finalization of SIMAN-II code and the
integration of the extended result analysis module within the SIMAN-I and the SIMAN-II
code. Therefore, both codes are now stable and ready to use. A worth-investigating topic for
future projects would be the actual usage of the codes on different operation scenarios. A
sensitivity analysis will also be feasible to be performed regarding different NPP predictions
for their corresponding SFAs.

In addition, the different reasons for the increase of the total number of canisters in the
SIMAN-II code have been determined and quantified. As a result, it would be of paramount
importance to develop further the SIMAN-II cose by excluding every “artificial” boundary
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condition assumed and by considering new ideas for the optimization of the BEVA disposal
of SFAs.

Finally, the encouraging SIMAN-III results provided the potential for a further de-
crease of the total number of canisters. In order to investigate the feasibility of the “mixed”
canister concept, the SIMAN-II realistic boundary conditions will have to be implemented
in SIMAN-III code.
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Appendix A

A.1 Code Debugging

The first error was detected ahead of the three additional subroutines for the simulation of
the BEVA facility. As mentioned, SIMAN-II has to consider also TSC loading patterns
compared to the idealistic one pile boundary condition as in SIMAN-I. For this reason the
input file containing the SFAs database has to include the information about the TSC loadings.
A part of this file is depicted in Fig. A.1. At the comment section of each input line the
TSC-ID# is provided. The code initially reads and stores the information correctly. However,
an additional array has to be created which contains detailed information about each TSC
loading, concerning the type, the ID# and the total number of the included SFAs. Within
this procedure the first important bug was found. Briefly, the code was supposed to read
the stored information and assign each time the corresponding SFA to the appropriate TSC.
Nonetheless, the code was mistakenly reading the corresponding type of the current SFA and
as a result only TSCs of one type could be created. For this reason, the original SIMAN-II
version was not working for combined NPP simulations and allowing only separate runs for
each NPP.

TSC loading example.txt

year Type # Enrich BurnUp Mass Comment

1980 1 3.00 4.30 27.92 325.00 2001.00

1981 2 4.00 4.80 30.03 320.00 2011.00

1985 1 1.00 4.30 32.16 325.00 2004.00

1987 1 1.00 4.30 34.84 325.00 2004.00

1988 1 3.00 4.30 33.56 325.00 2002.00
...

...
...

...
...

...
...

Fig. A.1 Extract of a part of the SIMAN-II input file.
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Other bugs were detected in several parts of the code but all of them had the same origin.
Specifically, the same kind of error was found twice in the TSC ranking subroutine and
three times in the disposal method subroutine of SIMAN-II. The mistake was done along
the information “transferring” between a number of different big sized arrays which store
data regarding the SFA database, the TSC database and the BEVA status. In particular, the
code flaw originated in the searching procedure adapted for finding the corresponding SFA
of interest in the different arrays. As a result, concerning the TSC ranking subroutine the
code was evaluating the TSC loadings based on wrong information regarding the individual
decay heat of the included SFAs. Therefore, the associated “weight” given to each TSC
was not appropriately assigned which created undesired results and prevented the proper
function of the code. In the subroutine of the SFA disposal, each time when the code was
searching for the decay heat of TSC-SFA the same bug was repeated. Thus, this error was
obviously rescinding the validity of the disposal method, since it is based on the reproduction
of the SIMAN-I solution. Moreover, this bug was repeated when the code was assigning
the selected SFA for disposal in the corresponding array which is displayed in the detailed
output file. Therefore, also the information that was provided in the end to the user was not
depicting the correct disposal plan which was calculated by the code.

Furthermore, two other bugs were detected in two different subroutines. The first bug
was located in a sorting subroutine. This subroutine was sorting the provided list of canisters
after the final solution based on their total loaded heat. In the rare case that only one final
canister had to be disposed of the code was crashing and its normal operation was aborted.

The other bug was located in the subroutine which creates the partial list of the SFAs
for which their disposal has to be optimized. This is one of the subroutines of Simulated
Annealing which caused the code to crash during SIMAN-II operations. This error was due
to a flaw in Fortran in non preinitialized arrays.



Appendix B

B.1 Source Code

The source code is provided in Appendix B. Color coding is used, indicating the modifications
have been done from the onset of the master thesis to the original code, as stated:

- Grey lines indicating the additional code lines;

- Yellow lines indicating the modified code lines;

- Red characters indicating the changes in the modified lines;

The amount of work that has been generally added (new and modifications) covers the 2/3
of the produced code. The added lines have doubled the size of the previous codes (including
both SIMAN-I and SIMAN-II). The total number of lines of the new code is approximately
5’000.

The basic modifications in SIMAN-I are covering the corrections for the disposed SFA
elimination from the input database after each year of BEVA operation. In SIMAN-II the
main modifications are stated in Appendix A, and are covering generally the bug corrections
of the original code. Finally, SIMAN-III is a total new code written from scratch which
includes almost 2’500 lines.
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