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Summary

The Central Organisation for Radioactive Waste (COVRA) currently stores high-level waste (HLW),
intermediate-level waste (ILW) and low-level waste (LLW) for at least the coming 100 years, while
further disposal options are being researched. One approach is based on a natural concept, where the
radionuclides are immobilised in the host rock. Based on this case, the underground repository is being
designed for long term safe disposal and possible retrieval of the waste before the final closure of the
repository [1].

Multiple barriers are used to improve the containment of the waste, consisting of a concrete hous-
ing with a steel canister(ECN canister) inside. These barriers are usually referred to in total as the
engineered barrier system. The scope of this project was to find a suitable cementitious fluid that
could cover the aluminium cladding around the UAlx fuel in spent research reactor fuel rods, which are
placed inside the ECN canister. This is needed to inhibit the formation of hydrogen gas by corrosion of
the cladding around the fuel meat, since this would most likely jeopardize the integrity of the barriers
due to pressure build up. Since safety is the number one concern in the storage and handling of nu-
clear waste, this additional fail-safe barrier is researched here in case the engineered barrier system is
compromised.

The main way to ensure the containment of the waste, is by preventing the corrosion of the outer
aluminium cladding of the waste elements. Cement-based solutions were preferred due to the expertise
COVRA has in working with them. Corrosion prevention can occur, either by forming an insoluble layer
on the aluminium cement interface or by providing a controlled environment that inhibits corrosion
by pH induced passivation [2]. Magnesium potassium phosphate cement(MKPC) was identified to be
most suited barrier. It was selected for it’s eventually low pore water pH (between 7 and 9) and
comparatively workable setting time. With a cement selected, then came the consideration for the
ratios of magnesium to phosphate (M/P) and water to cement (W/C), both having an effect on the
setting time and the pH of the pore water. From a literature review it was gathered that a M/P ratio
of 1.50 gave a pH of 7 to 8. With increasing W/C the porosity and setting time rose, which had to
be balanced with each other. Keeping the W/C in line with M/P, the W/C has to be around 0.20.
Further additives were also researched to design for even more preferable characteristics. Therefore,
we suggest adding 15 w% of boric acid to provide a tripling of the setting time.

In terms of economics, the MKPC cement was found to be more compelling than the previously re-
ported benchmark solution of a Portland cement blend with LiNO3. Furthermore, the annual expenses
of implementing such cement were calculated. However, there is still the option of significantly re-
ducing the cost by using COVRA’s existing equipment or purchasing pre-mixed components from other
companies. Further experiments are needed to validate the properties of the final cement mixture and
to determine whether the findings from the literature are applicable in the long term safe storage of
the fuel assemblies.
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1
Introduction and Project Charter

Radioactive waste is generated from a variety of human activities including nuclear power generation,
mining, nuclear weapons processing, as well as from the use of radioactive materials in industries
like medicine, agriculture and research. Depending on its level of radioactivity, the length of time it
remains hazardous, and the heat generation, radioactive wastes can be separated into three categories:
low-level waste (LLW), intermediate-level waste (ILW) and high-level waste (HLW) [21].

Regardless of type, it is essential to have a safe, secure and sustainable management plan for
radioactive wastes as they are potentially hazardous to the environment and subsequently, public
health. Although the wastes are primarily managed in accordance with the national government’s
policies, which usually have been prepared in compliance with relevant international legislation and
standards, these approaches are recognized to be a result of a complex network of multinational
measures. In the Netherlands, the current policy on the nuclear waste management is divided into two
parts [22]:

1. Storage of all types of radioactive waste at a centralised surface facility for the next 50 to 100
years.

2. Research into long-term waste management options.

The Central Organization for Radioactive Waste (COVRA) was established as the sole organization
in order to carry out the first part of the above-listed policy. At COVRA, all types of Dutch radioactive
waste are collected, processed and being stored for at least 100 years in facilities specifically designed
for this purpose. In order to ensure long-term safety, the wastes are isolated and well-controlled. While
COVRA has been storing LLW and ILW at its site in the Vlissingen-Oost region for many decades, the
HLW is separated and stored in a dry vault storage facility (the HABOG facility). This allows for further
surface storage, returning spent fuel to the supplier country for reprocessing, and, most importantly,
future disposal in a deep geological formation for long-term safety (up to 1,000,000 years) [22].

Regarding the second part of the policy, COVRA is targeting its research on the disposal of the
waste in the Dutch host rock. This is a similar approach adopted in many other countries like Belgium,
Finland etc. [1]. COVRA also focuses their research on retrievable repository designs in both rock salt
and clay formations, as well as extended surface storage [22]. In terms of research budget, 3 times
more has been spent on rock salt compared to clay.

HLW includes not just nuclear waste and medical waste, but also spent nuclear fuel components
utilized in research reactors (either for test, research or energy generation purposes). There are
currently three operational test and research reactors in the Netherlands: two reactors (High and Low
Flux) in Petten and one (Hoger Onderwijs Reactor (HOR)) in Delft. The spent research fuel that is the
focus of this waste management project is coming from these reactors. Because spent fuel components
are no longer usable, they must be removed and replaced with new fuel rods. Spent fuel can also be
considered as an asset. In fact, approximately one third of the spent fuel is reprocessed to recover
the reusable substances including, isotopes for medical applications, uranium and plutonium, which
then results in new fuel and HLW [23]. The waste is still highly radioactive and generates a significant
amount of heat, therefore it is usually transferred to a fuel pool for several years. After this period,
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it is transferred to a wet or dry storage facility. The canisters containing the HLW are usually stored
in air-cooled vaults or casks. In the HABOG facility it is stored using a dry vault storage technology
[22]. The exact composition of spent fuel is determined by the fuel type, enrichment (fraction of fissile
content), reactor type, and operating conditions [24].

It has been discovered that the best way to ensure long-term safety for spent fuel and HLW is by
isolation in deep geological repositories (DGR) [1]. The Dutch geological disposal facility (GDF), planned
with this universally adopted approach in mind, can be seen as a schematic in Figure 1.1 below. The
facility consists of both underground and surface components. The depth of the underground facilities
depends on the envisaged impact by climate change (ice ages). In the North of the Netherlands,
these facilities may need to be deeper than in the South of the Netherlands. A minimum depth of 200
metres for isolation purposes is used. A maximum of 1000 metres for acceptable underground working
conditions is currently assumed. A point of departure of 500 metres depth was used [1]. The long
term safety is provided by both natural and engineered barrier systems. The disposal tunnels, located
in the host rock formation, are planned to be separated and optimized for different types of fuels: for
high-level wastes, for spent fuel from research reactors, for the disposal of low and intermediate level
wastes and depleted uranium [1].

Figure 1.1: Artist’s rendition of the planned Dutch Geological Disposal Facility [1]

As it can be seen from the artist’s rendition above, in the long-term plan, the nuclear wastes are
isolated and the radionuclides within them are contained by multiple barriers. These barriers can be
discussed under two categories: natural barrier systems and engineered barrier systems (EBS) in order
to maintain safety. A schematic displaying the various layers of the GDF can be found in Figure 1.2
below.

Figure 1.2: Multibarrier approach of the GDF [1]
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Natural barriers are made up from the host rock layer found in the site location and the overlaying
geological formations. Because the design utilizes naturally found components for the containment,
it is highly dependent on the geological environment in which the facility is placed. For Netherlands,
clay and rock salt have been determined as the most likely host rock formation [1]. In this report,
clay will be taken as the principal natural barrier and will be referred to as Boom Clay, because much
knowledge is available about this clay for disposal. All Paleogene clays are considered [25]. Boom
Clay provides a stable and low permeability barrier that protects both the EBS and the wastes from the
natural processes and any interactions with flowing water. It is also able to hold and slow down the
diffusion of radionuclides. The overlying geological formations, denoted in light green in Figure 1.2,
are generally mixed layers or sand, silt and clay, and they serve to diffuse and dilute the radionuclides
that are able to leave the host rock layer [1].

The engineered barrier system, on the other hand, is made out of many components that provide
both physical and chemical containment for the radionuclides in the waste. It is mainly made out of
cementitious material along with steel containers for disposal of waste in a GDF hosted in clay. A
more detailed explanation on the various components of the EBS can be found in Section 2.1; Overall,
each component of the EBS is chosen for their non-overlapping weaknesses to ensure safety over long
periods of time. However, despite the geological settings of the Boom Clay and the many layers of the
EBS protect the waste from erosion and climate change, there is still a possibility of waste and (pore)
water contact. However, the fuel elements (either filled with uranium-aluminide or uranium-silicide) are
covered in aluminium cladding. As a result, anaerobic corrosion of either the cladding or the uranium
aluminium matrix due to oxygen-free water may occur.

In the present case, it is assumed that the steel canister is already compromised and water has come
in contact with the waste. In case of this potential deterioration, extra waste processing/protection
barriers are required to limit the hydrogen gas buildup that can form as a result of the aforementioned
corrosion. Spent research reactor fuel contains aluminium with a high surface area exacerbating the
problem further. For this reason the focus of this study will be on this part of the waste package.

Two main approaches to prevent the formation of the H2-gas during anaerobic corrosion of alu-
minium have been demonstrated. An insoluble layer could be formed on the aluminium cladding which
would prevent the corrosion, or an engineered barrier which prevents the water from coming into con-
tact with the cladding can be introduced. It has already been discovered that LiNO3 forms an insoluble
layer on the aluminium cladding, preventing the H2-gas from being formed. However, the availability
of lithium is expected to drop in the future due to the increased usage of batteries. Furthermore, it is
impossible to ensure that an engineered barrier will remain impermeable to water for elongated periods
of times. Consequently, a new solution must be found in order to prevent H2-gas generation during
nuclear waste disposal.
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1.1. Scope of the Project
Although the other layers of the engineered barrier system (EBS) are already designed to prevent water
from coming into contact with the aluminium, the possibility of corrosion occurring simply due to the
extremely long disposal time must still be addressed. Therefore for this study it is assumed that the
other barriers have failed and the aluminium is in direct contact with highly alkaline water, which is the
main driver of the aluminium corrosion.

The scope of this study is to report on existing options that can be used for preventing the aluminium
corrosion. The intention is to present only those options that are feasible now, or expected to be
available soon. The main challenges to overcome during this study are data availability regarding gas
perturbation in the clay host rock and coating application technologies, as well as uncertainties with
the location where the waste will be disposed, thereby predicting the environmental conditions for the
next 100,000 years.

The main constraints that are given by COVRA are:

• The criticality: it is the state in which the nuclear chain reactions are able to sustain themselves.
The amount of fuel elements and their arrangement have to be considered to prevent criticality.

• The availability of materials: although the use of LiNO3 is a known solution against Al corrosion,
it has low availability hence no lithium containing materials can be included in this study.

• Ease of use: room temperature handling is preferable to minimize hazards and failures.

• No organic materials: since organic materials could act as food source for microbes, they can not
be used.

• Strength: Determination of the strength of the material is outside the scope, however any infor-
mation on this is welcome.

Based on these constraints, a suitable cementitious covering is sought so the aluminium cladding
and the inner fuel meat remain stable.
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�W�K�H �S�U�R�G�X�F�W�� �$�V�V�X�P�L�Q�J ���� �I�X�H�O �D�V�V�H�P�E�O�L�H�V �S�H�U �F�D�Q�L�V�W�H�U�� �W�K�H �H�P�S�W�\ �Y�R�O�X�P�H �I�U�D�F�W�L�R�Q �F�D�Q �E�H �F�D�O�F�X�O�D�W�H�G��
�,�W �L�V �I�R�X�Q�G �W�R �E�H ���� �� �>���� �@�� �7�K�H �(�&�1���F�D�Q�L�V�W�H�U�V �W�K�D�W �D�U�H �X�V�H�G�� �K�D�Y�H �D�Q �L�Q�Q�H�U �G�L�D�P�H�W�H�U �R�I �������� �P �D�Q�G �D
�L�Q�Q�H�U �K�H�L�J�K�W �R�I �������� �P �>���@�� �7�K�H �Y�R�O�X�P�H �L�V �W�K�X�V�õ ����������
k�½�� �8�V�L�Q�J �W�K�H �H�P�S�W�\ �Y�R�O�X�P�H �I�U�D�F�W�L�R�Q �R�I ���� ����
�Z�K�L�F�K �P�H�D�Q�V �W�K�D�W�õ ��������
k�½�Q�H�H�G�V �W�R �E�H �I�L�O�O�H�G �Z�L�W�K �W�K�H �S�U�R�G�X�F�W��

������������ �&�R�P�S�H�W�L�W�R�U �D�F�W�L�Y�L�W�L�H�V
�,�W �L�V �L�Q�W�H�U�Q�D�W�L�R�Q�D�O�O�\ �D�J�U�H�H�G �X�S�R�Q �W�K�H �I�D�F�W �W�K�D�W �$�O���F�R�Q�W�D�L�Q�L�Q�J �Q�X�F�O�H�D�U �I�X�H�O �D�Q�G �$�O���F�O�D�G�G�H�G �I�X�H�O �L�V �Q�R�W
�V�X�L�W�D�E�O�H �I�R�U �G�L�U�H�F�W �G�L�V�S�R�V�D�O�� �G�X�H �W�R �W�K�H �D�Q�W�L�F�L�S�D�W�H�G �K�D�]�D�U�G�V �W�K�D�W �F�R�U�U�R�V�L�R�Q �P�D�\ �E�U�L�Q�J �>���� �@�� �7�K�H �5��
�U�H�D�F�W�R�U �L�Q �6�Z�H�G�H�Q �L�V �D�Q �H�[�D�P�S�O�H �R�I �W�K�L�V�� �7�K�H �I�X�H�O �W�K�D�W �Z�D�V �X�V�H�G �L�Q �W�K�L�V �U�H�D�F�W�R�U �F�R�Q�W�D�L�Q�H�G �D �F�O�D�G�G�L�Q�J
�R�I �D�O�X�P�L�Q�L�X�P�� �$�I�W�H�U �W�K�H �F�O�R�V�X�U�H �R�I �W�K�L�V �U�H�D�F�W�R�U �L�Q ���������� �W�K�H �Z�D�V�W�H �Z�D�V �W�H�P�S�R�U�D�U�L�O�\ �V�W�R�U�H�G�� �2�Y�H�U �W�L�P�H��
�L�W �Z�D�V �Q�R�W�L�F�H�G �W�K�D�W �J�D�V �Z�D�V �O�H�D�N�L�Q�J �I�U�R�P �W�K�H �V�W�R�U�D�J�H �F�R�Q�W�D�L�Q�H�U�V�� �)�X�U�W�K�H�U �L�Q�Y�H�V�W�L�J�D�W�L�R�Q �U�H�Y�H�D�O�H�G �W�K�D�W
�Z�D�W�H�U �Z�D�V �O�H�D�N�L�Q�J �L�Q�V�L�G�H�� �F�D�X�V�L�Q�J �F�R�U�U�R�V�L�R�Q �>���� �@��

�$�Q�R�W�K�H�U �H�[�D�P�S�O�H �L�V �W�K�H �V�W�R�U�D�J�H �R�I �D�O�X�P�L�Q�L�X�P �F�O�D�G�G�H�G �I�X�H�O �D�W �W�K�H �6�D�Y�D�Q�Q�D�K �5�L�Y�H�U �6�L�W�H �L�Q �W�K�H �8�Q�L�W�H�G
�6�W�D�W�H�V�� �3�D�U�W�V �R�I �W�K�L�V �Z�D�V�W�H �V�K�R�Z�H�G �V�H�Y�H�U�H �F�R�U�U�R�V�L�R�Q �D�I�W�H�U �R�Q�O�\ �� �\�H�D�U�V �R�I �V�W�R�U�D�J�H�� �Z�K�L�O�H �D�W �R�W�K�H�U �V�W�R�U�D�J�H
�V�L�W�H�V �V�R�P�H�W�L�P�H�V �O�L�W�W�O�H �R�U �Q�R �F�R�U�U�R�V�L�R�Q �R�F�F�X�U�U�H�G�� �$�V �D �U�H�V�X�O�W�� �W�K�H �'�H�S�D�U�W�P�H�Q�W �R�I �(�Q�H�U�J�\ ���'�2�( �� �L�Q�L�W�L�D�W�H�G
�D �P�D�M�R�U �L�Q�Y�H�V�W�L�J�D�W�L�R�Q �L�Q�W�R �F�R�U�U�R�V�L�R�Q �G�D�P�D�J�H �W�R �P�R�U�H �W�K�D�Q �������� �$�O���F�O�D�G �I�X�H�O �H�O�H�P�H�Q�W�V�� �7�K�L�V �U�H�Y�H�D�O�H�G
�W�K�D�W �L�Q �� �S�H�U�F�H�Q�W �R�I �F�D�V�H�V�� �W�K�H �F�R�U�U�R�V�L�R�Q �Z�D�V �V�R �V�H�Y�H�U�H �W�K�D�W �L�W �K�D�G �S�H�Q�H�W�U�D�W�H�G �W�K�H �H�Q�W�L�U�H �F�O�D�G�G�L�Q�J �>���� �@��

�+�R�Z�H�Y�H�U�� �Z�K�L�O�H �F�R�U�U�R�V�L�R�Q �L�V �N�Q�R�Z�Q �W�R �F�D�X�V�H �S�U�R�E�O�H�P�V �I�R�U �O�R�Q�J���W�H�U�P �J�H�R�O�R�J�L�F �V�W�R�U�D�J�H�� �L�W �L�V �G�L�I�I�L�F�X�O�W
�W�R �L�G�H�Q�W�L�I�\ �Z�K�D�W �W�K�H�V�H �F�R�X�Q�W�U�L�H�V �S�O�D�Q �W�R �G�R �W�R �L�Q�K�L�E�L�W �F�R�U�U�R�V�L�R�Q�� �7�K�H �S�D�S�H�U �E�\ �%�H�Q�Q�H�W�W �H�W �D�O�� �P�H�Q�W�L�R�Q�V �D
�I�H�Z �D�S�S�U�R�D�F�K�H�V �W�K�D�W �D�U�H �W�D�N�H�Q �>���� �@�� �)�R�U �H�[�D�P�S�O�H�� �W�K�H �5�D�G�L�R�D�F�W�L�Y�H �:�D�V�W�H �0�D�Q�D�J�H�P�H�Q�W �6�W�U�D�W�H�J�L�F �3�O�D�Q
�L�Q�Y�H�V�W�L�J�D�W�H�V �P�X�O�W�L�S�O�H �G�L�I�I�H�U�H�Q�W �U�R�X�W�H�V�� �7�K�H�\ �L�Q�Y�H�V�W�L�J�D�W�H �G�H�F�O�D�G�G�L�Q�J �R�I �W�K�H �I�X�H�O �D�V�V�H�P�E�O�L�H�V �L�Q �G�U�\ �D�Q�G
�Z�H�W �F�R�Q�G�L�W�L�R�Q�V�� �+�$�/�2�; �L�V �D �G�U�\ �G�H�F�O�D�G�G�L�Q�J �W�H�F�K�Q�L�T�X�H�� �Z�K�L�F�K �U�H�D�F�W�V �F�K�O�R�U�L�Q�H �J�D�V �D�W �K�L�J�K �W�H�P�S�H�U�D�W�X�U�H�V
�W�R �F�R�Q�Y�H�U�W �W�K�H �P�D�W�H�U�L�D�O�V �L�Q�W�R �Y�R�O�D�W�L�O�H �F�R�P�S�R�Q�H�Q�W�V�� �,�Q �Z�H�W �G�H�F�O�D�G�G�L�Q�J �W�K�H�\ �G�L�V�V�R�O�Y�H �W�K�H �I�X�H�O �S�O�D�W�H�V �L�Q ���0
�V�R�G�L�X�P �K�\�G�U�R�[�L�G�H �>���� �@�� �7�K�X�V�� �W�K�H�V�H �W�H�F�K�Q�L�T�X�H�V �W�D�N�H �D �Y�H�U�\ �G�L�I�I�H�U�H�Q�W �D�S�S�U�R�D�F�K �I�U�R�P �W�K�L�V �U�H�S�R�U�W�� �7�K�H�\
�D�L�P �W�R �U�H�P�R�Y�H �W�K�H �F�O�D�G�G�L�Q�J�� �L�Q�V�W�H�D�G �R�I �S�U�R�W�H�F�W�L�Q�J �L�W �I�U�R�P �F�R�U�U�R�V�L�R�Q��

������������ �&�R�O�O�D�E�R�U�D�W�L�R�Q�V
�7�K�H �I�L�U�V�W �V�W�H�S �L�Q �F�R�O�O�D�E�R�U�D�W�L�Y�H �H�I�I�R�U�W�V �L�V �W�R �V�K�D�U�H �D�F�T�X�L�U�H�G �N�Q�R�Z�O�H�G�J�H �L�Q�W�H�U�Q�D�W�L�R�Q�D�O�O�\�� �7�K�L�V �F�R�X�O�G �V�L�J�Q�L�I��
�L�F�D�Q�W�O�\ �D�F�F�H�O�H�U�D�W�H �U�H�V�H�D�U�F�K �D�Q�G �I�L�Q�D�O �G�L�V�S�R�V�D�O�� �7�K�L�V �L�V �D�O�U�H�D�G�\ �E�H�L�Q�J �G�R�Q�H �E�\ �&�2�9�5�$�� �D�W �(�X�U�R�S�H�D�Q �E�X�W
�D�O�V�R �D�W �J�O�R�E�D�O �O�H�Y�H�O �>���� �@�� �&�R�X�Q�W�U�L�H�V �O�L�N�H �)�L�Q�O�D�Q�G�� �6�Z�H�G�H�Q �D�U�H �W�K�H �I�L�U�V�W �W�K�D�W �Z�L�O�O �D�F�W�X�D�O�O�\ �V�W�D�U�W �E�X�L�O�G�L�Q�J
�W�K�H �U�H�S�R�V�L�W�R�U�L�H�V�� �V�R �J�R�R�G �W�U�D�F�N�L�Q�J �R�I �W�K�H�L�U �S�U�R�J�U�H�V�V �F�R�X�O�G �E�H �R�I �Y�D�O�X�H �Z�K�H�Q �L�W �F�R�P�H�V �W�R �E�X�L�O�G�L�Q�J �W�K�H
�U�H�S�R�V�L�W�R�U�L�H�V�� �+�R�Z�H�Y�H�U�� �W�K�H�V�H �F�R�X�Q�W�U�L�H�V �R�Q�O�\ �Z�L�O�O �G�L�V�S�R�V�H �Q�X�F�O�H�D�U �S�R�Z�H�U �I�X�H�O�� �Z�K�L�F�K �L�V �F�R�P�S�R�V�H�G �R�I �8�2��
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�D�Q�G �D �=�L�U�F�D�O�R�\ �F�O�D�G�G�L�Q�J�� �Z�K�L�F�K �D�U�H �E�R�W�K �D�O�P�R�V�W �Q�R�Q�U�H�D�F�W�L�Y�H �W�R�Z�D�U�G�V �Z�D�W�H�U �>���@�� �,�Q �O�L�W�H�U�D�W�X�U�H�� �Q�R�W�K�L�Q�J
�F�D�Q �E�H �I�R�X�Q�G �R�Q �W�K�H �G�L�V�S�R�V�D�O �R�I �V�S�H�Q�W �U�H�V�H�D�U�F�K �U�H�D�F�W�R�U �I�X�H�O �L�Q �W�K�H�V�H �F�R�X�Q�W�U�L�H�V�� �Z�K�L�F�K �V�K�R�Z�V �W�K�D�W �&�2�9�5�$
�L�V �F�X�U�U�H�Q�W�O�\ �W�K�H �O�H�D�G�L�Q�J �S�D�U�W�\ �L�Q �W�K�L�V �D�U�H�D��

�%�H�O�J�L�X�P �L�V �D�O�V�R �U�H�V�H�D�U�F�K�L�Q�J �W�K�H �J�H�R�O�R�J�L�F�D�O �G�L�V�S�R�V�D�O �R�I �W�K�H�L�U �Q�X�F�O�H�D�U �Z�D�V�W�H�� �&�2�9�5�$ �L�V �D�O�U�H�D�G�\ �F�R�O�O�D�E��
�R�U�D�W�L�Q�J �F�O�R�V�H�O�\ �Z�L�W�K �W�K�H �%�H�O�J�L�D�Q �D�J�H�Q�F�\ �I�R�U �G�L�V�S�R�V�D�O �R�I �Q�X�F�O�H�D�U �Z�D�V�W�H ���2�1�'�5�$�)���1�,�5�$�6���� �6�L�Q�F�H �W�K�H �K�R�V�W
�U�R�F�N �D�Q�G �P�D�Q�\ �H�O�H�P�H�Q�W�V �R�I �W�K�H �*�'�) �D�U�H �Y�H�U�\ �V�L�P�L�O�D�U �I�R�U �E�R�W�K �F�R�X�Q�W�U�L�H�V�� �F�O�R�V�H �F�R�R�S�H�U�D�W�L�R�Q �Z�L�W�K �%�H�O�J�L�X�P
�L�V �K�X�J�H�O�\ �E�H�Q�H�I�L�F�L�D�O �I�R�U �H�I�I�L�F�L�H�Q�F�\ �R�I �W�K�H �U�H�V�H�D�U�F�K�� �D�Q�G �W�R �D�Y�R�L�G �G�X�S�O�L�F�D�W�L�R�Q �R�I �Z�R�U�N �>���@��

�,�Q �D�G�G�L�W�L�R�Q �W�R �D�O�O �F�R�X�Q�W�U�L�H�V �W�K�D�W �S�O�D�Q �W�R �E�X�L�O�G �W�K�H�L�U �R�Z�Q �U�H�S�R�V�L�W�R�U�L�H�V�� �W�K�H�U�H �D�U�H �D�O�V�R �W�K�H �F�R�X�Q�W�U�L�H�V �Z�L�W�K
�V�P�D�O�O�H�U �D�P�R�X�Q�W�V �R�I �Q�X�F�O�H�D�U �Z�D�V�W�H�� �)�R�U �W�K�H�V�H �F�R�X�Q�W�U�L�H�V �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q �R�I �D �Q�D�W�L�R�Q�D�O �U�H�S�R�V�L�W�R�U�\ �L�V �D
�U�H�D�O �F�K�D�O�O�H�Q�J�H�� �7�K�H �(�X�U�R�S�H�D�Q �5�H�S�R�V�L�W�R�U�\ �'�H�Y�H�O�R�S�P�H�Q�W �2�U�J�D�Q�L�V�D�W�L�R�Q ���(�5�'�2�� �L�V �W�K�H�U�H �W�R �V�X�S�S�R�U�W �W�K�H�V�H
�F�R�X�Q�W�U�L�H�V�� �D�Q�G �H�[�S�O�R�U�H�V �W�K�H �R�S�S�R�U�W�X�Q�L�W�L�H�V �W�R �E�X�L�O�G �V�K�D�U�H�G �G�L�V�S�R�V�D�O �I�D�F�L�O�L�W�\ �>���� �@�� �$�Q�R�W�K�H�U �V�R�O�X�W�L�R�Q �W�R �W�K�L�V
�S�U�R�E�O�H�P �W�K�D�W �P�L�J�K�W �D�O�V�R �E�H �F�R�Q�V�L�G�H�U�H�G �L�V �W�R �W�D�N�H �R�Y�H�U �W�K�H �Z�D�V�W�H �I�U�R�P �W�K�H�V�H �F�R�X�Q�W�U�L�H�V �L�Q �U�H�W�X�U�Q �I�R�U
�S�D�\�P�H�Q�W�� �I�R�U �H�[�D�P�S�O�H�� �6�L�Q�F�H �W�K�H �D�P�R�X�Q�W�V �R�I �Z�D�V�W�H �S�U�R�G�X�F�H�G �E�\ �W�K�H�V�H �F�R�X�Q�W�U�L�H�V �D�U�H �Q�R�W �V�L�J�Q�L�I�L�F�D�Q�W�O�\
�K�L�J�K�� �W�K�L�V �F�R�X�O�G �E�H �H�I�I�L�F�L�H�Q�W �I�R�U �E�R�W�K �S�D�U�W�L�H�V �>���� �@�� �$�Q�R�W�K�H�U �R�S�W�L�R�Q �W�K�D�W �F�R�X�O�G �S�R�W�H�Q�W�L�D�O�O�\ �E�H �D �F�R�O�O�D�E�R�U�D�W�L�Y�H
�R�S�S�R�U�W�X�Q�L�W�\ �L�V �I�X�H�O �H�[�F�K�D�Q�J�H�� �S�U�R�S�R�V�H�G �L�Q �W�K�H �S�D�S�H�U �E�\ �%�H�Q�Q�H�W�W �>���� �@�� �,�Q �W�K�L�V �F�D�V�H�� �W�K�H �Z�D�V�W�H �F�R�X�O�G
�E�H �H�[�F�K�D�Q�J�H�G �E�H�W�Z�H�H�Q �F�R�X�Q�W�U�L�H�V �L�I �W�K�D�W �Z�R�X�O�G �E�H �E�H�Q�H�I�L�F�L�D�O �I�R�U �E�R�W�K �F�R�X�Q�W�U�L�H�V�� �>���� �@ �,�Q �W�K�L�V �V�F�H�Q�D�U�L�R��
�Z�D�V�W�H �F�R�X�O�G �E�H �H�[�F�K�D�Q�J�H�G �Z�L�W�K �R�W�K�H�U �F�R�X�Q�W�U�L�H�V �I�R�U �Z�D�V�W�H �W�K�D�W �F�R�Q�W�D�L�Q�V �$�O���8 �I�X�H�O �R�U �$�O���F�O�D�G�G�L�Q�J�� �7�K�L�V
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