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Abstract

Canada’s current long-term high-level radioactive waste management plan, under
the auspices of the Nuclear Waste Management Organization (NWMO), involves the
construction of a Deep Geological Repository (DGR) where the spent fuel would be interred
deep underground. This process follows internationally recognized best practices, but the
current planned structure is specifically designed for the spent fuel of Canada Deuterium
Uranium (CANDU) reactors. Small Module Reactors (SMR) vary wildly in design and fuel
composition, and it is currently unknown if and how the current DGR design will be able
to accept SMR fuel for long-term disposal.

The Royal Military College of Canada’s (RMC) Safe LOW-Power (K)Critical
Experiment-2 (SLOWPOKE-2) reactor was used as a baseline from which SMR spent fuel
characteristics can be predicted. The overall goal is to provide insight on decommissioning
SMRs and waste management protocols for the NWMO GDR construct. The approach
undertaken was subdivided into two major phases: (1) calibrating (or benchmarking) a
Monte Carlo N-Particle code, version 6.2 (MCNP 6.2) model for neutron flux mapping using
the SLOWPOKE-2 reactor at RMC; and (2) adapting the submodule (CINDER90) within
the updated MCNP code to calculate conditions for future SMR fuel disposal.

The first phase, benchmarking of the MCNP 6.2 code, required the updating of the
existing MCNP model to reflect changes to the reactor core configuration resulting from
the refuelling in Fall 2021. The benchmarking was conducted using neutron activation
analysis (NAA) of an aluminum-gold (Al-Au) alloy wire (0.12 wt%) at an inner (no. 2) and
outer irradiation (no. 10) sites of the SLOWPOKE-2 at 10 kW(thermal). The MCNP 6.2
model successfully replicates the NAA experiment with an estimated accuracy of 95% for
the inner site and 75% for the outer site, improving the existing literature’s accuracy.

In the second phase, using the CINDER9O fuel-depletion module MCNP 6.2, a
relationship was determined between fuel burnup, spent fuel activity, and decay heat,
which was used to predict characteristics of potential SMR spent fuel. Results indicate that
SMR spent fuel would output, for a SMR using 20% enriched UO: fuel with a burnup of
100000  MWd-MTHM™' (about the average SMR designs burnup) decay heat
approximatively eight times higher than the reference CANDU fuel used for the planned
DGR design under normal operating conditions, approximately 75 years after discharge.

Required future work includes, amongst others, investigating spent fuel acceptance

criteria limits for the DGR and investigating thermal power calibration for the
SLOWPOKE-2, which is essential to refine the MCNP 6.2 model further.
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Résumé

Le plan canadien de gestion a long terme des déchets radioactifs de haute activité,
sous l'égide de la Société de gestion des déchets nucléaires (SGDN), est la construction d'un
dépot géologique en profondeur (DGP) ou le combustible nucléaire usé serait enterré
profondément sous terre. Ce processus suit les meilleures pratiques reconnues
internationalement, mais la structure actuellement prévue est spécifiquement congue pour
la gestion des combustibles issus des réacteurs Canada Deutérium Uranium (CANDU). Les
petits réacteurs modulaires (PRM) varient considérablement en termes de conception et de
composition de combustible, et il est actuellement inconnu si, et comment, la conception
actuelle du GDP sera en mesure d'accepter les combustibles PRM pour leur gestion a long
terme.

Le réacteur Safe LOW-Power (K)Critical Experiment-2 (SLOWPOKE-2) du College
militaire royal du Canada a été utilisé comme base a partir de laquelle les caractéristiques
des combustibles usés des PRM peuvent étre prédites. L'objectif global est de fournir un
apercu sur la mise hors service des PRM et sur les protocoles de gestion des déchets des
PRM dans le contexte du DGP. L’approche est divisée en deux phases: (1) I'analyse
comparative d’'un code Monte Carlo N-Particle, version 6.2 (MCNP 6.2) pour la cartographie
du flux neutronique du réacteur SLOWPOKE-2; et (2) I'utilisation d’'un sous-module du
code MCNP (CINDER90) pour déterminer les conditions de stockage du combustible des
PRM.

La premiere phase, I'analyse comparative du code MCNP 6.2, a nécessité la mise a
jour du modeéle MCNP existant pour refléter les modifications apportées a la configuration
du coeur du réacteur résultant du rechargement du combustible a 'automne 2021. L’analyse
comparative a été réalisée en utilisant I'analyse d'activation neutronique (AAN) d'un fil
d'alliage aluminium-or (Al-Au) (0,12%mas) aux sites d'irradiation intérieur (n° 2) et
extérieur (n° 10) du réacteur SLOWPOKE-2 a 10 kW (thermique). Le modéle MCNP 6.2 a
réussi a reproduire avec succes l'expérience d'’AAN avec une précision estimée a 95% pour
le site intérieur et de 75% pour le site extérieur, améliorant ainsi la précision des données
existantes.

Dans la deuxiéme phase, en utilisant le code d’évolution du combustible nucléaire
CINDER90, une relation a été établie entre le taux de combustion, l'activité du combustible
usé et la chaleur émise lors de la désintégration radioactive, ce qui a permis de prédire les
caractéristiques potentielles des déchets des PRM. Les résultats indiquent que les déchets
produits par les PRM produiraient, pour un PRM moyen utilisant du combustible UO,
enrichi a 20% avec une combustion a 100 000 MWd-MTHM, environ huit fois plus
d’énergie de désintégration que le combustible de référence CANDU utilisé pour la
conception du DGP, dans des conditions de fonctionnement normales, approximativement
75 ans apres avoir été retiré du réacteur.
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Les travaux futurs nécessaires comprennent, entre autres, 1'étude des limites des
critéres d'acceptation des déchets des PRM pour la DGP et l'analyse de la puissance
thermique générée par le réacteur SLOWPOKE-2, information qui est essentielle pour
affiner davantage le modele MCNP 6.2.
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Chapter 1
Introduction

1.1 Overview

In the past few decades, significant emphasis has been put on human-induced
climate change. The preponderance of evidence and consensus in the scientific community
on anthropogenic global warming caused by greenhouse gases (GHG) can hardly be easily
discredited [1], [2]. The United Nations Framework Convention on Climate Change
(UNFCC), with it the Kyoto Protocol and Paris Agreement, have been implemented by the
international community to curb, then reduce, the generation of GHG and their impact on
climate change [3]-[5]. Likewise, in the Canadian context, the Net-Zero Emission
Accountability Act aims to follow the Paris Agreement with an objective of zero emissions
by 2025 [6].

From 1990 to 2018, the energy sector, on an international basis, has produced
approximately three-quarters of all GHGs. Electricity and heat generation accounted for
about 40% of the energy sector’s total emissions in the same period [7]. In order to
significantly reduce worldwide emissions, a prompt move away from heavily GHG-
producing power generation methods (e.g., coal, natural gas) is necessary to have a global
impact. However, it does not suffice to change to renewable energies with zero emissions;
there remains a GHG cost in producing, manufacturing, operating, and managing each type
of energy. A holistic life-cycle approach is therefore required to make an informed decision.

Figure 1 displays the ranges of GHG emissions of the current power generation
technologies. Minima and maxima for the GHG emissions for each technology are caused
by localization-based variations (e.g., cost of fuel, labour, land) and specific technological
approaches used within each technology group.
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Figure 1. GHG Emissions of Power Generation Technologies (Data From [8] )

While GHG emissions for carbohydrate technologies come primarily from the
power generation themselves (combustion of the fuel), GHG emissions for renewables
energies come, for the vast majority, from the infrastructure required to generate the power,
extractions of raw material, installation, etc. [8]. Multiple life-cycle studies have been
conducted with different results and methodologies. Although not all as optimistic as the
United Nations Economic Commission for Europe (UNECE) (Figure 1) concerning the total
life-cycle GHG emissions of nuclear power, the findings attest to the nuclear powers’
competitiveness with renewable energies [8]-[16]. In particular, most life-cycle studies
show nuclear power on par with wind power in emission reduction.

Consequently, the Intergovernmental Panel on Climate Change (IPCC) has long
considered nuclear power, in conjunction with other zero or low-GHG power-producing
methods (renewables, fossil energy with Carbon Dioxide Capture and Storage (CCS), and
bioenergy with CCS) as a “mature low-GHG emission source for baseload power” which
could make a significant contribution worldwide to reduce GHGs [16], [17]. While
renewable energies must rely on external factors to provide power (wind, solar), nuclear
power has constantly available power able to shore the grid against significant demand
fluctuations or external resources variations. As such, in four illustrative model pathways
simulated to curb global warming at 1.5 °C by 2050, IPCC indicates that nuclear power plays
a significant role, with the “middle of the road” scenarios seeing up to 501% worldwide
increase in nuclear capacity by 2050, from the level of 2010. Likewise, the European Climate



Foundation (ECF), with a goal to reduce GHG by 80% from the levels 0f 1990, has included
nuclear power as a significant part of the solution for the decarbonisation of the energy
sector [18]-[20]. From a legislative perspective, the European Commission’s Joint Research
Centre (EC-JRC) conducted a technical assessment of the capacity of nuclear power to be
assessed as a “green investment” based on the “do no significant harm” criteria, with the
proposal entering into force on January I** 2023 [21]-[23]. Therefore, there appears to be a
strong consensus as to the viability of nuclear power as a tool to reduce GHG emissions in
the energy sector.

Traditional nuclear power plants with significant electrical capacity, designed at the
onset of the Atomic Age (e.g., Pressurized Water Reactors (PWR), Boiling Water Reactors
(BWR), Pressurized Heavy Water Reactors (PHWR), Advanced Gas-cooled Reactors (AGR)
and Light Water Graphite Reactors (LWGR)) have, for decades supported the brunt of
worldwide nuclear power generation, with an average age for the reactor fleet of 30.5 years
old [24]. Reactors in operation has also stagnated for years, with the commissionings of new
reactors barely offsetting the decommissionings (Figure 2) [25].
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Figure 2. Nuclear Reactors Constructed and Operated (1954-2021) (Data From [25])

If the 501% increase in global nuclear power is to be achieved, much more capacity
must be planned and implemented promptly. In response to life-cycle GHG emissions,
economic pressures and construction timelines that are characteristics of traditional large
capacity nuclear reactors, innovations have been explored in the creation of smaller,



cheaper and more flexible reactors. Nian reports that life-cycle GHG emissions decrease
with reactor power, thereby favouring smaller reactors from a purely GHG reduction
perspective (Figure 3) [12]. Likewise, smaller reactors would cost less to construct and could
be brought online on the grid faster than more powerful reactors.
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Figure 3. Carbon Emissions Based on Nuclear Reactor Generating Capacity (Data From [12])

Small Modular Reactors (SMR) are nuclear reactors with an electric generating
capacity of less than 300 MW, which have the ability to fulfill the niche requirements of
being more flexible in applications, cheaper than large reactors, and less susceptible to cost
overruns and project delays [26]. A growing number of national and international
organizations have been providing roadmaps and plans to support innovation,
development and deployments of SMRs, amongst others, the International Atomic Energy
Agency (IAEA), the United Kingdom (Nuclear Research and Development Roadmap),
Canada (SMR Roadmap) and the United States of America (US) (Foundational
Infrastructure for Responsible Use of Small Modular Reactor Technology) [27]-[31].

SMRs take their genesis out of the mind and determination of Admiral Hyman G.
Rickover, Father of the Nuclear Navy [32]. From 1949 to 1954, he and his team designed the
first nuclear reactor to be installed and operated onboard a submarine, USS Nautilus,



bringing a revolution in submarine warfare capabilities. In the same spirit, the United States
Air Force followed suit with the prototype of a nuclear bomber (NB-36H), which never came
to fruition after being cancelled in 1961. The Unites States Army in the 60s and 70s operated
eight reactors under the US Army Nuclear Power Program of between 0.5 and 10 MW to
power military facilities, often in remote locations (e.g., Antarctica, Greenland, Alaska,
Panama) [33]. Likewise, other nations (e.g., United Kingdom, Russia, France, and China)
emulated the success of the American military nuclear program and pursued nuclear power
on submarines, aircraft carriers, battleships, and icebreakers. Combined with the
knowledge gathered from years of operating both sizeable nuclear power plants and small
purpose-built nuclear reactors operating on military vessels, they built the foundations of
what would become SMRs. The first modern commercially operational SMR, the floating
nuclear power plant Akademik Lomonosov, using two KLT-40S, 150 MW, reactors, was
designed based on icebreaker nuclear power plants [34]. It is not by mistake that multiple
companies that designed naval nuclear submarines and ships also foray into SMR design
and commercialization (e.g., General Dynamics Electric Boat Company, Burns &
McDonnells, Westinghouse, Babcock & Wilcox (BWXT), Rolls Royce, TechniAtome, Naval
Group) [33], [35]-[38].

Despite their undeniable potential to play a significant role in the fight against GHG
emissions from the energy sector and the technical innovations brought by evolving
designs, nuclear power, and SMRs in particular, still have challenges to face concerning
public acceptance, safety, economics, uranium utilization, proliferation, and waste
management [16]. The latter aspect of the SMR deployment equation will be the primary
concern of the present thesis.

Radioactive substances, and radioactivity, have multiple beneficial applications for
humanity, amongst others: medical imaging, radiation therapy, power generation, non-
destructive testing, etc. [39]. Those processes use and generate radioactive material that
must be responsibly managed once they have rendered their services and until they no
longer constitute a potential for harm. Nuclear waste management aims to manage
radioactive waste generated by nuclear reaction processes and ensure minimal impact on
the environment and biosphere [40]. To safeguard the safety of the public now and for
future generations, standards and regulations have been imposed on the nuclear industry
for the conduct of nuclear-related activities and subsequent required management of the
wastes generated [41]. International and national regulatory organizations ensure that best
practices are followed by the operators and support the safety objectives.

In Canada, the Canadian Nuclear Safety Commission (CNSC), under the Nuclear
Safety and Control Act, has the mandate to regulate the development, production, and use
of nuclear energy and substances to ensure safety, security and reduction of risks associated
with their use [42]. When it comes specifically to nuclear waste management, the
Government of Canada created, in 2002, the Nuclear Waste Management Organization
(NWMO), under the regulatory oversight of CNSC, to investigate, generate and implement
a national nuclear waste management plan [43]. As of now, the NWMO, under its Adaptive
Phased Management (APM), on approval from the Canadian Government in 2007, has



selected the construction of a Deep Geological Repository (DGR) as the preferred method
for permanent nuclear waste disposal [44]. The plan consists of burying high-level
radioactive wastes (HLW) (e.g., spent fuel) deep underground and sealing them in a
purpose-built and designed repository. This process follows the recognized best practices
on the international stage [45].

The Canadian nuclear industry is dominated by the Canadian Deuterium Uranium
reactor (CANDU) design. Whether operational or decommissioned, all Canadian
commercial power-generating reactors have been a CANDU design, producing fairly
identical spent fuel bundles of nuclear waste [46]. Research reactors of various designs are
operated in Canada, but the rate of their waste production and quantity is minimal
compared to the CANDU-produced waste. Therefore, the NWMO has designed the DGR
with the CANDU fuel bundle as its baseline waste, building the whole concept and
processes around it [47]. However, with SMRs, the types of non-CANDU fuel requiring
disposal will potentially increase significantly, such that it cannot be ignored.

1.2 Thesis Context

The potential adoption of SMRs in Canada highlights the need for careful
consideration of spent fuel management and disposal strategies. Currently, the planned
NWMO DGR is designed to accommodate a single standard of spent fuel (i.e., CANDU),
which may pose challenges when dealing with spent fuel from non-traditional streams. This
must be addressed to ensure safe, efficient, and flexible management of nuclear waste in
the future.

1.3 Research Goals

Using a modelized version of the Royal Military College of Canada (RMC) Safe LOW POwer
K(C)ritical Experiment-2 (SLOWPOKE-2) research reactor core as an SMR analog, the
present thesis will explore how, and if, the current DGR design and processes are adequate
to respond to the large-scale deployment of SMRs in Canada. The Monte Carlo N-Particle
(MCNP) Transport Code version 6.2, a nuclear reactor simulation software created by the
Los Alamos National Laboratory, will be used for the SLOWPOKE-2 model analysis [48].

The primary and secondary objectives are as follows:

1. Develop and benchmark a MCNP 6.2 model representing the RMC
SLOWPOKE-2 (post-refuelling);

11. Calibrate the neutron flux at the inner and outer sites of the new core;



2. Determine the end of operational life characteristics and fissions products
inventory of the refuelled core and extrapolate those values through the active
design life of the NWMO planned DGR;

3. Assess SLOWPOKE-2 suitability to serve as a scalable model for SMRs’ waste
management;

3.1. Identify for which types of SMRs the SLOWPOKE-2 model conforms best;

3.2. Determine a relationship between SLOWPOKE-2 spent core composition
over time and SMR’s cores at their end of operational life; and

3.3. Evaluate the possible impacts of the findings.

1.4 Expected Tasks and Method
Primary Objective I:

Primary Objective 1 is essential to provide the basis on which the whole thesis
analysis will rest. This objective incorporates the following tasks, which will be discussed in
Chapter 3 of the thesis (Model Benchmarking - Neutron Flux Mapping):

A. Conduct a Neutron Activation Analysis (NAA) experiment to determine the

neutron flux and neutron field characteristics at the inner and outer irradiation
sites;

A.l. Determine the composition and geometry of a neutron detector;

A.2. Irradiate the detector in the SLOWPOKE-2 and determine the flux at the
inner and outer irradiation sites through gamma-spectroscopy;

A.3. Derive neutron flux characteristics from the obtained results; and,

A.4. Assess the results in comparison to historical data seen on SLOWPOKE-2
reactors.

B. Generate an updated MCNP 6.2 model representative of the RMC
SLOWPOKE-2 (post-refuelling);

B.1. Identify the differences between the legacy core and the new refuelled core;

B.2. Update the existing MCNP 6.1 SLOWPOKE-2 model using the new core’s
characteristics; and,



B.3. Where possible, improve on the MCNP code to increase the model’s fidelity
to the physical state of the reactor at the RMC.

C. Benchmark the updated MCNP 6.2 model;
C.1. Simulate the NAA experiment using the MCNP 6.2 model;
C.2. Compare the simulated results to the NAA experimental results; and,

C.3. Assess the suitability of the updated model to simulate the SLOWPOKE-2
operational characteristics.

Primary Objective 2:

Primary Objective 2 uses the model created at task B and benchmarked at tasks C,
finds the end state of SLOWPOKE-2 fuel, and then decays the fission product inventory
through the life of the NWMO DGR. This objective will be discussed in Chapter 4 of the
thesis (SLOWPOKE-2 Scaling Factors) and incorporate the following tasks:

D. Determine the SLOWPOKE-2 fuel composition and isotope inventory at the
end of the core’s operational time;

D.1. Using the model, operate the SLOWPOKE-2 new core for a period
equivalent to the old core’s operational time; and,

D.2.Establish the fuel burnup and isotope inventory at the end of the core’s
operations.

E. Determine isotope inventory of the spent core through the design life of the
NWMO DGR;

E.l. Decay the spent core over the design life of the NWMO GDR and determine
spent core activity and decay heat power.

Primary Objective 3:

Primary Objective 3 combines the results obtained from the SLOWPOKE-2 with the
DGR design information obtained from the literature, determines a relationship between
the SLOWPOKE-2 and SMRs, and operationalize the relationship in the context of the
waste management construct in Canada. Chapter 4 of the thesis (SLOWPOKE-2 Scaling
Factors) will discuss the possibility of scaling the SLOWPOKE-2 to higher burnups to
simulate SMRs. Chapter 5 (Principal Outcomes and Recommendations - SMR Spent Fuel
in the DGR) extrapolate SMRs decay heat and activity and assesses the DGR for its ability
to receive potential SMR spent fuel. They incorporate the following task:



F. Derive a relationship between the SLOWPOKE-2 spent fuel and SMR spent fuel;
G. Determine for which SMR/SMR type the relationship can be valid; and,

H. Using the predictive relationship, assess selected SMRs designs to establish
suitability to be included in the NWMO DGR; and,

I.  Analyze the findings and provide insight on future DGR requirements.

1.5 Thesis Limits

The thesis’ specific results will be valid solely in a Canadian context as the baseline
information for the DGR is taken from the NWMO design.

The analysis is conducted only for high-level radioactive waste, concentrating on
reactor cores and spent fuel in the context of their disposal in the planned NWMO DGR.
Therefore, the analysis will not be concerned with low-level and intermediate-level nuclear
waste.



Chapter 2

Theory and Background

The present chapter provides an overview of theory and background information
for this thesis.

Section 2.1 highlights traditional nuclear reactors and SMRs designs and compares
them based on their operational burnup. Current SMR projects in Canada are also reviewed
to emphasize the extent of expected possible future reactors, which would need to be
managed by the NWMO construct.

Section 2.2 reviews the definition and sources of nuclear waste particularly focusing
on high-level radioactive waste. As well, the future plan for the NWMO DGR and
management of radioactive waste is examined.

Section 2.3 outlines characteristics of the NWMO reference CANDU bundle used
as the basis for the GDR design and safety assessments.

Section 2.4 describes the RMC SLOWPOKE-2 research reactor’s components and
operation as it will be the basis of the MCNP 6.2 simulation model.

The present thesis assumes a working knowledge of basic nuclear reactor theory
and radioactivity, which will not be detailed here for the sake of brevity. Readers may wish
to refer to Introduction to Nuclear Engineering by Lamarre and Baratta or Fundamentals of
Nuclear Engineering by Lewis, Onder, and Prudil [49], [50] for additional information.

2.1 Nuclear Reactors Burnup

2.1.1 Definition and Impact

Burnup is a measure of the thermal energy released by the nuclear fuel over its time
in the reactor. When it comes to average discharge burnup for nuclear reactors, it is
generally expressed in Megawatt-days per Metric Tons of Heavy Metal (or Uranium) loaded
in the core (MWd-MTHM", or MWd-MTU" (for uranium only fuels)) [51], [52]. Eq. (1)
shows the relationship between burnup (BU), the energy produced by the reactor and the
mass of fuel loaded in the reactor:

E
BU=—2 (1)
My or HM
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Where
BU= Burnup (MWd-MTHM", or MWd-MTU")’
E; = Energy day (MWd)
My or ym= Mass of uranium or heavy metal (t)

Burnup directly impacts nuclear reactors' economics, operational cycles of the
reactors, fuel behaviour, and spent fuel characteristics.

The characteristic burnup of a nuclear plant is central to nuclear fuel management
[52]. Fuel costs, specifically, return on investment from the manufacturing of the fuel, are
impacted by burnup [52]. A fuel designed for higher burnup requires higher enrichment
and thus costs more to manufacture. However, this is offset by a longer operational fuel
cycle in the reactor. Higher burnup means that more energy can be extracted from the fuel
over a more extended period and, therefore, overall, reduces costs. Nuclear power plants'
fuel is constantly managed to optimize fuel burnup [52]. Since the beginning of nuclear
power usage, for economic reasons, there has been a marked tendency to increase burnup
and consequently, enrichment of nuclear fuel [52]. Figure 4 displays that tendency for PWR
and BWR in the US from 1968 to 2017. This has been possible with innovations in fuel
reliability and reactor design [53].

* Unit of burnup are circumstantial and depend on the agency providing the information. IAEA uses
MWd-MTHM as it deals with reactors with a variety of different nuclear fuels. For agencies dealing with
uranium exclusively, MWd-MTU"! or MWh-kgU-, or variation thereof, are used. MWd-MTU"is generally used
here for SLOWPOKE-2 and CANDU comparisons.
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Figure 4. Average Discharge Burnup of BWR and PWR US Nuclear Reactors From 1968 to 2017. (Data
From [54])

Burnup affects the physical characteristics of the operational fuel in the reactors. As
the fission reactions deplete the fuel, fissions products build up in the fuel pellet structure,
increasing pressure, swelling, and causing cracks [52]. However, sudden high-speed
overpowered transients can also cause rapid releases of gaseous fissions products and over
pressurize the fuel elements, possibly leading to cladding failure [52]. In-reactor corrosion
rates of the cladding are also amplified with an increase in burnup [55]. Overall, fuel
experiencing higher burnup will see higher failure rates, which could become problematic
for waste management systems [52].

The impact of burnup on spent fuel includes the consequences (corrosion, higher
failure rates, pressure, etc.) of the operational fuel. Thus, a fuel bundle affected by a higher
corrosion rate in the reactor will have a weakened cladding barrier that, plays a vital part in
the containment of the waste in the DGR. In addition, other characteristics become relevant
for nuclear waste management, specifically radioactivity and generated heat from
radionuclides decay. Xu et al. examined US PWR radioactivity and decay heat: higher
burnup results in higher radioactivity and decay heat even after one million years [56].

Fission products generation is approximately proportional to the discharge burnup of the
fuel [52], [56]. Since spent fuel energy is generated initially, in majority, by fission products,
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burnup has an impact on the spent fuel thermal energy and therefore on the time it needs
to spend in wet storage to dissipate that energy until the spent fuel becomes manageable
in dry storage.

Waste management is also affected by the generation of fission products. While the
higher burnup reduces the fissile material in the fuel, fission products are generated in
increased quantity, creating more significant environmental and biological risks. Those
risks must be managed throughout the life of the repository in which the spent fuel will be
stored.

2.1.2 Traditional Nuclear Reactor

Since the Chicago Pile-1 in 1942, nuclear technology has seen significant, sustained
innovation in fuel, reactor, and plant designs. In 2002, the Generation IV International
Forum created a framework outlining the generational evolution of nuclear reactors and
highlighted six reactor technologies with the most potential for the future of nuclear power,
the so-called “Generation IV” reactors (Figure 5).

Prototypes Commercial Evolutionary Revolutionary
- Dresden - CANDU Designs Designs
- Fermi - BWR - ABWR - GFR
- Magnox - PWR - AHWR - LFR
- NPD - RBMK - AP600 - MSR
- Shippingport - VVER - CANDUG6/EC6 - SFR
- AGR - Hualong one - VHTR

- System 80 - SCWR

- VVER 1000

- ESBWR

- EPR

Figure 5. Nuclear Reactors Generational Innovation. (Adapted From [57], [58])

While the current international nuclear power plant fleet is constituted in majority
of aging Generation II reactors, internationally, the plants under construction or in the
planning phases tend to be Generation IIT and III+ [25], [59], [60].

Table 1 displays the characteristics of Generation II reactors currently in operation
or which design is representative of the reactor types. Of particular interest here are the
significant differences in average burnup from the CANDU designs due to their use of
natural uranium and operational characteristics, compared to the other types of reactors.



Table 1. Reference Standard Nuclear Reactors

Fuel
enrichment
(235U unless
Thermal otherwise Average
Reactor Reference Power  Coolant Fuel noted) Burnup
Type reactor MW, type Moderator Type % MWd-MTHM!  Ref
BWR Seabrook 3323 H,O H,O U0, 3-5 50 000 [55]
BWR/5

PWR (NMP2) 3411 H,O H>O UO; 3-5 50 000 [55]
LWGR RBMK-1000 3200 H,O Graphite U0, 1.8-2.6 ~20 000 %212]]’
CANDU 6 2064 D0 D0 uo; Natural 7500 (63]

Uranium

PHWR CANDU Natural
(850) 2657 D;0 D,O Uo; arura 7791 [63]

. Uranium

(Darlington)
HTGR Fulton 3000 Eec; Graphite ~ UO, ~7-20 105 000 [55]
2
AGR Heysham 2 1551 CH%' Graphite U0, -3 20 000 [55]
Superphenix Lig. Na/ U0,/  ~15-20 of HM

SFBR ] 3000 H,0 None PuO, is Pu 110 000 [55]

Similarly, for advanced reactors, the CANDU-based designs (ACR-1000, EC6,
IPHWR-100) see a significantly reduced burnup compared to other designs. In fact, they
present the lowest burnup of all advanced reactor designs. Annex A presents burnup
population data on all advanced reactors with a power over 300 MW, (non-SMR) reported
to the IAEA in the Advance Reactor Information System (ARIS) [64]. Table 2 presents an
assessment of the reactors based on their burnups.

Table 2. Burnup Comparison of Advanced Reactor Designs (Data From [64])

Burnup Reactor
MWd-MTHM-! Model
Average 58 500 -
Median 56 600 -
Standard Deviation 25600 -
Highest 120 000 GTHTR300C
Lowest 7 000 IPHWR-100

From a waste management perspective, should Canada entertain the construction
of large nuclear reactors other than CANDU, or CA