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Abstract

Remote Canadian communities rely on diesel generators for their electricity needs.

Providing such generators with fuel year-round presents challenges because of in-

clement weather and long transportation distances involved. This work presents

the conceptual design of a 10 MWth microreactor that can be used to provide

district heating and 3.5 MW of electricity to remote communities. The reactor

has a lead-cooled and graphite-moderated core with 13 vertical fuel channels con-

taining 10 wt% enriched HALEU fuel. The core is enclosed in a non-pressurized

reactor vessel and is passively cooled through natural convection. Stirling engines

are used to drive the electrical generators. The hot cylinders of the Stirling en-

gines are located in the unpressurized reactor vessel and are heated directly by

the primary molten lead coolant. Preliminary neutronic and thermal-hydraulic

analyses of the core indicate that the design is technically feasible and that the

reactor can function for two years and nine months without refuelling.
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Chapter 1

Introduction

1.1 Background

Most Canadian arctic communities use Diesel generators as their main source

of electrical power since they are not connected to any major electricity grids.

According to the Remote Community Energy Database (RCED) [1], as of 2018,

there were approximately 280 communities (equating to about 200,000 people)

in Canada that fall under the definition of “off-grid” or “remote” (terms can be

used interchangeably) [2]. To be termed as “off-grid” or “remote,” the commu-

nity must not be connected to the North American electrical grid nor to the piped

natural gas network, and it must be a permanent or long-term settlement (5 years

or more) with at least ten dwellings [3]. Figure 1.1 shows a map of the RCED

with all the locations across Canada that meet the classification of off-grid or

remote. The different-coloured dots in Figure 1.1 represent the primary power

source for the community, with most communities relying on diesel power (red

dots and triangles). The other energy sources shown in Figure 1.1 are heavy fuel

oil (purple), hydro (blue), natural gas (black dots and triangles), other fuel sources

that are fossil fuel based (yellow), local grid fossil fuel connections (green), and
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unknown energy sources (grey). Of the off-grid communities, approximately 78%

rely on fossil fuels, 9% are connected to a provincial/territorial grid (producing

electricity via fossil fuels or hydro), and 13% use hydro to generate their energy

needs [1]. Currently, no remote community is utilizing renewable energy as their

primary power source. The total percentage of remote communities in Canada

that are relying on fossil fuel-based power generation, including those connected

to a provincial/territorial grid, is greater than 78%. Moreover, almost all commu-

nities that use hydro as their primary energy source rely on backup diesel power

generation to supplement production during peak energy demand or to provide

power during outages [2].

The main issues of relying on diesel power generation in remote communities

are that diesel has high transportation and operating costs, high emissions relative

to other types of power generation, and its price can be very volatile [4]. In

addition, significant subsidies are required to help keep energy affordable for these

remote communities [2].

Steering remote communities away from fossil fuel based sources and toward

alternative energy-generating options does not come without its challenges, such

as [5]:

• Extreme weather conditions making it difficult to use solar and/or wind.

• Long, expensive, and seasonally unreliable transportation routes.

• Unpredictable diesel and Liquid Natural Gas (LNG) prices.

• Aging infrastructure and high upfront capital replacement costs.

• Limitations of technical expertise in emerging clean technologies.

• Debt caps.

• Growing demand for electricity with limited new generation options.

2



Figure 1.1: Remote and off-grid communities in Canada [1].
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• Political and regulatory pressure to keep electricity rates low.

• Limited customer base.

Another option that has been proposed to reduce fossil fuel reliance in remote

communities is to install more transmission lines to connect remote communities

up to the North American electrical grid. However, installing more transmission

lines to connect remote communities to the North American electricity grid could

cost millions of dollars per km in construction costs alone. In addition, the cost of

operations, maintenance, construction of transmission stations, and the purchase

or leasing of land for transmission lines will raise the cost of electricity for end

users [6].

Based on the RCED, the average fossil fuel generating capacity of a remote

arctic community in Canada is approximately 3.6 MWe, while the median gener-

ating capacity is 1.4 MWe [1]. However, when looking at the communities relying

on fossil fuels, it can be observed that communities have the majority of their

installed generating capacity in the lower capacity range compared to the higher

range. When tallying up the generation capacity for each of these communities

into discrete generation capacity ranges, Figure 1.2 shows that 238 of the 276 (i.e.,

86.2%) remote communities have a generation capacity of less than, or equal to,

3.5 MWe. Figure 1.3 shows a more detailed distribution of communities with less

than, or equal to, 3.5 MWe of installed fossil fuel generation capacity. Figure 1.2

and Figure 1.3 indicate that the design and development of a 3.5 MWe nuclear

microreactor would service the most remote communities.

A recent study by Natural Resources Canada, in collaboration with provincial

and territorial governments, found the price of unsubsidized electricity in remote

arctic communities to be as high as $1.14/kWh, approximately ten times higher

than the rates of $0.10-0.15/kWh in high-population centres which are connected

to the main electricity grid [7]. The bulk of the price differential comes from

4



Figure 1.2: Total fossil fuel generation capacity distribution of Remote Canadian
communities (created from available RCED data [1]).
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Figure 1.3: Fossil fuel distribution of Remote Canadian communities with less
than, or equal to, 3500 kW of installed generation capacity (created from available
RCED data [1]).
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fuel transportation costs, storing large quantities of fuel on-site, and maintaining

aging infrastructure. It is, therefore, desirable to replace diesel generation with a

much higher energy density source, such as nuclear generation.

1.2 Objective

The work outlined in this thesis has two main objectives:

1. Develop a conceptual design for a microreactor that is adequate for remote

Canadian Arctic communities.

2. Demonstrate that the proposed microreactor design satisfies basic functional

and safety requirements.

1.3 Scope

The scope of this thesis predominantly focuses on the reactor physics of the nu-

clear microreactor, with basic thermal-hydraulic models to support the conceptual

design. The requirements that are focused on in this thesis are the functional and

safety requirements outlined in Table 1.1.

1.4 Requirements of a reactor for remote com-

munities

Canadian Arctic communities are not adequately served by current Diesel gen-

eration systems. A system based on a nuclear microreactor (1-20 MWt) could

provide a better solution, however, a reactor for small arctic communities needs

to satisfy a number of requirements, which are outlined in Table 1.1. The require-

ments are categorized as follows (letters in parentheses show abbreviations used

7



in the table): Functional (F), Performance (P), Safety (S), and Environmental

(E). The requirements that were addressed in the most detail are F1, F2, S1, S2,

and S3.

Table 1.1: Design requirements of microreactor for remote/off-grid communities.

F1 Shall be able to offer electricity as

well as central heating for arctic

communities.

Many of the arctic communities rely

on diesel fuel for both heat and

electricity. The reactor solution

needs to be able to provide both.

F2 All structures, systems, and

components of the reactor shall be

enclosed in a single containment

structure that can be transported as

one unit.

This will support transportation

and reduce the demands on setup,

construction, and commissioning.

P1 Shall have an electrical output of

approximately 3.5 MWe,

corresponding to the power capacity

needs of the majority of arctic

communities.

According to the Remote

Communities Energy database for

Canada [1] the majority of

households have power less than or

equal to 3.5 MWe.

P2 Shall be transportable by ship,

train, plane, or truck.

Many of Canada’s remote

communities are only accessible by a

certain means of transportation

during certain parts of the year.

ID Requirement Justification

Continued on next page
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Table 1.1: Design requirements of microreactor for remote/off-grid communities.

(Continued)

P3 Shall not exceed 72,500 kg. This is the maximum payload mass

allowable by the CC-177

Globemaster III transport plane

owned by the Royal Canadian Air

Force [8].

P4 Shall have dimensions less than

26.82 m (88 ft) in length and 3.76 m

(12.33 ft) in diameter.

These are the maximum dimension

constraints of the CC-177

Globemaster III loading bay [8].

P5 Shall be able to last at least two

years without having to be refueled.

A two-year fueling cycle is the

average fueling cycle that LWRs

utilize and this should allow

sufficient time to procure and

transport the fuel to site.

P6 Reactor shall maintain structural

integrity in temperatures as low as

-75°C.

The reactor will be sited in very

cold and harsh environments and

needs to be able to withstand them.

P7 Coolant shall not expand when

freezing.

Due to the reactor being placed in

cold environments, it is vital that

the coolant doesn’t cause damage to

SSCs if it were to freeze.

ID Requirement Justification

Continued on next page
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Table 1.1: Design requirements of microreactor for remote/off-grid communities.

(Continued)

P8 Shall have fuel enrichment less than

20 wt% U-235 to avoid difficulties

with sourcing enriched fuel.

Anything over 20 wt% fuel will start

to cause problems in sourcing it, as

well as in the safeguards and

regulatory space.

S1 Coolant shall not have a volatile

reaction with wator or air.

Due to the reactor being in arctic

communities, that are surrounded

by large amounts of water, it is vital

that the coolant is not reactive with

water.

S2 Shall operate at atmospheric

pressure.

With the reactor operating in a

remote region where emergency

response is lacking, it is desirable to

have enhanced safety features so

that the probability of an accident

is reduced.

S3 Shall employ natural convection

cooling in the core.

An important feature of Generation

IV reactors is the use of passive

safety features, such as natural

convection cooling. This will also

reduce the need for complex

engineered safety systems to ensure

sufficient core cooling.

ID Requirement Justification

Continued on next page
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Table 1.1: Design requirements of microreactor for remote/off-grid communities.

(Continued)

E1 Shall be able to be removed from

the operation site without any

permanent damage to the local

environment.

Many of these remote communities

only have a few hundred people in

them. It would be unwise for a

microreactor sited at these locations

to have a detrimental and

long-lasting negative effect on the

environment.

ID Requirement Justification
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Chapter 2

Potential Application of Reactor

Technologies and Systems

This chapter presents a review of existing and proposed reactor technologies that

satisfy at least some of the criteria in Table 1 and that could potentially be used

for powering a small Arctic community.

2.1 Technologies

This section is broken down into the four main technology areas that define a

Nuclear Power Reactor System: neutron spectrum, type of fuel, type of coolant,

and heat-to-work conversion system.

2.1.1 Neutron Spectrum

The neutron spectrum is an important characteristic of any Nuclear Reactor Sys-

tem. The two main types of neutron spectrum are fast and thermal. Figure 2.1

shows two generic neutron energy spectra for fast and thermal reactors, with the

fast reactor having a higher neutron flux at higher energies compared to a thermal

12



reactor.

Figure 2.1: Comparison of generic neutron spectra for fast and thermal reactors
[9].

Fast Neutron Spectrum Reactors

In a fast reactor, the fission chain reaction is sustained by neutrons that have

energies between 1 MeV and 10 MeV, with the majority being about 5 MeV [10].

Corresponding velocities are well above 9×106m/s (≈3% the speed of light). The

high energy neutrons in fast reactors allows for the fissionable but non-fissile U-

238 to be fissioned, as well as to breed an excess of Pu-239, compared to thermal

reactors. Due to U-238 having a larger absorption cross-section with higher energy

neutrons, compared to thermal energy neutrons, Pu-239 is able to be bred and

burned in the core, thus extending fuel resources [11]. In a fast reactor, the core

typically will consist of a Pu-239 and U-235 fuel, which drives the majority of

13



heat generation in the core, and is surrounded by a blanket of depleted or natural

uranium to be converted to Pu-239 by absorption of fast neutrons [12, p. 179].

No neutron moderator (i.e., heavy water, light water, or graphite) is used in fast

reactors to keep the neutron energy high.

As outlined by the Generation IV International Forum, the use of a fast neu-

tron spectrum supports extensive recycling of fuel as well as supports breeding

fissile fuel from fertile material in hopes of producing “equal or more fissile mate-

rial than the reactor consumes” [13, p. 8]. Fast-neutron spectrum reactors reduce

the quantity of nuclear waste compared to thermal spectrum reactors. However,

fast reactors require larger amounts of neutron shielding compared to thermal

reactors due to the large neutron leakage in fast reactors. Fast reactors also re-

quire more engineered safety systems due to the fact that a fast reactor can go

prompt critical faster than a thermal-neutron spectrum reactor [14, p. 349]. More

complex control systems are also needed due to no delayed neutrons helping to

control the reactor like in a thermal-spectrum reactor [14, p. 349]. As shown in

Figure 2.2, the fission cross section for U-238, a fissionable material, increases

markedly above approximately 1 MeV.

Thermal Neutron Spectrum Reactors

In a thermal reactor, the fission chain reaction is sustained by neutrons that

have energies of about 0.025 eV and velocities of 2200 m/s. Getting a neutron

down to this speed after it is emitted from fission requires a moderator to slow

it down to thermal energies. Neutrons are typically born with an average energy

of approximately 2 MeV, and then the moderator that is present in the core

will slow the neutron energy down to thermal energies (0.025 ev). Figure 2.3

shows that the slower the neutron energy, the higher the probability of fission to

occur. Fissile materials such as U-233, U-235, and Pu-239 behave in his manner.

14



Figure 2.2: Total fission and radiative capture cross-sections for U-238 (taken
from [15] and recreated from ENDF/B-VII.1 Nuclear Data Library).

Thermal neutron reactors will also breed some Pu-239, but unlike fast reactors

a thermal reactor is not optimized for the breeding of additional fissile isotopes

such as Pu-239. A thermal energy spectrum has been predominantly used in

reactor designs today due to them being slightly easier to control compared to

fast reactors [14, p. 349].

2.1.2 Fuel

Uranium Dioxide

Uranium dioxide is part of the ceramic fuel category and is what is predominantly

used in nuclear power reactors today due to its high melting point ( 2850°C), excel-

lent irradiation stability, high neutron utilization, exceptional corrosion resistance,

compatibility with cladding and ease of manufacturing [16, p. 177]. However,

some of the disadvantages of UO2 fuel include the fact that it has low thermal
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Figure 2.3: Total fission and radiative capture cross-sections for U-235 (taken
from [15] and recreated from ENDF/B-VII.1 Nuclear Data Library).

conductivity, poor thermal shock resistance and relatively low fissile atom density

(compared to metal fuels). The low thermal conductivity in the UO2 fuel results

in a very steep temperature gradient across the fuel pellet, which can result in the

fuel centerline temperature being much higher than the outer surface temperature.

This can lead to the non-uniform distribution of pores, oxygen concentration, and

fission products in fuel pellets [16, p. 177].

Metal Fuels

The appeal of metal fuels is that they have the ability to provide higher thermal

conductivity and a higher fissile density. These two factors will help to compen-

sate for the neutron penalty that will need to be paid when using new cladding

materials that have higher absorption cross sections [16, p. 180]. By using a

metal fuel which has a higher fissile density, it allows for the fuel cycle length to

be extended and the core lifetime to last longer without having to be refuelled.
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However, a major disadvantage of metal fuels is their low melting point, their

slightly worse irradiation induced swelling compared to ceramic fuels like UO2,

and their higher chemical reactivity with coolants such as water [16, p. 180].

TRISO Fuel

The type of fuel that High-Temperature Reactors (HTR) often leverage, due to

the high-temperature environment, is TRistructural-ISOtropic particles (TRISO).

TRISO particles typically consist of five regions/layers (see Figure 2.4) [17]:

1. Fuel region: kernels of oxide (UO2), carbide (UC), or oxycarbide (UCO)

fuel that are typically micrometres in diameter.

2. Carbon buffer: a porous layer of carbon which serves to attenuate the re-

coiling fission fragments and accommodate the gas buildup from the fission

products.

3. Inner pyrolytic carbon layer (IPyC): protects SiC layer from chemical attack.

4. Silicon carbide (SiC) layer: acts as the main pressure vessel for the fuel.

5. Outer pyrolytic carbon layer (OPyC): protects SiC layer from chemical at-

tack.

The interest in TRISO particle fuel is that it is known for its excellent fission

product retention capabilities, as described in 1 through 5 above, when placed

in a high-temperature gas cooled environment [16, p. 182]. As it relates to the

Generation IV reactors that are being investigated, HTRs are on the list of the

six major reactors of interest [18]. The use of TRISO fuel in HTRs supports the

Safety and Reliability goals for Generation IV Nuclear Energy Systems, which

include the following [18]:
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• Safety and Reliability-1: Generation IV nuclear energy systems opera-

tions will excel in safety and reliability

• Safety and Reliability-2: Generation IV nuclear energy systems will have

a very low likelihood and degree of reactor core damage

• Safety and Reliability-3: Generation IV nuclear energy systems will elim-

inate the need for offsite emergency response.

• Proliferation Resistance and Physical Protection-1: Generation IV

nuclear energy systems will increase the assurance that they are very unattrac-

tive and the least desirable route for diversion or theft of weapons-usable

materials and provide increased physical protection against acts of terror-

ism.

Potential challenges of TRISO fuel include the fact that there has been little

to no operating experience in North America (potential licensing risk) and that

the manufacturing process of the TRISO particles/fuel is fairly unique and novel.

A TRISO-fuelled reactor requires the use of hundreds of thousands of TRISO

particles. As a result, fuel fabrication will be required to have a high level of

reliability and reproducibility. It is also much more difficult to identify all of

the defective particles as they cannot be removed until the process is complete,

and the large number of particles that would need to be inspected could be very

burdensome from a cost and schedule perspective [19, p. 57]. Despite the strong

fission retention of TRISO fuel, the possibility of fuel failure and the release of

fission products outside of the sphere is plausible and has happened in situations

such as at the German AVR reactor. The AVR reactor also showed that temper-

atures can become higher than predicted and can result in fission product release

into the core [20].
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Figure 2.4: TRISO particles in Pebble and Prismatic configurations. Taken from
a presentation given by Andrew Sowder and Cristian Marciulescu from EPRI [21].
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Molten Salts

A Molten Salt Reactor (MSR) mixes the coolant and fuel into a homogeneous

mixture, which presents a few distinct advantages and disadvantages. Potential

advantages of MSRs include fuel reprocessing without shutting the reactor down,

reduced complexities of fabricating solid fuel, spent fuel can be reduced as it can

be used as an input fuel, and better utilization of the fuel due to higher levels of

achievable burnup [22].

Other major advantages arise due to the fact that the coolant and the fuel are

combined in a homogeneous mixture. These advantages include [23]:

• “Meltdown” becomes an irrelevant term due to the fact that the fuel and

coolant are already liquid.

• There is little to no heat transfer delay due to the fuel being part of the

coolant.

• There is no need to have a loading or fuel management plan as the fuel is

homogeneous with the coolant.

Some of the major disadvantages that arise from the use of MSRs that make

them unfeasible for a remote Canadian Arctic community include:

• the need for exotic materials to protect the reactor structures, systems, and

components from salt corrosion that would dramatically increase the price

of a microreactor [22].

• additional engineered safety systems needed to deal with Tritium that is

produced within the reactor, due to most baseline salts containing lithium

[24].

• Chemical reactions of the molten salt with air and water [22].
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The use of an MSR is of interest for larger cities that are looking for hundreds

of MW of electricity. There have been very few designs that use a molten salt

coolant or MSR for the purposes of a microreactor.

2.1.3 Coolant

Water

The use of water as a coolant has a lot of operating experience in the nuclear

industry and is a great coolant material to use in nuclear reactors. However,

Generation IV reactors do not use water as a coolant, and its use should be

avoided in reactors in the Canadian Arctic due to the positive volume coefficient

water has when it freezes. When water freezes, its volume increases in size, which

in turn would greatly impact piping and component integrity in the event of a

reactor trip or shutdown and the water coolant were to freeze due to extreme cold

conditions in the Canadian Arctic.

Sodium

The use of sodium-cooled reactors in the Canadian Arctic has the major downfall

in that sodium has a “strong chemical reactivity with oxygen and water, produc-

ing a sodium fire or sodium-water reaction (SWR)” [25]. This is a serious concern

given the fact that the reactors that will be designed and built for these remote

communities will be surrounded year-round by potentially large quantities of wa-

ter (vapour, liquid, and ice). Another concern that many SMR designers have

with sodium cooled SMRs is that it needs to have an intermediate coolant loop to

“avoid aggressive chemical reaction of radioactive sodium in the primary circuit

with water that is supplied” to a generation turbine [26]. Even though SWRs

can be mitigated with the use of early leak detection measures or by reducing the

number of connection pipes and branching, the risk of an SWR is too high of a
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risk [27, p. 110].

Of the ten current Generation IV metal-cooled designs outlined by the IAEA,

only two of them are sodium cooled, and the rest are lead cooled. Even though

the likelihood of a SWR can be reduced significantly, the consequence of an SWR

event makes it worthwhile to pursue other reactor coolants to be used for a reactor

in the Canadian Arctic.

Lead

The use of lead as a coolant presents a wide array of advantages, which include

[28], [29]:

• Has excellent cooling properties, while maintaining little to no absorption

of neutrons.

• High boiling points, eliminating the issue of dry-out or void coefficients.

• Can be operating at atmospheric pressure due to its high boiling point.

• Inertness to air and water.

• Has a very high density which gives it the ability to perform natural convec-

tion cooling for normal operation without the complexities that come from

water.

• No hydrogen production like what occurs with water cooled reactors.

• Has a high retention of fission productions.

Even though lead-cooled reactors fall into the same category as sodium-cooled

reactors (i.e., liquid metal cooled reactors), they eliminate the need for an inter-

mediate coolant loop, thus decreasing design complexity and capital cost while

still leveraging the benefits of increased heat transfer capabilities and operating

at atmospheric pressure [26, p. 4].
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When it comes to lead-cooled reactors, the two candidate coolant compositions

that are being considered in advanced reactors are lead-bismuth eutectic (LBE),

typically with a make-up of 44.5 wt% Pb + 55.5 wt% Bi, and pure lead (Pb) [30,

p. 127]. Using just Pb as the coolant can come in either natural lead, which is

composed of various isotopes of Pb, or a single isotopic form of Pb such as Pb-208.

The use of Pb-208 as the coolant is very beneficial as it has the lowest neutron

absorption cross-section of all the Pb isotopes [31]. The advantage of LBE versus

Pb is that LBE has a melting point of 123.5°C, while Pb has a melting point of

327°C. The boiling points of each are relatively close, where LBE is 1670°C, and

lead is 1740°C [29]. The use of LBE is cheaper than Pb; however, the use of LBE

results in the production of Po-210 through the activation of Bi-209 followed by

beta decay [30, p. 27]. The presence of Po-210, a very toxic alpha emitter, would

require specific engineered systems to manage it [30]. The overall disadvantages

of using LBE include the need for a chemical treatment loop to clean the coolant,

the considerable decay heat that is produced from Po-210 (≈140 W/g), and the

high radiation risk from Po-210 that is posed to humans [30, p. 250].

Based on the Technology Roadmap Update for Generation IV Nuclear Energy

Systems from 2014, there are three main concerns around lead cooled reactors that

a lot of R&D money is being spent to move the technology forward [32]. These

include:

• Materials corrosion: due to the high temperature of the flowing lead, exotic

steels and coatings need to be used to avoid corrosion and erosion.

• Core instrumentation: the opacity of the lead makes it very difficult to

inspect and monitor the in-core components.

• Seismic/structural issues: due to the weight of the lead within the reactor

vessel, it presents seismic and structural challenges.
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One of the major advantages of lead coolants is their increased heat transfer

characteristics compared to water, organic, and gas coolants. They can also be

advantageous for their low moderating properties, which makes them very com-

patible with fast reactors. What makes lead coolants so appealing for Generation

IV reactors is that they are particularly resistant to radiation damage, have rela-

tively low melting points and high boiling points, and allow for high reactor exit

temperatures with low system pressures [33, p. 259-261].

There are two things that need to be considered when looking at the use of

metal coolants in a reactor [33, p. 259]:

• High neutron absorption cross-sections

• Supply chain and cost

Lead coolants have low neutron absorption cross sections in the high and

intermediate energy ranges. However, the neutron absorption cross section starts

to increase for some lead coolants in the thermal energy range, which can pose

an issue for thermal reactors [33, p. 259]. As shown in Figure 2.5, the capture

cross-section decreases as the incident neutron energy increases. As it relates to

lead coolants, Figure 2.5 also shows that Pb-208 has the lowest capture cross

sections across the thermal and epithermal energy range. Graphite is the typical

moderator to be used in lead cooled reactors and is shown in this figure as a

comparison of how the capture cross-sections of the different lead isotopes compare

to the graphite moderator that will also be present in the core. The graphite

moderator is more likely to capture neutrons, and the lead coolant would be

almost “invisible” to the neutrons.
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Figure 2.5: Capture cross-section of various lead isotopes and carbon [34]

2.1.4 Heat Conversion Systems

In most operating nuclear power plants, the heat that is generated through the

fission of fuel in the reactor is used to produce steam, which can occur directly

inside the reactor or in auxiliary heat exchangers that are called steam generators

[14, p. 132]. This combination of the reactor and steam generator is typically

called the Nuclear Steam Supply System (NSSS). The steam that is produced in

the NSSS is then used to drive large turbines, which are connected to generators

for conversion to electricity. The use of a steam turbine generator set is a very

traditional way of converting the heat from fission to electricity and is shown in

Figure 2.6. Steam comes in from the NSSS and drives the High-pressure and Low-

pressure turbines. The rotation of these turbines, in turn, drives the electrical

generator (top right) to produce electricity, as shown in Figure 2.6 [14, p. 133].

With the advent of SMRs and nuclear microreactors, the use of a steam turbine
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Figure 2.6: Layout of a typical steam turbine generator set [14, p. 133]

generator set is possible if small turbine generator sets are used. However, with

highly advanced fuel and coolant options being proposed, the use of alternative

heat to electricity conversion systems has become a topic of investigation. Specif-

ically, technologies that can convert heat to electricity using a single loop (direct

cycle) configuration are of interest. These include options such as Thermoelec-

tric Converters, Stirling Engines, and Magnetohydrodynamic Generators (MHD).

The use of direct heat to electricity technology is prevalent in remote and isolated

locations, such as space, where maintenance or replacement of a secondary loop

between the reactor and the turbine is not feasible. The use of thermoelectric

converters, Stirling engines, and MHDs have all been used in space reactors and

have the potential of being used for the direct heat to electricity conversion in a

microreactor for remote/off-grid communities [35].

Stirling Engines

The use of Stirling engines is a solution that is elegant and very feasible. A Stirling

Engine (SE) uses a cycle comprising isothermal compression and expansion and

constant volume heating and cooling, as shown in Figure 2.7. A major advantage
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of Stirling Engines is that there is no internal combustion, and the engine runs

on an external heat source which gives it the flexibility in the environment it can

be placed. A second advantage is that they are reversible engines in that the hot

side can become the cold side and vice versa. As a third advantage, SEs run on a

closed loop cycle, so the working gas is not released and does not need continual

refuelling.

Figure 2.7: Theoretical Stirling, Ericsson, and Otto Cycles (taken from [36, p. 61])

There has been plenty of research performed on space reactors to use Stirling

engines [35]. The U.S. Department of Energy has spent large amounts of money

on researching Stirling Engine designs [36]. There are dozens of designs that have

been tested in laboratories across the US and have the potential to be utilized

with a nuclear reactor [36, p. 12-59, 399–409]. Many of the designs originated from

the interest in replacing the combustion engine in cars with a Stirling engine.

Like any combustion engine, the Stirling engine goes through the four processes

of compression, heating, expansion, and cooling, as shown in Figure 2.7. Of the

Stirling engine designs, there are three different types: Alpha, Beta, and Gamma,

as shown in Figure 2.8 [36].

Of the three different types of Stirling engines, the Alpha type engine is the
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Figure 2.8: Three different Stirling engine types (taken from [36, p. 9])

simplest type to design, as well as model, considering that there is a clear sepa-

ration between the hot and cold cylinders. Alpha type Stirling engines also have

the advantage that they don’t have any early mixing that might occur in a beta

or gamma type engine [37]. The advantages of the beta and gamma type con-

figurations is due to their ability to take up less space from their smaller designs

[38].

Of the three different types of Stirling Engines (i.e., α, β, and γ), the γ-type

Stirling Engines produce the most power and are more efficient when compared

to the other two Stirling Engine types [39]. However, for the purposes of reactor

design, the equations governing a dual piston SE (i.e., alpha configuration) are

typically used due to their lower performance, and thus is a more conservative

approach than using the more efficient γ-type Stirling Engine equations.

The nomenclature for engine internal volumes and motions are shown in Figure

2.9 and 2.10. A description of each of the symbols shown in Figure 2.9 are outlined

in Table 2.1. Figure 2.10 shows an additional view of the basic structure of a

beta-type Stirling Engine. The left side of Figure 2.10 that is coloured red is the
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effective hot gas temperature, TH , and the right side that is coloured blue is the

effective cold gas temperature, TC .

Figure 2.9: Dual piston engine nomenclature and high-level schematic [36, p. 82]

Figure 2.10: Basis structure and components of a Stirling Engine [40]

The following equations govern the volumes and pressures for analyzing a

given Stirling engine geometry and were sourced from [36].

Hot Volume as a function of crank angle,

H(N) =
V L

2
[1− sin(F )] +HD (2.1)

Cold Volume as a function of crank angle,

C(N) =
V K

2
[1− sin(F − AL)] + CD (2.2)
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Total Volume as a function of crank angle,

V (N) = H(N) + C(N) +RD (2.3)

Engine Pressure as a function of crank angle,

P (N) =
MR

H(N)
TH

+ C(N)
TC

+ RD
TR

(2.4)

Table 2.1: Symbols, definitions, and units for Equations 1, 2, 3, and 4

HD Hot dead volume cm3

RD Regenerator dead volume cm3

CD Cold dead volume cm3

VL Hot piston live volume cm3

VK Cold piston live volume cm3

TH Effective hot gas temperature K

TC Effective cold gas temperature K

TR
Effective regenerator gas temperature,

TR = TH−TC
ln(TH/TC)

K

M Engine gas inventory in moles mol

R Gas constant 8.314

J/mol·K

AL Phase angle 90◦

Symbol Definition Units
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The equation that governs the work per cycle,

W1 = (PX)(V T )
π(1− AU)

(K + 1)

(
1−DL

1 +DL

)1/2(
DLsin(ED)

1 + (1− (DL)2)1/2

)
(2.5)

A description of each of the symbols in equation 2.5 is shown in Table 2.2.

Table 2.2: Nomenclature symbols, definitions, and units for equation 2.5

W1 Work per cycle Joules

PX Maximum pressure during cycle MPa

VT V L+ V K = (1 +K)V L cm3

K Swept volume ratio = V K/V L dimensionless

AU TC/TH dimensionless

DL

[
(AU)2+2(AU)(K)cos(AL)+K2

]1/2
AU+K+2S

dimensionless

S

S =
∑s=n

s=1
(V (S))(TC)
(V L)(T (S))

Where V(S) and T(S) are the

volumes and absolute temperatures of the dead

spaces.

dimensionless

RV Dead volume ratio, V D/V L dimensionless

VD Total dead volumne = HD +RD + CD cm3

ET ET = tan−1

(
Ksin(AL)

AU+Kcos(AL)

)
dimensionless

Symbol Definition Units

There are many companies across North America and Europe that have de-

signed, developed, and constructed Stirling Engine designs that are available on

the commercial market. Some prominent companies include Genoastirling (Italy),

Azelio (Sweden), Sunpower Inc. (USA), and Qnergy (USA). The general param-

eters of each are shown in Table 2.3. Figures of the TES.POD 1.0, ML3000, and
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PCK80 are also shown in Figure 2.11, Figure 2.12, and Figure 2.13.

Table 2.3: Parameters of Azelio, Genoastirling, and Qnergy Stirling engines.

Electrical power

generated
13 kW Up to 3.3 kW Up to 7.1 kW

Gas used Not disclosed Nitrogen Nitrogen

Output duration 13 hours/day 24/7 24/7

Electrical

efficiency
Not disclosed 14% 30%

Working

Temperature
600°C

850°C/950°C (hot

side)
400°C to 800°C

Starting

Temperature
Not disclosed 700°C (hot side) Not disclosed

Rotation per

minute
Not disclosed

(with load) up to

750
Not disclosed

Cooling Water
Water (from 4.5

up to 6.4 L/min)

Water (20 to 40

L/min)

Weight 1000 kg 250 kg 250 kg

TES.POD 1.0

(Azelio)

ML3000

(Genoastirling)

PCK80

(Qnergy)

Heat Pipes

Heat pipes are a simple two-phase flow heat transfer device that are able to

efficiently transfer heat from liquid to vapour, with very little losses, between

evaporator and condenser with high effective thermal conductivity. They are a

closed evaporator-condenser system that consists of a sealed, hollow tube, whose
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Figure 2.11: TES.POD 1.0 by Azelio. Taken from Azelio website [41].

Figure 2.12: ML1000 (left) and ML3000 (right) by Genoastirling. Taken from
[42].

Figure 2.13: Power Conversion Kit (PCK) 80 made by Qnergy. Taken from
Qnergy website [43].
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inside walls are lined with a capillary structure or wick [44, p. xxv]. A high-level

concept is shown in Figure 2.14, where when heat is applied to any portion of

the heat pipe evaporator section, it will cause the liquid to evaporate and fill

the center region of the heat pipe. The heat is then transferred out via the heat

sink at the condenser location, and the vapour filling the center region becomes

a liquid again and flows towards the evaporator section via capillary forces along

the outside wick structure [44, p. 4].

Figure 2.14: Heat pipe concept with flow path [45].

The working fluid in heat pipes can vary depending on the application, ranging

from cryogens to liquid metals [44, p. 5]. For applications in a nuclear reactor, the

use of a liquid metal for the working fluid is typically chosen. There are several

major benefits of heat pipes, which include [44, p. 28]:

• For a comparable weight and size heat transfer method, heat pipes have a

much higher heat transfer capability.

• Heat pipes allow for flexibility in terms of where they can be placed for

removing heat.

• Very little heat loss over long distances.

• Requires no external power to operate.
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Despite their major advantages, heat pipes are not immune to drawbacks,

which can include [44, p. 27-32]:

• Incompatibility between the wall structure and working fluid can lead to

corrosion and gas formation.

• Demanding maintenance and cleaning requirements to avoid residual con-

tamination that can lead to gas formation.

• Transmutation of working fluid will result in contamination which cannot

be filtered out. Regardless of the fluid, the minimum purity of the working

fluid must be at least 99.999%.

• Operating in below freezing temperatures can result in the working fluid

temperature dropping and cause the vapour pressure of the fluid to drop

off. This allows for noncondensable gases that are created by contamination

to expand and can create pumping and pressure problems in the pipe.

• Dry-out risks due to the two-phase flow of the working fluid [46].

• Heat pipe failure in the reactor core results in temperature rises and stress

concentrations and can result in cascade heat pipe failures [47].

There are two microreactors that are currently being developed in the US that

use heat pipe technology to ensure that the reactor core is kept well below the

melting point and transfers heat out of the core. The eVinci reactor is being

developed by Westinghouse, and the Aurora reactor is being developed by Oklo.

Magnetohydrodynamic Generators

A Magnetohydrodynamic (MHD) Generator generates electricity directly from

the moving stream of an ionized fluid that flows through a magnetic field [48]. As

shown in Figure 2.15, as the ionized fluid (red line) flows through the magnetic
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field (grey line), an electric current is produced due to the induced voltage (blue

line).

Figure 2.15: Magnetohydrodynamic Power Generation Principle [49].

In a nuclear application, the coolant would need to be a gas such as He or

Xe. The reactor would then need to be designed in such a way to ensure that the

He/Xe gas is ionized as it leaves the reactor core. This ionized gas would then

create an induced voltage as shown in Figure 2.15.

NASA has been one of the largest researchers into the feasibility and effective-

ness of using MHDs with a nuclear reactor in space [50], [51], [52]. MHDs have

a lot of potential as it allows for a larger electrical output for smaller amounts

of weight. Figure 2.16 shows a proposed schematic of an MHD coupled with a

nuclear reactor for space applications [53].

The University of Florida has also looked at coupling an MHD with a vapour

or gas core reactor. Instead of using solid state fuel as shown in Figure 2.16, the

fuel would be in the form of UF4 gas that is mixed with an ionizing gas such as

a helium and xenon mixture. As a result, the coolant gas and fuel would be a

homogeneous mixture of gases, leveraging a similar idea as MSRs. Most MHD

coupled nuclear reactors would be limited by the solid fuel-cladding temperature

(approximately 1850°C for Zr-4 [54]). However, with a vapour core reactor coupled

with an MHD allows for much higher operating temperatures, on the order of 2500

K and higher [55], as there is no physical components that would be at risk of

melting. The UF4 fueled system mixed with He/Xe as the working fluid, with a
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Figure 2.16: Schematic of closed cycle MHD with a nuclear reactor [53]

closed loop MHD cycle, directly processes and converts the fission power between

temperatures of 1800 to 3000 K [56]. Mixing the gases UF4 with He/Xe is a very

elegant way of converting heat to electricity, and with 10% enriched uranium in

the UF4 the closed cycle MHD is capable of obtaining efficiencies as high as 55%.

Figure 2.17 shows a conceptual schematic of the VCR and MHD coupled design.

2.2 Reactor Systems

This section focuses on the actual reactor system designs that exist and that

employ one or more of the four technology categories discussed in Section 2.1.

The two main categories of reactor systems that are of interest to this review

include Small Modular Reactors (SMRs) and microreactors, due to the heat and

electricity requirements of remote Canadian communities being significantly less
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Figure 2.17: Schematic of a Vapour Core Reactor (VCR) coupled with an MHD
[56]
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than 300 MWe. SMRs and microreactors are the primary types of reactors that are

potentially the most relevant for such small remote Canadian communities due

to their suitable thermal/electrical capacity, and their modular design features

making it easier for transportation and construction. The Canadian Nuclear

Safety Commission (CNSC) defines a small reactor facility or SMR as “a reactor

facility containing a reactor with a power level of less than approximately 200

megawatts thermals (MWt) that is used for research, isotope production, steam

generation, electricity production or other applications” [57]. Microreactors are

usually understood to have thermal powers below 20 MWt [58].

This review focuses on SMRs and microreactors that satisfy some of the gen-

eral requirements outlined in Table 1.1, in particular systems that use non-water

based coolants (due to the volume increase of water upon freezing), that use

coolants which are inert in air and water, and that are factory fabricated and eas-

ily transportable. Systems that require little to no on-site operators due to their

incorporation of “Inherent” and “Passive” safety design features are of particular

interest as well. Inherent safety in the design means that a specified hazard is

eliminated due to the incorporation of a specific material and/or design concept

into the design [59, p. 5]. For example, the use of a low-pressure coolant like lead

eliminates the hazard of high-pressure coolants existing in the plant and remov-

ing the need for a robust pressure boundary. Passive safety means the design

incorporates structures, systems, and components that require no external input

to operate and rather rely on natural laws, properties of materials, and internally

stored energy to ensure safety in the design [59, p. 5]. An example of passive

safety in the design would be the use of natural convection to cool the reactor

rather than the use of forced convection pumps. Figure 2.18 shows the compar-

ison of current SMR and microreactor designs from various companies and their

electrical output [60].
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Figure 2.18: Comparison of electrical capacity (MWe) of various SMR and mi-
croreactor designs [60].

Of the Generation IV reactors that are being proposed, the non-water-based

coolant reactors that are being investigated for potential use in a remote Cana-

dian community include gas-cooled reactors, sodium-cooled reactors, molten salt

reactors, and lead-cooled reactors.

2.2.1 ARC-100 (ARC Nuclear Canada, Inc.)

The prominent sodium cooled SMR design that exists today is the ARC-100 by

ARC Nuclear Canada, Inc. The ARC-100 is a non-pressurized liquid Sodium

cooled Fast Reactor (SFR) that produces 286 MWt and 100 MWe via 13.1 wt%

enriched metal fuel (U-Zr-alloy). Due to the fast neutron spectrum that it uses,

it is able to consume its own waste as it is developed in the core, which allows

the refuelling cycle to extend to 20+ years. Its core inlet and outlet temperature

are 355°C and 510°C, respectively. For its power conversion system, it leverages
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the use of a Rankine steam cycle turbine [61, p. 201-204].

ARC-100 has some desirable features for application in remote Canadian com-

munities, such as:

1. Utilizes inherent reactor safety with passive, diverse, and redundant decay

heat removal.

2. Only needs to be refuelled every 20 years.

3. High outlet temperature to support district heating.

4. Successful operating experience from EBR-II.

The use of sodium is less desirable for use in the Canadian Arctic as the

volatility of molten sodium with water can be catastrophic, as outlined in Section

2.1.3. Its physical dimensions also make it very prohibitive for transportation,

where its height and diameter are 15.6 m and 7.6 m, respectively. Due to its

dimensions, the set up of the ARC-100 in a remote community would require it to

be shipped in several modular pieces, which may make construction complicated

and time consuming. The thermal and electrical capacity are also much larger

than what is actually needed in the majority of remote Canadian communities.

2.2.2 Integral MSR (Terrestrial Energy Inc., Canada)

The IMSR is a low-enriched (<5 wt%) graphite moderated molten fluoride fuel

salt reactor that produces 440 MWt and 195 MWe. It utilizes forced circulation to

maintain a coolant inlet and outlet temperature of 620°C and 700°C, respectively.

It is called an “integral” MSR because it is a completely sealed reactor vessel

with the pumps, heat exchangers, and shutdown rods all mounted within a single

vessel. The entire sealed core-unit is replaced after approximately seven years

with a new core module [61, p. 201-204]. The main advantages of the IMSR

include:
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1. The reactor core is never opened up to replace fuel, the entire core unit is

replaced.

2. It was specifically designed for factory fabrication, and due to its core life

being approximately 7 years it allows for factory production levels of quality

control and economy.

3. Strong operating experience based on the Molten Salt Reactor Experiment

(MSRE).

4. Fissile materials achieve very high levels of burnup as there is no worry of

fuel failure since the fuel is already a liquid.

5. Strong load following capability due to intermediate salt loop heat ex-

changer.

The IMSR is a Generation IV design that is better suited for a medium to

large city. Even though only one unit can produce 195 MWe, the power plant

is designed to accommodate at least two core units for replacing core units with

little to no downtime. Thus, the plant will produce at least 390 MWe, which is

far more electrical capacity than any remote Canadian community will need.

2.2.3 Stable Salt Reactor (SSR) - Wasteburner (Moltex

Energy)

The SSR developed by Moltex is designed for countries that have large quantities

of spent nuclear fuel. It is a molten salt reactor, but it isn’t like typical molten

salt reactors where the fuel and coolant are homogeneously mixed. Rather, the

design is based on Moltex’s patented concept of containing the fissile molten salt

in vented tubes whilst using a different molten salt as the primary coolant. There

are two configurations of the SSR. There is the SSR-Wasteburner (i.e., SSR-W)
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as well as the SSR-Uranium (i.e., SSR-U). The SSR-W is a fast reactor that uses

recycled waste as fuel, while the SSR-U is a uranium-fueled, thermal spectrum

reactor which generates heat at higher temperatures [62]. The SSR-W is the

“flagship” design for Moltex, while the SSR-U is still in the conceptual design

phase. The SSR-W is fueled with reactor grade plutonium that is recycled from

stocks of spent uranium oxide fuel [61, p. 263]. The spent uranium oxide fuel that

is sourced from various reactors such as LWRs, AGRs, and CANDUs is converted

to reactor grade plutonium via the WAste To Stable Salt (WATSS) facility.

The SSR-W is a 750 MWt and 300 MWe reactor that utilizes a molten salt

ZrF4 − KF coolant. It runs on an inlet and outlet temperature of 525°C and

590°C, respectively. The advantages of the SSR-W include:

1. It is able to recycle large quantities of spent nuclear fuel and convert it into

a usable form via the use of WATSS.

2. It has the major advantages of a MSR without the contamination of fission

products in pumping equipment and other components along the coolant

flow path.

The disadvantages of the SSR-W include the fact that the SSR-W needs to be

directly connected with a WATSS facility which makes siting requirements more

complicated and restrictive. It is more feasible to have the SSR-W as close as

possible to already operating LWR, AGR, or CANDU plants to accept spent fuel

for recycling. In addition, the other disadvantage that makes this an unfeasible

reactor for the Canadian Arctic is how much complex chemistry is going on in this

reactor. It will require a highly skilled and competent individual to be available

to deal with any issues that may arise. This may pose difficult if the SSR-W were

to be located in a remote Canadian location.

43



2.2.4 Energy Well (Czech Republic)

Energy Well is of the most interest as it has an electrical capacity that is close to

that needed to power remote Canadian communities. The Energy Well reactor is

a fluoride high-temperature pool type reactor that utilizes FLiBe as its molten salt

coolant. The fuel type that it utilizes is TRISO fuel compacts that are enriched to

15 wt%. It produces 20 MWt and 8 MWe, with a core inlet and outlet temperature

of 650°C and 700°C, respectively [63]. The Energy Well reactor is a molten salt

cooled reactor, but it is not a molten salt fueled reactor. The TRISO fuel and

FLiBe coolant are not homogenous. Like the IMSR, the Energy Well reactor also

has a lifetime of approximately seven years, after which it is placed in a cooldown

bay of the power plant and a new reactor unit is brought in to replace the previous

one. The Energy Well utilizes a unique energy conversion system by leveraging

super critical carbon dioxide. It uses an Ericsson-Brayton cycle configuration to

transform the heat into electricity and is able to do it at efficiencies >42% [60].

The advantages of the Energy Well reactor include:

1. It utilizes the robustness of TRISO fuel with the high heat transfer capa-

bilities of a molten salt.

2. Utilizes a unique energy conversion system that maintains a high efficiency

while still allowing it to be small and easily transportable.

3. It utilizes a small site footprint (<4000 m2).

The Energy Well reactor may be one of the best solutions for use in remote

Canadian communities. However, it is not an ideal solution due to it using pri-

mary, secondary, and tertiary cooling circuits. For a remote Canadian location,

the reactor needs to utilize as few pumps, moving parts, and engineered systems

as possible to avoid cascading failures, ensure a high level of reliability, and reduce

the need for maintenance.

44



2.2.5 STARCORE (StarCore Nuclear)

The STARCORE reactor is a High-Temperature Gas Cooled Reactor (HTGR)

that is helium cooled, graphite moderated, and fueled with 15 wt% TRISO fuel

prismatic compacts. The STARCORE reactor is very scalable, ranging from

14 MWe all the way up to 360 MWe. HTGR reactor systems are of potential

interest to use in remote Canadian communities. However, due to the operating

pressure being 7.4 MPa on the primary side and 6.7 MPa on the secondary side,

this does not meet the intended design requirement of being able to operate

at atmospheric pressure [61, p. 141-144]. The other disadvantage is the lack

of operating experience with TRISO fueled reactors in Canada, as outlined in

Section 2.1.2.

An advantage of StarCore is that it meets all the remote siting requirements,

which include: inherently safe, passively secure, has load following capability, is

fully automated, has remote shutdown (intervention) capability, and after some

qualification, can be operated with a zero-radius exclusion zone [61, p. 142]. An-

other advantage of StarCore is the fact that it owns the Intellectual Property of

a modern fully automated control system design called the StarCore Automated

Reactor System (STARS) HyperVector Control System [61, p. 143]. It was pre-

viously used in many aerospace systems and has been independently reviewed by

the former Atomic Energy Canada Limited (AECL) as well as Canadian National

Laboratories (CNL) [61, p. 143]. The StarCore plant can be completely monitored

or shutdown remotely at all times via satellite links, which is a major advantage

for remote Canadian communities as it would not require personnel to be onsite

at all times.
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2.2.6 Xe-100 (X-energy, LLC)

The Xe-100 is a HTGR that is helium cooled, graphite moderated, and fueled with

15.5 wt% TRISO fuel pebbles. It utilizes online fuel loading and has a core inlet

and outlet temperature of 280°C and 750°, respectively. The Xe-100 is a 200 MWt

and 82.5 MWe reactor. This reactor design is a Generation IV reactor that utilizes

a TRISO fuel form that is incredibly robust and able to retain its fission products

in almost all circumstances. However, the Xe-100 size and electrical capacity far

exceeds what most remote Canadian communities need. HTGR reactor systems

are of potential interest for use in remote Canadian communities, however, due

to the operating pressure being 6.0 MPa on the primary side and 16.5 MPa on

the secondary side, this does not meet the intended design requirement of being

able to operate at atmospheric pressure [61, p. 175-178].

The main advantage of the Xe-100 is its ability to use online refuelling, which

allows it to achieve very high burnup per fuel pebble to help reduce the quan-

tity of highly radioactive fission products that would typically take hundreds

of thousands of years to decay. The Xe-100 is made to provide effective load

following capabilities as well as to produce high-temperature steam for process

heat applications, which would be very advantageous for smaller communities [61,

p. 175-178]. Its load following capabilities can go from 100% full power to 40% full

power within just 20 minutes. In addition, this is one of the only reactor designs

that is capable of partnering with renewable energy sources in a sustainable way

due to its load following capabilities [64]. X-energy is also developing its own fuel

fabrication facility called TRISO-X. This is a major advantage as it eliminates

the supply chain issue of TRISO fuel for the Xe-100 [65].

The disadvantages of the Xe-100 are similar to what is captured in Section

2.1.2 relating to TRISO fuel. The other disadvantage is its large thermal and

electrical capacity. The Xe-100 was not indented to be built for remote commu-
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nities. Rather, its target market is replacing fossil fuel power plants in large cities

across North America.

2.2.7 Micro Modular Reactor (UltraSafe Nuclear Com-

pany)

The MMR is a HTGR that is helium cooled, graphite moderated, and fueled with

19.75 wt% TRISO fuel that produces 15 MWt and 5 MWe. It has a core inlet and

outlet temperature of 300°C and 640°C, respectively [61]. The MMR is a reactor

system that is of particular interest for use in remote Canadian communities

due to its electrical capacity being very close to what a large number of remote

communities need. It also employs passive cooling in all scenarios, uses no water,

and can last for almost 20 years without having to be refueled [61]. However, due

to the operating pressure being 3.0 MPa on the primary side and 100 kPa on the

secondary side, this does not meet the intended design requirement of being able

to operate at atmospheric pressure.

2.2.8 eVinci Micro Reactor (Westinghouse)

The eVinci reactor is a TRISO fueled reactor that utilizes Heat pipes to convey

the heat away from the core and to the heat conversion system. The fuel in the

eVinci is enriched between 5 and 19.75 wt%. The thermal and electrical capacity

are 7-12 MWt and 2-3.5 MWe, respectively. The eVinci is not pressurized and

requires refuelling on a 36-month cycle. The major advantages of the eVinci

include [61, p. 299]:

1. It will be manufactured and fueled in a factory and then transported to an

end user site.

2. Heat is removed passively via the use of heat pipes which reduces the number
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moving parts and making the overall design simpler.

Despite the advantages that come from heat pipes, they aren’t without their

disadvantages. Heat pipes do make the design simpler, but using them in a reactor

core is a new heat transfer approach, and there is still significant analysis, testing,

and qualification to be performed on their safety case in reactor cores. Additional

disadvantages of heat pipe technology are captured in Section 2.1.4.

2.2.9 Aurora (Oklo)

The Aurora reactor is a 4 MWt and 1.5 MWe metallic uranium-zirconium fueled

fast reactor. The Aurora uses supercritical CO2 for its power conversion system

[61, p. 297-298]. The major advantages of the Aurora reactor include:

1. It has a power output that is within the exact range that would be applicable

for a remote Canadian community.

2. It is not pressurized.

3. Can last up to 20 years without having to be refuelled.

4. Small enough to be easily deployed to any community across Canada.

Other than the disadvantages of heat pipes outlined in Section 2.1.4, the other

disadvantage of the Aurora reactor is that it is a fast reactor, which Canada does

not have much experience with. Additional disadvantages around fast reactors

are outlined in Section 2.1.1.

2.2.10 SSTAR and SUPERSTAR

The lead cooled reactor that is used as a reference design for Generation IV reac-

tors is the Small Secure Transportable Autonomous Reactor (SSTAR), which is a

fast reactor utilizing trans-uranium (TRU) nitride metallic fuel and uses natural
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convection of the lead for cooling during both operational and shutdown heat

removal [28]. It utilizes a supercritical CO2 Brayton cycle and can operate from

15 to 30 years. It also has the major advantage that it is completely sealed and

designed for complete modular replacement, meaning it would never be refuelled

onsite, and the entire reactor would be replaced as a “cassette” [28, p. 137]. The

advantages of the SSTAR system include the fact that it was intended to be used

for remote locations, it is easily transportable on ship or truck, it requires no

refuelling for large spans of time, and it can provide upwards of 20 MWe of power

[66]. A pre-conceptual schematic is shown in Figure 2.19.

The SSTAR reactor has now been superseded by the latest iteration of the

design, which is now called the Sustainable Proliferation-resistance Enhanced Re-

fined Secure Transportable Autonomous Reactor (SUPERSTAR). SUPERSTAR

is a 300 MWt/120 MWe reactor that is a liquid lead natural convection cooled fast

reactor. Its fuel is particulate-based U-Pu-Zr metallic fuel with weapons grade

Plutonium that is <12 wt%. The SUPERSTAR includes all of the advantages

of the SSTAR core; however, it has a larger thermal and electrical capacity, as

well as higher inlet and outlet temperatures, 400°C and 480°C, respectively [61,

p. 237-240]. The reactor power is much larger than what is actually needed for a

remote Canadian community, and it utilizes plutonium in its fuel which will more

than likely cause challenges with local communities and the Canadian Nuclear

Safety Commission.

2.2.11 SEALER (LeadCold)

LeadCold SEALER Reactor is a 3 MWe lead cooled fast reactor that is enriched

with 19.75% to 19.9% UO2 fuel. It was designed to meet the demands for com-

mercial power production in Arctic Canadian regions such as Nunavut and the

North-West Territories. A schematic of SEALER is shown in Figure 2.20. The
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Figure 2.19: Pre-conceptual schematic of SSTAR [28, p. 139].

SEALER can operate for 27 full power years when operating at 8 MWth. The

average coolant temperature at the outlet is kept below 430°C, and results in

a maximum cladding temperature below 450°C. Unlike the SSTAR design, the

SEALER utilizes forced convection to maintain appropriate core cooling [67].

The major advantages of the SEALER core include:

1. It was specifically designed for Arctic communities in Canada.

2. Operates at atmospheric pressure.

3. Is easily transportable.

4. Can power the average Arctic community.

The major disadvantage is that it utilizes a fast neutron spectrum, which may

make it difficult to control and go through the licensing process in Canada.
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Figure 2.20: Schematic of LeadCold’s SEALER design. Taken from [67].
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Chapter 3

The ZAN4e Reactor

All reactor systems reviewed in the previous chapter possess some desirable fea-

tures that make them potentially useful in remote arctic communities. However,

none of them meet all the requirements in Table 1.1. This chapter presents a

novel microreactor design developed specifically for use in remote Canadian arc-

tic communities, one which attempts to satisfy almost all criteria in Table 1.1.

3.1 Main Design Features and Core Parameters

The ZAN4e (Zero-degree Arctic Natural-circulation 4 MW electric) thermal re-

actor is unpressurized, lead cooled, graphite moderated, and uses High-Assay

Low-Enriched (HALEU) fuel. Stirling engines heated directly by the primary-

circuit lead coolant are used to convert heat to work and drive the electrical

generators without needing a water-based turbine secondary circuit. In addition,

coolant circulation is achieved by natural convection without the use of pumps.

Using graphite as a moderator avoids possible core damage resulting from

the volume increase of water when freezing [68], an essential consideration for

the arctic climate. The lead coolant can withstand high temperatures without

boiling (boiling point is 1737°C) leading to improved efficiency of the Stirling
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engines and, compared to sodium and water, is comparatively benign and does

not support chemical interactions that can lead to energy release in the event

of accident conditions [28]. As an added advantage, lead does not expand when

solidifying, thus avoiding potential mechanical damage to the core if the reactor

has to be shut down in the absence of external power, a probable scenario in an

off-grid arctic location.

The ZAN4e core consists of a 1.7 m-tall vertical graphite cylinder pierced

axially by 13 vertical cylindrical fuel channels, which consist of two concentric

tubes separated by a gas gap for thermal insulation. The inner tubes contain

the fuel assemblies and natural lead coolant. Fuel channels are arranged in a

rectangular array with a pitch of 28.575 cm. The overall reactor diagram is

shown in Figure 3.1.

The graphite moderator is sealed in a stainless-steel vessel in order to avoid

contact with air and consequent oxidation. Even in the event of an air-ingress

accident (i.e., oxygen entering the reactor core as well as the stainless-steel vessel),

the graphite blocks will oxidize and lose mass, but the unique atomic crystal

structure of nuclear grade graphite will prevent self-sustained burning [69].

The core is located at the bottom of an inner stainless-steel reactor vessel,

which is cylindrical in shape, taller than the core, and with a hemispherical bot-

tom. The inner reactor vessel has transfer holes both at the bottom and at the

top. The hole diameter (20.7 cm), is twice the diameter of the inner fuel channel

tube diameter, which is large enough to present only minimal resistance to coolant

circulation. The inner vessel is contained in the outer reactor vessel, which is a

cylinder with a larger radius than the inner vessel. The difference in radii is suf-

ficient to accommodate 13 Stirling-engine cylinders arranged in a circular array

at the top of the two vessels and to present minimal hydraulic resistance to the

convection flow of coolant.
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The cooler lead enters the core at the bottom, is heated up in the fuel channels,

reaches the plenum at the top of the core, then exits the inner vessel through

the top transfer holes, whereby it heats up the Stirling-engine cylinders. Having

transferred heat to the Stirling-engine cylinders, the cooler lead moves downwards

through the downcomer between the two vessels and re-enters the inner vessel

through the bottom transfer holes, reaching the bottom of the core again.

The fuel assemblies have CANDU-like-geometry (i.e., 37-element annular clus-

ter), thus relying on well-established technology, and use HALEU fuel to provide

sufficient reactivity for the small core and to ensure a sufficient period of time

between refueling. A longitudinal cross-section through the fuel channels and

core is shown in Figure 3.1, Figure 3.2 shows an axial cross-section through the

core, and Figure 3.3 shows an axial cross-section through the core at the Stirling

Engine level. All three figures are to scale.

There are several heat-to-electricity conversion methodologies and techniques

that could have been used. However, the microreactor design for the Canadian

arctic employed the use of Stirling engines for a few important reasons. First,

its primary coolant used in the Stirling engine is a gas which will not freeze in

the event of a reactor shutdown, spurious trip, or malfunction. Second, their

size is much smaller than typical turbine generator sets and can more easily be

incorporated into an integrated modular unit with the reactor. Third, a Stirling

Engine is highly efficient when used in high-temperature environments and with

the use of an ideal gas such as helium or hydrogen [70]. The major downfall of

Stirling Engines is that it is still unclear the total lifetime that they can achieve

[70]. However, due to the use of CANDU style geometry enriched UO2 fuel, the

time till a refuel is required is less than three years (to be confirmed later in

the thesis). Stirling Engines have been shown to have a continuous operating

capability of 5,000 to 10,000 hours, which will require 1, maybe 2, short periods
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of shutdown to perform maintenance on the Stirling Engines [71].

Determining the thermal output of the reactor is based on the power needs

of remote communities in Canada. Based on the Remote Communities Energy

Database (RCED), 86.2% of remote communities currently have a total fossil fuel

generation capacity that is less than or equal to 3.5 MWe, as shown in Figure

1.2. The goal of the ZAN4e is to replace the generating capacity of already

existing infrastructure in these remote communities. Considering that 86.2% of

communities already have a generating capacity in the range of 3.5 MWe, it was

decided that the ZAN4e would cover the higher end of this range and produce at

most 3.5 MWe.

A goal of the ZAN4e reactor is to have the capability to provide district

heating. As a result, the temperature of the heat sink for the Stirling engines

was chosen to be 75°C to account for heat losses from the reactor core to the

surrounding homes of Arctic communities [72, p. 3, 111, 115, 116]. The outlet

temperature of the reactor core was chosen to be 900°C. This temperature is

largely based on the thermal shock limitation (i.e., the largest temperature change

that an object can survive before it begins to fail) on the zircaloy cladding of the

fuel. With an inlet temperature of 400℃, the zircaloy will start to experience

thermal shock when outlet temperatures are >900℃ [73]. With the efficiency of

the Stirling engines, the required thermal output of the reactor core could then be

determined using Eq. 3.1 by solving for EF . For those communities that require

less electrical capacity (i.e., <3.5 MWe), more district or process heat can be

provided to these communities as an alternative opportunity to handle the extra

generating capacity of the reactor.

There are several systems and subsystems that need to be designed when

replacing diesel power generation with a nuclear microreactor. For example, the

Stirling Engines, reactor vessel, containment/confinement structure, shielding,
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reactivity control system, etc. However, the focus of this research, as it relates to

the design of a microreactor for a remote Canadian community, is on the reactor

core, meaning it focuses on the neutronics and thermal-hydraulics of the core.

All other things are not explained or discussed in detail as these will be further

developed in later design stages of the ZAN4e.

The main core and fuel-channel parameters are shown in Table 3.1.

Table 3.1: ZAN4e Parameters

Effective core

diameter w/o

reflector

1.46 m
Inner tube, inner

radius
5.169 cm

Core diameter

with graphite

reflector

2.0 m
Inner tube, outer

radius
5.603 cm

Core height 1.7 m
Outer tube, inner

radius
6.448 cm

Fuel channel pitch 28.575 cm
Outer tube, outer

radius
6.588 cm

Inlet Temperature 400℃ 1st Ring Radius 1.489 cm

Outlet

temperature
900℃ 2nd Ring Radius 2.876 cm

Total core

thermal power
10 MWth 3rd Ring Radius 4.331 cm

Core Parameter Value Core Parameter Value

Continued on next page
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Table 3.1: ZAN4e Parameters (Continued)

Graphite

temperature
400℃ Fuel pellet radius 0.608 cm

Maximum Fuel

Centerline

temperature

2050℃

Fuel element

radius (fuel +

Zircaloy4)

6.540 cm

Molten lead

average coolant

temperature

650℃ Core Life 2.75 yr

Molted Lead Core

Mass Flow Rate
140 kg/s

Lead Boiling

Point
1740℃

Core Parameter Value Core Parameter Value

Figure 3.1: ZAN4e Reactor Diagram: longitudinal cross-section.
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Figure 3.2: ZAN4e Reactor Diagram: axial cross-section at the fuel level.

Figure 3.3: ZAN4e Reactor Diagram: axial cross-section at the Stirling-engine
level.
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3.2 Core Analysis

The core performance is analyzed from a neutronics and thermal-hydraulic per-

spective to demonstrate that the design is feasible and that safety limits are not

exceeded. Neutronics calculations are performed using the lattice transport code

DRAGON [74] and the core diffusion code DONJON [75]. The thermal-hydraulic

analysis is performed using well-accepted correlations. The use of Serpent, a

continuous-energy Monte Carlo reactor physics burnup calculation code, was also

used as a tool for scoping calculations and to confirm the results obtained from

DRAGON and DONJON.

Upon determining the power output of the ZAN4e, the iterative design and

analysis process for the ZAN4e went as follows [76, p. 505-506], and is depicted

in 3.4:

• Determine the maximum acceptable linear power density in the hottest

channel, taking into account both steady-state and transient operating con-

ditions.

• Determine the appropriate fuel-to-moderator ratio by choosing a lattice

pitch length.

• Choose initial fuel enrichment.

• Perform a burnup calculation to find the core life and determine how long

criticality can be maintained.

• Determine the various hot channel factors characterizing the core, using

both computer codes describing the core neutronics and thermal-hydraulic

behaviour.

• Calculate the bulk coolant and fuel centerline temperatures.
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• Determine core diameter.

The iterative design methodology shown in 3.4 was followed until the centerline

fuel temperature had sufficient margin from its melting point. Considering that

the melting point of UO2 is 2850℃ an approximate 30% margin was selected which

means that to determine a final core geometry the centerline fuel temperature

needs to be no more than 2050℃.

Figure 3.4: Iterative design methodology followed for ZAN4e.
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3.2.1 Overall Plant Energy Balance

To determine the size of the reactor core, it was necessary to first determine the

thermal output required by the reactor core based on the efficiency of the Stirling

engines.

As mentioned in the previous section, the required electrical capacity that a

microreactor should have for a remote community in Canada is approximately 3.5

MWe. Using this requirement, along with the approximate net overall thermal

efficiency of the Stirling engines, the thermal power used in the ZAN4e reactor

can be evaluated using Eq. 3.1 [36, p. 98-99].

η =
Pnet

EF

=

(
1− TC

TH

)
·C · ηH · ηM · fA (3.1)

In Eq. 3.1, ηeff is the overall thermal efficiency, Pnet is the net shaft power,

and EF is the total energy flow, which equals the thermal power from the reactor

(Wth). C is the Carnot efficiency ratio of Stirling-engine efficiency to Carnot

efficiency (normally from 0.65 to 0.75), ηH is the heater efficiency which is the ratio

between the energy flow to the heater and the total energy flow (typically 0.90), ηM

is the mechanical efficiency (typically 0.90), and fA is the auxiliary ratio (typically

0.95) [36, p. 98-99]. Assuming the hot-cylinder temperature, TH , to be equal to the

average coolant temperature of 650°C and the cold-cylinder temperature TC , to be

equal to 75°C (necessary to drive the district-heating system, [72]), the Stirling-

engine efficiency is found to be 35%. Ignoring losses, the available electrical power

can be estimated to be 3.5 MW, and the district-heating power can be estimated

to be 6.5 MW, assuming a thermal power output of the reactor to be 10 MWth.

The type of Stirling Engine design that will be employed in the microreactor

will be either a beta-type or gamma-type Stirling Engine, as shown in Figure 2.8.

In the Stirling Engine analysis, the use of the Schmidt Cycle was used to get
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an initial estimation of the size and performance to be used with the microreactor.

A Schmidt cycle Stirling engine is one where the power piston and displacer, or

the two power pistons, move sinusoidally with each other. In using the Schmidt

Analysis, there are several assumptions that are made, which include [36, p. 71]:

1. Sinusoidal motion of parts.

2. Known and constant gas temperatures in all parts of the engine.

3. No gas leakage.

4. Working fluid obeys perfect gas law.

5. At each instant in the cycle, the gas pressure is the same through the working

gas.

When utilizing a diameter of 15 cm, a height of 50 cm, 3.5 moles of helium gas

inventory, a hot gas temperature of 650℃, and a cold gas temperature of 75℃,

the Stirling engine is able to produce approximately 350 kWe, assuming a cycle

frequency of 60 Hz. With 13 Stirling engines all operating at 350 kWe, you get a

total electrical capacity of approximately 4.5 MWe, which is more than what is

needed for the ZAN4e. However, the potential for uprating the electrical capacity

to >3.5 MWe exists.

The variables that govern Stirling Engines, as shown above, can be manipu-

lated in various ways to arrive at a solution that will produce a Stirling Engine

that produces upwards of 350 kWe. For example, the quantity of gas in the Stir-

ling Engine can be increased, thus increasing the operating pressure, which would

in turn increase the power output. If the pressure is increased, then the radius

and/or height of the Stirling Engine can be reduced to get the same amount of

power. To ensure feasibility in the design of the Stirling Engine, it is important

to ensure that the size is not too large. As a result, it is proposed to consider
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the use of Heat Pipes extending down from the bottom of the Stirling Engines to

support accurate and reliable heat removal from the core as is done in heat pipe

Stirling Engine nuclear reactors used for space applications [77].

3.2.2 Neutronic Analysis

The aims of the neutronic analysis are four-fold:

1. Determine the core reactivity as a function of the lattice pitch.

2. Determine the fuel burnup as a function of fuel enrichment.

3. Determine the power-peaking factors.

4. Determine the core life.

Neutronics calculations are performed in two steps: a lattice-calculation step

and a core calculation step. Lattice calculations are performed in two dimensions

for a lattice cell consisting of a fuel channel and associated moderator. They

produce cell-averaged burnup-dependent two-group macroscopic cross sections to

be used in the core calculation. All lattice calculations employ the collision-

probabilities method and are performed using the lattice code DRAGON [74]

and the WIMS-D Library Update 69-group microscopic cross-section library [78].

The lattice cell geometry used in DRAGON is shown in Figure 3.5. In Figure

3.5 there are additional “rings” within the same material cell (same colour) that

allow for increased simulation accuracy by splitting the geometry into n radial

meshes to support simulation. All cell-boundary conditions are reflective. Core-

level calculations use a cell-homogenized reactor model. They employ the finite-

difference method in two-group diffusion theory in a Cartesian geometry and

are performed using the code DONJON [75]. The geometrical model utilized in

DONJON is shown in Figure 3.7. The number of meshes is 90 × 90 × 50 in the
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x, y, and z directions, respectively. Vacuum boundary conditions are imposed on

all external core boundaries.

Figure 3.5: Lattice cell geometry used in DRAGON

The methodology that was followed is derived from [79] and is shown in Fig-

ure 3.6. The nuclear data in ENDF/B was processed into a 69-group microscopic

cross-section library using NJOY. The conversion of ENDF/B to an isotopic cross-

section library via NJOY was outside the scope of this thesis. Rather, the WLUP

69-group microscopic cross-section library [78] was used directly in lattice calcu-

lations.
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Figure 3.6: Data for to go from nuclear physics data to a full-core calculation [79,
p. 54]

(a) Isometric view (b) cross-sectional view

Figure 3.7: DONJON model views. Homogenized fuel cells are shown in light
grey. Lead cells are shown in intermediate grey. Graphite cells are shown in dark
grey.
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The lattice calculation allowed for a small database to be built of the burnup-

dependent two-group macroscopic lattice-homogenized cross sections. This lattice

cell consisted of a single fuel bundle (i.e., 37 elements) surrounded by a pressure

tube, thermal gas gap, outer support tube, and graphite moderator [79, p. 195].

This lattice cell is typically simulated without any knowledge of the operating

conditions of the reactor. The macroscopic cross sections that are calculated via

the lattice calculation are later used as inputs for the full core calculation, as

outlined in Figure 3.6.

With the thermal output of the reactor core determined, the size of the core

was then able to be determined using Eg. 3.2 [76, p. 506]. However, before Eq.

3.2 can be fully solved, the values for the pitch, p, the linear power density, q′MAX ,

the hot channel factor, FN
q , and the height of the core, H, need to be determined.

Dcore =

[
4p2MWthF

N
q

πq′MAXH

]
(3.2)

To arrive at a value for the diameter of the core, a few of the variables in Eq.

3.2 needed to be iteratively adjusted. As outlined in [76, p. 479], it outlines that

the linear power density of the fuel needs to be kept below a maximum linear

power density of 660 W/cm, otherwise, the uranium fuel will begin to melt. Most

power reactors keep their maximum linear power density in the operating range

of 420-460 W/cm [76, p. 479]. As a result, the core was analyzed with an initial

maximum linear power density of 450 W/cm. The height of the core was chosen

such that it would ensure the maximum linear power density did not exceed 450

W/cm.
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Lattice Pitch

The lattice pitch affects the core reactivity, its size, weight and, consequently,

transportability.

The dependence of the fresh-core effective multiplication factor on the lattice

pitch is shown in Figure 3.8. Results shown in Figure 3.8 indicate that the fresh-

core multiplication factor increases up to a pitch of 38 cm. However, to limit the

size and overall weight of the core, a 28.575 cm pitch, identical to that of the

CANDU reactor, is used. As can be seen from Figure 3.8, the use of a 28.575 cm

pitch only results in an approximately 400 pcm penalty in the core reactivity.
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Figure 3.8: Core effective multiplication factor vs. lattice pitch for the ZAN4e
reactor
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Enrichment and Fuel Burnup

CANDU-type fuel assemblies have been shown to operate safely up to a burnup

of 21 MWd/kgU [80]. Therefore, the core is assumed not to exceed a maximum

assembly burnup of 20 MWd/kgU.

Figure 3.9 shows the relationship between the core reactivity and the maxi-

mum assembly burnup for different levels of enrichment. Core reactivity is found

from a full-core two-group diffusion calculation.

Curves in Figure 3.9 include a 7000 pcm reduction in reactivity to account for

additional absorbers in the core that are not explicitly modelled, such as structural

materials. The value used is based on that for a 660 MWe PHWR core [81] and

is adjusted for the smaller size of the ZAN4e core. It is likely an overestimate of

what the real reactivity decrease due to additional absorbers will be. As can be

seen from Figure 3.9, a 10% fuel enrichment is the enrichment value chosen for

the ZAN4e and is sufficient to ensure core criticality just past 20 MWd/kgU.

Power Peaking Factors

The flux results of the DONJON simulation were normalized to the total thermal

power of the ZAN4e (i.e., 10 MWth) to find the thermal power in each fuel

channel. In DONJON, each fuel channel was split into 50 “bins” or calculational

regions. The flux values obtained from DONJON were per lattice cell (i.e., 1 to

13) and per bin (i.e., 1 to 50). As a result, when normalizing the flux values to the

total reactor thermal power the result that was obtained was the total thermal

power produced in each bin of each fuel channel. The unnormalized power for

each bin in each fuel channel was calculated according to Equation 3.3.

Pi,j =
(
(ϕi,jΣi,j)fast + (ϕi,jΣi,j)thermal

)
EfissVbin (3.3)
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Figure 3.9: Core reactivity as a function of maximum burnup for various levels
of enrichment

Where Pi,j represents the unnormalized power matrix in each bin (i) of each

fuel channel (j), (ϕi,jΣi,j)fast is the fast flux and macroscopic fission cross-section

at a given fuel channel and bin, (ϕi,jΣi,j)thermal is the thermal flux and macroscopic

fission cross-section at a given fuel channel and bin, Efiss is the energy produced

per fission, Vbin is the volume of each bin.

The normalizing factor is then able to be found by dividing the total thermal

power of the ZAN4e by the summation of the unnoramlized power in each fuel

channel and bin, as shown in 3.4.

αnorm =
Pthermal∑13

i=1

∑50
j=1

(
(ϕi,jΣi,j)fast + (ϕi,jΣi,j)thermal

)
EfissVbin

(3.4)

Using the normalizing factor, αnorm, the power produced in each bin of each
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fuel channel is then able to be calculated using 3.5.

P norm
i,j = αnormPi,j (3.5)

Where P norm
i,j is the normalized power matrix for the ZAN4e which represents

the actual thermal power produced in each of the 50 bins per fuel channel. The

linear power density q′ in each bin of each fuel channel is then able to be calculated

by taking the power produced in the given bin and dividing it by the height of

the bin.

The radial power peaking factor, FR, is calculated using Eq. 3.6 [76].

FR =

∫ H/2

−H/2
q′HC(z) dz

1
13

∑13
i=1

∫ H/2

−H/2
q′i(z) dz

=
qHC

1
13

∑13
i=1 qi

(3.6)

In Eq. 3.6, q′(z) represents the linear channel power, q represents the chan-

nel power. The HC subscript denotes the hot channel (channel with maximum

power), and i is a generic channel index.

The axial power peaking factor, FZ , is calculated using Eq. 3.7 [76].

FZ =
maxzq

′
HC(z)

1
H

∫ H/2

−H/2
q′HC(z) dz

(3.7)

The numerator of Eq. 3.7 represents the maximum linear power of the hot

channel, and the denominator represents the average linear power of the hot

channel. Finally, the pin power-peaking factor, FP , is determined as the ratio

between the maximum linear pin power density and the average linear pin power

density for a fuel assembly, both taken at the same axial position, as expressed

by Eq. 3.8.

Fp =
q′k−max(z)

1
37

∑37
k=1 q

′
i(z)

(3.8)
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Within a fuel assembly, the thermal flux, and hence the pin power, increases

with the distance between the pin centre and the centre of the bundle. This is

illustrated schematically in Figure 3.10, reproduced from [82]. Consequently, the

hot pin is found in the outer ring.

Figure 3.10: Illustrative circumferential variation in flux of thermal neutrons (re-
produced from [82])

The linear power for pin k, q′, is determined using the one-group flux, ϕk,

the one-group fission cross-section, Σfk, the Energy per fission, Efk, and the pin

cross-section area Ap, and is calculated using Eq. 3.9.

q′k = ϕkΣfkEfAp (3.9)

Eq. 3.8 and 3.9 can be combined into,

Fp =
ϕk−maxΣfk−maxEfAp∑37

k=1 ϕkΣfkEfAp

37

(3.10)

The overall power-peaking factor of the ZAN4e is simply found by finding the
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product of the radial power-peaking factor, axial power-peaking factor, and pin

power-peaking factor, as shown in Eq. 3.11.

FN
q = FRFZFp (3.11)

Table 3.2 summarizes all of the power-peaking factors calculated for the ZAN4e

using DRAGON and DONJON.

Table 3.2: Power peaking factors for the ZAN4e

1.22 1.36 1.42 2.34

FR FZ Fp Fq

The overall power peaking factor of the ZAN4e core is smaller than the 3.64

power peaking factor for a theoretical homogenous, bare cylindrical core [76,

p. 503]. This is due to the neutron-reflecting properties of the graphite and

lead surrounding the core both laterally and at the top and bottom. The power

peaking factor of the ZAN4e is also competitive with a typical zone-loaded PWR,

which is 2.6 [76, p. 503].

Based on the core parameters, the mass of all the major ZAN4e components

are shown in Table 3.3.

Table 3.3: Mass of ZAN4e Components

Moderator 11,288

Inner Vessel 4,947

Outer Vessel 8,796

ZAN4e

Component
Mass (kg)

Continued on next page
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Table 3.3: Mass of ZAN4e Components

(Continued)

Lid 9,947

Fuel 1,004

Lead Coolant 227,667

Total 263,651

ZAN4e

Component
Mass (kg)

Core Life

The maximum allowable assembly burnup (Bmax = 20MWd/kg), together with

the core thermal power (Pth = 10MW ), the mass of core fuel, mfuel, and axial

and radial power peaking factors, FRZ = FR · FZ , determine the core life. Using

Eq. 3.12, the core life is found to be 2.75 years. The experiments performed at

the Bruce were based on the burnup of the bundle, hence why only the radial and

axial peaking factors were used to estimate the core life [80].

Tcore =
Bmax

1
FRZ

mfuel

Pth

(3.12)

As it relates to refuelling after 2.75 years, the burned ZAN4e core will be

transported back to a commercial warehouse facility, where it will be decommis-

sioned and sent to the appropriate spent fuel storage location, which is yet to be

determined. A new ZAN4e modular unit will then replace the one that has been

fully burned. The large quantity of lead inside the reactor will provide significant

shielding for transport.
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3.2.3 Thermal-hydraulic Analysis

In calculating a lot of the thermal-hydraulic parameters, an important parameter

that needs to be calculated is the heat-transfer coefficient for molten lead. There

are two correlations for the Nusselt number that are typically used for liquid metal

coolants for flow in circular tubes.

Lead Parameters

For constant heat flux along the tube wall (Lyon-Martinelli):

Nu = 7 + 0.025Pe0.8 (3.13)

For uniform wall temperature (Seban and Shimazaki):

Nu = 5.0 + 0.025Pe0.8 (3.14)

An important note to make is that, as shown in the Peclet number, the viscos-

ity is eliminated, which reflects the fact that viscosity is not the rate-determining

parameter in liquid-metal heat transfer [33, p. 268].

There are three other correlations that have been used when estimating the

Nusselt number for different conditions. The Kazimi and Carelli correlation was

one of the first correlations that was used for Liquid Metal Fast Breeder Reactors

(LMFBRs). The correlation is,

Nu = 4.0 + 0.16R5 + 0.33R3.8(0.01Pe)0.86 (3.15)

The Kazimi and Carelli correlation can be used when the Peclet number is less

than 5,000 and the P/D (pitch to diameter) ratio (R=P/D) is between 1.1 and

1.4 [83, p. 832].The only downfall of the Kazimi and Carelli correlation is that
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it underestimates the Nusselt number when P/D is high and is more for square

lattice fuel assemblies. The other two correlations that have been used previously

by Westinghouse include the Schad correlation and the Borishanskii correlation,

as shown in Eq. 3.16, 3.17, 3.18, and 3.19.

Schad Correlation:

Nu = 4.5[−16.5 + ...+ 24.96R− 8.55R2] (forPe ≤ 150) (3.16)

Nu = [−16.5 + ...+ 24.96R− 8.55R2]Pe0.3 (for150 < Pe < 150) (3.17)

Borishanskii Correlation:

Nu = 24.15log[−8.12 + 12.76R− 3.65R2] (forPe < 200) (3.18)

Nu = 24.15log[−8.12 + 12.76R− 3.65R2]+

0.0175[1− e6(1−R)](Pe− 200)0.9 (for200 ≤ Pe ≤ 2, 000) (3.19)

Using Eq. 3.13, the average heat transfer coefficient was calculated to be

23,365.1 W/m2K.

Lead Parameters

The lead parameters that were used for the ZAN4e were based on the equations,

data, and values published by the Nuclear Energy Agency (NEA) in the 2015

Edition of Handbook on Lead-bismuth Eutectic Alloy and Lead Properties, Ma-

terials Compatibility, Thermal-hydraulics and Technologies [30]. The Handbook

on Lead-bismuth Eutectic Alloy and Lead Properties, Materials Compatibility,

Thermal-hydraulics and Technologies contained several equations that could be

used to determine the given value of a parameter as a function of temperature.
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The parameters that were investigated for lead included its density, dynamic

viscosity, heat capacity, thermal conductivity, volume expansion, and kinematic

viscosity. The equations that were used for each of these parameters are shown

below, where T in each of the equations represents the temperature of the molten

lead.

Density of lead (kg/m3):

ρ = 11, 441− 1.2795T (3.20)

Dynamic viscosity of lead (Pa · s):

µ = (4.55× 10−4)exp

(
1069

T

)
(3.21)

Heat capacity of lead (J/kgK):

cp = 175.1− (4.961 · 10−2)T + (1.985 · 10−5)T 2−

(2.099 · 10−9)T 3 − (1.524 · 106)T−2 (3.22)

Volume expansion of lead (1/K):

γ =
1

8942− T
(3.23)

Kinematic Viscosity of lead:

ν =
µ

ρ
(3.24)

Coolant Mass Flow Rate

The necessary mass flow rate in any channel, i, is determined using Eq. 3.25, using

the channel power, qi, determined from a DONJON full-core diffusion calculation,
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and the inlet and outlet temperatures of the coolant.

ṁi =
qi

cp(To − Ti)
(3.25)

It is assumed that the coolant flow rate through each channel is adjusted (e.g.,

using diaphragms) so that the inlet and outlet temperatures are the same for all

channels, as shown in Figure 3.11.

8.94
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10.99 11.81 10.99

8.94

Figure 3.11: Mass flow rate map (kg/s)

The necessary total coolant mass flow rate through the core is determined by

summing the mass flow rates through all 13 channels of the core:

ṁtot =
Pth

cp(To − Ti)
(3.26)

The value of the total coolant mass flow rate is found to be 140.08 kg/s.

Axial Coolant Temperature and Fuel Temperature Profiles

The bulk coolant temperature is found numerically in 50 axial bins, using Eq.

3.27.

T fl
n = T fl

n−1 +
n∑

j=1

q′(zj−1)∆zj

ṁcp(T
fl
j−1)

(3.27)

where n represents the bin of interest, and q’ represents the channel linear

power density.
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The centreline fuel temperature is determined using Eq. 3.28 [76, p. 482].

TCL(z) = T fl(z) +
q′(z)

2πrF

[
rF
2k̄F

+
1

hG

+
tC
kC

+
rF

hs(rF + tC

]
(3.28)

The centerline and bulk coolant temperatures for each channel of the core are

calculated for a fresh core and an end-of-life core. The axial power profiles for

the pin of maximum power are shown in Figure 3.12, for both the actual core

and a bare (no graphite reflector and no surrounding lead coolant) core. The

corresponding fuel centerline temperature profiles for a fresh core and an end-of-

life core are shown in Figure 3.13 and Figure 3.14, respectively.
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Figure 3.12: Linear power density of outer pin for a fresh bare core, fresh normal
core, and a normal end-of-life core.

Figure 3.12 illustrates the point that the low axial power-peaking factor of the

ZAN4e core is due to the presence of reflector graphite and lead. It also shows
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Figure 3.13: Centreline (orange) and Bulk Coolant (blue) temperature profiles
for a fresh core.

Figure 3.14: Centreline (orange) and Bulk Coolant (blue) temperature profiles
for an end-of-life core.
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that the end-of-life core has a slightly flatter axial power profile due to the higher

burnup of the fuel located closer to the midplane of the reactor.

Figure 3.13 and Figure 3.14 confirm that the calculated coolant mass flow

rates result in the desired channel outlet temperature of 900°C. They also show

that the maximum fuel centerline temperature for a fresh and end-of-life core are

1999.93°C and 1962.43°C, respectively. Thus, the fuel is expected to remain well

below the 2850°C melting point during normal operation.

Coolant Circulation Through Natural Convection

An important safety feature of the ZAN4e reactor is its ability to use natural

convection for coolant circulation. The physics that allows for natural convection

of the lead coolant to occur is the difference in densities of the lead between the

high and low-temperature locations of the reactor. Eq. 3.29 expresses the static

pressure available to circulate the coolant through thermo-syphon, and forms the

foundation of the preliminary natural convection model outlined in this section.

∆Pstatic = (ρL − ρavg)gLcore + (ρL − ρH)gLabovecore (3.29)

Where ∆Pstatic is the static pressure available to push the lead coolant in the

core, ρavg is the average density in the reactor core, ρL is the density of lead at the

lowest temperature in the reactor (i.e., 400°C), ρH is the density at the highest

temperature in the reactor (i.e., 900°C), g is the gravitational acceleration (i.e.,

9.81 m/s2), Lcore is the height of the core (i.e., 1.7 m), and Labovecore is the height

between the top of the core and the bottom of the Stirling engines.

For natural convection to occur in the core, the friction pressure losses in the

core need to be less than the available static pressure in the core. The friction

pressure loss across a tube with an arbitrary-shape cross section is calculated
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using Eq. 3.30, where f is the Fanning friction factor.

∆P = 2

(
L

Dhydraulic

)
ρū2

zf (3.30)

Using the necessary mass flow rate, the flow velocity is calculated using Eq.

3.31.

ūz =
ṁ

ρA
(3.31)

The Reynolds number is found using Eq. 3.32.

Re =
ρūzDhydraulic

µ
(3.32)

In Eq. 3.32, µ is the dynamic viscosity of lead in Pa, and Dhydraulic is the

hydraulic diameter, found according to [76]:

Dhydraulic =
4S

Z
(3.33)

Where S is the flow area, and Z is the wetted perimeter of the flow.

The hydraulic diameter depends on the size and shape of the tube cross-

section. For this analysis, five different hydraulic diameters were used, corre-

sponding to a core channel, region above the core, region around each Stirling

engine, the downcomer, and region below the core. It will be noted that the

pressure drop across one channel is representative of the pressure drop across the

core.

Values of the Reynolds number are found to exceed 2,100 in all five regions.

Consequently, the flow in all five regions is found to be turbulent and, hence, the

Fanning friction factor, f , is found using Blasius’ formula [76, p. 485]:

f = 0.0791Re−0.25 (3.34)
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The lead density and dynamic viscosity are calculated based on Eq. 3.20 and

3.21.

The pressure loss due to the lead coolant making 180° turns at the top and

bottom of the reactor is estimated using Eq. 3.35 [84, p. 433-440].

∆p = KL
1

2
ρū2

z (3.35)

where KL is the loss coefficient based on the flow geometry, ρ is the density

of the fluid, and ūz is the average velocity of the fluid. The loss coefficient for a

180° turn is 0.2. Pressure losses through the transfer holes are estimated by using

the formula for the pressure loss induced by an orifice plate in a pipe, as shown

by Eq. 3.36 [84, p. 460-462].

∆P =
1

2
ρ(1− β4)

(
ṁ

ρCoAo

)2

= (1− β4)
1

C2
o

1

2
ρū2

z (3.36)

In Eq. 3.36, ρ is the density of the fluid, ṁ is the mass flow rate through the

orifice, Ao is the area of the orifice opening, Co is the orifice discharge coefficient,

β is the ratio of the orifice diameter to the pipe diameter, and ūz is the average

fluid velocity through the orifice. The discharge coefficient decreases slightly as

the Reynolds number in the full pipe increases and also decreases slightly as β

decreases, reaching a minimum of 0.6 for Re = ∞ and β = 0 [84]. The maximum

theoretical pressure loss corresponds to the minimum value of the discharge co-

efficient, namely Co = 0.6, and to the maximum value of the coefficient (1− β4),

namely 1. It is this maximum theoretical pressure drop, shown in Eq. 3.37, that

is used in this work to estimate the pressure drop through the transfer holes.

∆P =
1

0.62
1

2
ρū2

z (3.37)
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The parameters used in determining the static driving pressure and the friction

pressure losses are shown in Table 3.4.

Table 3.4: Parameters and values used in analysis

ρPb(T )[kg/m
3] 9,939.95 10,579.70 10,259.8

µPb[Pa · s] 1.132E-03 2.227E-03 1.680E-03

Other Important Parameters

delement 1.308 cm Lcore 1.70 m

dstirling 0.35 m Lstirling 0.5 m

Labovecore 1.425 m

Lreactor 3.125 m

900°C 400°C 650°C

The static pressure is found to be ∆Pstatic = 19, 769Pa, and the determined

friction pressure losses are shown in Table 3.5. Values in Table 3.5 include an

additional 25% margin over values calculated using Eq. 3.35, 3.36, and 3.37.

Table 3.5: Pressure losses in ZAN4e

Above the Core 2.0 140.1 0.00449 78,794 0.0022

Stirling Engines 0.34 140.1 0.0085 25,214 0.0010

Downcomer 1 140.1 0.0033 15,786 0.0066

Below the Core 1 140.1 0.0033 15,786 0.0028

Core (center channel) 0.0074 14.5 0.41418 21,761 5,253.6

180 turn (top) 140.1 0.0085 0.0898

Dh[m] ṁ[kg/s] uz[m/s] Re ∆Pf [Pa]

Continued on next page
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Table 3.5: Pressure losses in ZAN4e (Continued)

180 turn (bottom) 140.1 0.0033 0.0144

Transfer holes (top

and bottom)
0.21 3.6 0.0104 3.853

Total 5,257.6

Dh[m] ṁ[kg/s] uz[m/s] Re ∆Pf [Pa]

Table 3.5 shows that pressure losses are dominated by the pressure loss in

the fuel channels, which accounts for more than 99% of the total pressure loss.

Consequently, even though the pressure losses for regions of complex geometry,

such as the Stirling Engine region and the transfer holes, are estimated using

relatively coarse approximations, recalculating them using detailed models is not

expected to yield substantial changes in the overall result. As a result, because

the total pressure loss in Table 3.5 (5,257.6 Pa) is much smaller than the static

pressure driving the flow (19,769 Pa), the condition for natural circulation is

theoretically satisfied with a large margin.

3.2.4 Other Design Considerations

Start-up Methodology

There are two main approaches that could be taken regarding how the lead can be

melted. First, the fuel and coolant could be shipped separately from the reactor.

This would ultimately guarantee a sub-critical state, reduce the transport weight,

and allow for the molten lead to be melted outside of the core in a controlled

process and then pumped into the core when appropriate. This process adds

extra steps in reactor start-up via assembly and the need for additional equipment

on-site to handle the lead, heat it up, and pump it into the core. This option
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is unfeasible in terms of what happens after the reactor shuts down and then

needs to be started back up again, as the lead will be solidified and then needs to

somehow be removed from the core and melted again.

The second, simpler option is to have electrical heaters directly in the core

to melt the lead for start-up, both for the first core and after shut-down states.

There could be guide tubes in the core that would allow for heaters to vertically

penetrate the outer plenum and above the core to provide heat to the solidified

lead. Another option is to have a slightly thicker inner vessel that would have

small spaced penetrations to allow for electric heaters to be inserted and supply

heat to the solidified lead. Diesel generators would still be needed, however, they

would be focused on providing direct electrical power to the heaters.

Ultimately, a more detailed analysis needs to be performed in thermal analysis

and CFD to arrive at an appropriate solution.

Reactivity Control Methodology

The conceptual design for the reactivity control system will mainly leverage the

use of control and shutdown rods vertically penetrating the core, more than likely

through holes drilled in the moderator and inserted guide tubes. Further kinetics

analyses need to be performed to determine the negative reactivity supplied from

the temperature coefficients of the fuel and moderator and how that may be

leveraged as a control strategy in addition to control rods.

HALEU Fuel Supply Chain

Hight Assay Low Enriched Uranium (HALEU) is currently a risk for many ad-

vanced reactor companies. The U.S. Department of Energy (DOE) understands

this risk and is working to provide funding and resources to develop American

enrichment capabilities and a domestic HALEU supply chain [85], [86]. One of the
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leading suppliers in the U.S. is Centrus Energy, which is working with domestic

partners to increase HALEU availability [87].

Corrosion, Erosion, and Material Selection

In a high-temperature lead environment, the consequences of corrosion and ero-

sion can be reduced by the selection of the right materials. There are three main

interfaces in the reactor core with the molten lead: graphite, steel reactor vessel,

and zircaloy fuel bundles.

Several experiments have been performed that have shown that nuclear-grade

graphite is highly resistant to corrosion and erosion when placed in a high-

temperature molten lead environment. When various grades of commercial nu-

clear graphite were placed in 800°C molten lead, under a range of pressures, it was

observed that the ultrafine-grained graphite had the best barrier properties due to

its incredibly small pore size [88]. Ultrafine-grained nuclear graphite is also highly

corrosion resistant at elevated temperatures of 800°C. One of the main solutions

to avoid corrosion of steel in the high-temperature lead environment is the use of

surface coatings. One of the main surface coatings that has some of the best re-

sults in terms of its corrosion resistance is Al-containing coatings [89]. Aluminum

based coatings also maintain their structural integrity upon “irradiation, thermal

cycling, cyclic nano impact and scratch” [90].

Some testing has been performed, showing that zirconium CANDU geometry

bundles have good compatibility with molten lead. Testing was done by immersing

a CANDU bundle into the molten lead at 420℃. The results showed that there

was no sign of corrosion [91, p. 111-112]. Further testing will need to be performed

to account for increased lead temperatures in the ZAN4e, as well as to analyze

how it operates under various transient and operating conditions.

The conclusions of this analysis are based on the assumption that the materials
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utilized in the reactor can withstand large temperature gradients. For example,

the Stirling Engine is currently designed to handle an average temperature of

650°C on the hot side and 75°C on the cold side. A future Material selection

analysis may indicate that the use of such exotic materials to reach the large

temperature gradients stipulated in the design is not feasible.
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Chapter 4

Conclusions and Future Work

The conceptual design of the ZAN4e has shown the initial feasibility to further de-

sign work for future applications in the Canadian arctic. The graphite moderated,

lead-cooled, enriched reactor is capable of running for 2.75 years before refuelling

needs to occur and can maintain cooling purely through natural convection. The

two main objectives of this research were to:

1. Develop a conceptual design for a microreactor that is adequate for remote

Canadian Arctic communities.

2. Demonstrate that the proposed microreactor design satisfies basic functional

and safety requirements.

Section 3 meets the first objective by showing the development of a conceptual

design of a microreactor for remote Canadian Arctic communities. The second

objective is met via the requirements traceability matrix, as shown in Table 4.1,

which identifies where each design requirement is incorporated into the design of

the ZAN4e.
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Table 4.1: Requirements traceability matrix for ZAN4e.

F1 Shall be able to offer electricity as

well as central heating for arctic

communities.

Section 3.2.1 outlines the use of

Stirling engines for power conversion

and the minimum capacity it will

have for the ZAN4e.

F2 All structures, systems, and

components of the reactor shall be

enclosed in a single containment

structure that can be transported as

one unit.

Figure 3.1 shows ZAN4e has Stirling

engines built in as an integral unit.

P1 Shall have an electrical output of

approximately 3.5 MWe,

corresponding to the power capacity

needs of the majority of arctic

communities.

Section 3.2.1 outlines the minimum

electrical capacity for the ZAN4e.

ID Requirement Design Compliance

Continued on next page
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Table 4.1: Requirements traceability matrix for ZAN4e. (Continued)

P2 Shall be transportable by ship,

train, plane, or truck.

Based on the dimensions and weight

of the ZAN4e, it should have no

major issues being transported by

the CC-177 Globemaster III

transport plan, and as such it

should be able to be transported by

ship, train, and truck. However, a

more detailed study needs to be

performed on the available ship,

train, and truck options that could

transport the ZAN4e.

P3 Shall not exceed 72,500 kg. Table 3.3 shows that without lead

coolant the ZAN4e is less than

72,500 kg.

P4 Shall have dimensions less than

26.82 m (88 ft) in length and 3.76 m

(12.33 ft) in diameter.

Table 3.1 shows that the height and

diameter are less than 26.82 m and

3.76 m, respectively.

P5 Shall be able to last at least two

years without having to be refueled.

Section 3.2.2 outlines core life of

ZAN4e.

ID Requirement Design Compliance

Continued on next page
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Table 4.1: Requirements traceability matrix for ZAN4e. (Continued)

P6 Reactor shall maintain structural

integrity in temperatures as low as

-75°C.

A thermal and structural analysis

needs to be performed on the

ZAN4e to show large temperature

swings in cold climates. Section 3.1

outlines that the coolant and

moderator will not cause expansion

and structural integrity issues at low

temperatures.

P7 Coolant shall not expand when

freezing.

Section 3.1 outlines that the

graphite moderator and lead coolant

do not expand when freezing.

P8 Shall have fuel enrichment less than

20 wt% U-235 to avoid difficulties

with sourcing enriched fuel.

Section 3.2.2 states that the level of

enrichment for the ZAN4e is 10

wt%.

S1 Coolant shall not have a volatile

reaction with wator or air.

Section 2.1.3 and 3.1 outline that

the lead coolant is benign to water

and air.

S2 Shall operate at atmospheric

pressure.

Section 3.2.3 indicates that the core

is cooled via natural circulation and

as a result no pressurization is

required.

S3 Shall employ natural convection

cooling in the core.

Section 3.2.3 indicates that the core

is cooled via natural circulation.

ID Requirement Design Compliance

Continued on next page
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Table 4.1: Requirements traceability matrix for ZAN4e. (Continued)

E1 Shall be able to be removed from

the operation site without any

permanent damage to the local

environment.

A set-up and construction

methodology still needs to be

determined to ensure that this

requirement is satisfied.

ID Requirement Design Compliance

The major next steps that need to be taken include a more detailed analysis

of the natural convection cooling aspect of the ZAN4e. Only hand calculations

have been performed showing its potential capability, but Computational Fluid

Dynamic (CFD) and flow analyses, using CFD software, need to be performed

to verify that the ZAN4e is capable of maintaining natural convection cooling

throughout its life and under various modes and states.

Reactor dynamics and kinetics analyses needs to be performed to determine

how the ZAN4e operates over time and under various operating conditions. All of

the reactivity coefficients also need to be calculated in unison with the dynamics

analyses. Negative reactivity for control also needs to be analyzed. Research will

be performed in the future to see if the use of a SiC layer between the graphite

blocks and stain-less steel vessel will reduce the effects of accident scenarios for

air-ingress accidents [69]. Future studies will also be conducted to determine the

most optimal hole diameter and spacing at the top and bottom of the inner vessel.

To potentially improve neutron economy, an analysis will be performed to

investigate the use of 100% Pb-208 as the isotope of choice for the molten coolant,

considering that the Pb-208 lead isotope has a lower neutron absorption cross-

section compared to that of natural lead [31]. An adequate microscopic cross-

section library that includes Pb-208 will have to be used for those calculations.

To better increase the fuel utilization in the core and flatten the flux, investigating
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zone loading the core (i.e., using different fuel enrichments in different locations)

as well as possible alternative fuel arrangements will be investigated.
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