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Nuclear power systems capable of outputting low powers (<100 MWth) are increasingly receiving interest internationally for deployment not only as electricity production systems, capable of operating off-grid, but also as systems able to provide industrial process heat. These ‘micro-reactor’ concepts must demonstrate economic competitiveness with other potential solutions capable of providing similar power outputs. With this in mind, reactor technologies that offer inherent advantages associated with improved power density and simplified operation, both of which are important attributes that determine economic competitiveness, are reviewed in the context of the fundamental safety functions provided by the IAEA.
The reactor technology chosen based on the results of the review were: low vapour pressure coolants like molten salt or liquid metal; solid moderator material; and conventional solid UO2 fuel. Initial infinite lattice neutronic studies indicated a series of positive reactivity coefficients. A finite system was also modelled using a molten salt as the coolant. When modelling the finite system the coolant temperature reactivity coefficient became negative, the void coefficient strongly negative and moderator temperature coefficient negative to weakly positive. Given that a number of reactivity coefficients were negative to strongly negative in the finite system, the weakly positive moderator temperature coefficient is not thought to be prohibitive. Thus the design should exhibit acceptable safety performance.
Whilst the importance of leakage in fast reactor cores is well known, a key outcome from this study is the strong influence of leakage on all safety related parameters for the thermal reactor designs considered here with solid moderator material. Thus it seems that safety studies for such small cores should be based on full core calculations instead of the traditional infinite lattice studies for fuel assemblies. 

Introduction
[bookmark: _Toc385672000]There is an increasing interest, globally, in small reactors (<300 MWe) that are designed to be assembled, as far as is practical, in a factory setting. These so-called Small Modular Reactors (SMRs) have been discussed extensively elsewhere [1, 2, 3]. Briefly, apart from being ideally suited to customers with smaller power requirements, the benefits SMRs may offer are: increased flexibility with respect to siting; improved safety performance; reduced construction times; and reduced upfront investment requirements. The challenges facing SMRs relate to development costs; uncertainty surrounding licensing (especially for innovative technologies that regulators are less familiar with); and uncertainties surrounding economic competitiveness, in terms of cost per kWe.
Many of the SMRs have power outputs ~100 MWe, with the intention of placing multiple units together to allow for electricity production around 500 MWe and sharing of facilities (such as turbo-generator units) to reduce costs. Therefore, the primary purpose of these systems is to provide electricity to the grid. It should be noted that as power plants are grouped together, this limits siting flexibility. However, to operate systems with a small combined power output (<200 MWe), bespoke turbo-generators would be required. 
There has also been recent interest in mobile floating nuclear power plants. Two recent noteworthy examples are: the ACPR50S, which is a 60 MWe reactor, being developed for the supply of electricity, heat and desalination; and the Russian Akademik Lomonosov plant which uses two 35 MWe reactors [4]. Besides the Akademik Lomonosov plant several new designs are investigated for autonomous power supply in Russia [5].
Some SMRs are focused on producing even lower power outputs and are targeted at industrial power facilities or remote locations where there is no grid available.  Furthermore, these low powered systems intend to take the safety performance benefits of many SMRs further by achieving indefinite decay heat removal. These smaller variants of SMRs are sometimes termed micro-reactors [6]. 
Micro-reactors, being a subset of SMRs, share the same challenges listed above but the most profound will be the issue relating to cost per kWe since micro-reactors will lose almost entirely the benefits attributable to scaling of power to improve economic performance and, if not appropriately designed, the operation and maintenance (O&M) costs could make these low power nuclear reactors formidably expensive. However, it must be remembered that for micro-reactors, the comparison should not be with large nuclear reactors but with the technologies that are often used to provide such small amounts of power, e.g. diesel generators or small gas turbines.
Unlike in the case for SMRs, where there is a broad agreement in the literature regarding power output (<300 MWe), there is no comparable definition for micro-reactors. Given that many micro-reactors are focused around industrial power requirements and process heat applications, micro-reactors are thus defined here as having thermal powers <100 MWth. This definition is based solely on the fact that industrial power generation units typically have outputs of up to 50 MWe [7, 8] and some advanced micro-reactors claim thermal efficiencies ~40% [9].
The purpose of this investigation was to consider what technologies are capable of taking advantage of the inherent benefits attributable to micro-reactors (easier decay heat removal) whilst also meeting the requirements related to improved economic performance (reducing capital and O&M costs).


[bookmark: _Toc474327363]Choice of technologies
For any nuclear reactor system it is vital that the system is able to demonstrate that: the fuel is adequately cooled; reactivity can be controlled; and radioactive material is confined [10], see Figure 1.  Meeting these multiple requirements defined in the fundamental safety functions provided by the IAEA always adds complexity, and therefore cost, of the system.
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[bookmark: _Toc474327378]Figure 1: General view on reactor safety as expressed by the IAEA [10]
[bookmark: _Toc474327364]Controlling reactivity
The neutron spectrum ultimately governs the overall difficulty in achieving adequate reactivity control and the required fissile concentrations in the fuel (with the cycle lifetime being of secondary importance). With fast spectrum systems, high fissile concentrations are required due to the low fission cross-section of fissile material at high neutron energies (~1/100th compared to thermal neutron energies).
Energy production per unit volume (E) is given by:

where  is the neutron flux (cm-2s-1),  is the average energy released per fission event (J/fission) and  is the macroscopic fission cross-section (cm-1). Therefore, to achieve high energy production within a small core the choices are: 
· to increase the flux level, which results in degradation/neutron damage of core materials; and/or
· to increase the fissile content, which has negative implications regarding cost of enrichment, proliferation and safety. Moreover, in the case of high concentration plutonium fuel, there is limited information regarding the suitability of manufacturing such fuel using current processes and, for uranium fuel, the 20 wt.% enrichment limit must be obeyed [11]; and/or
· to adopt a neutron energy spectrum that favours the thermal end of the spectrum such that the integrated value of  is maximised. 

A further difficulty in fast reactor systems is the inherent difficulty associated with reduced negative feedback effects, compared to LWRs, and the reactor kinetics associated with the comparably short neutron generation time. Furthermore, since high fissile concentrations are required in a fast spectrum, which almost inevitably forces designers to employ MOX fuel, with significant 239Pu content, the delayed neutron fraction is reduced. Therefore, a thermal spectrum system was selected. 
By operating a liquid metal, or molten salt cooled system with a thermal spectrum, some of the inherent challenges with fast spectrum systems, such as core compaction, (whereby, in a fast spectrum system, fuel densification increases system reactivity, whereas in a thermal spectrum system reactivity reduces) and sufficient shutdown margin, would be removed. Furthermore, there exists the possibility of utilising a liquid injection system to act as a diverse shutdown mechanism, which is not normally possible in fast systems due to the weak fast neutron absorption properties of almost all absorber materials in a fast neutron spectrum.  
[bookmark: _Toc415304075][bookmark: _Toc474327365]Cooling the fuel
The most important design choice that impacts heat removal aspects is the selected coolant medium. A coolant should preferably exhibit a high volumetric heat capacity (product of density and specific heat capacity) and no phase change during normal and accident conditions[footnoteRef:2]. Furthermore, for economic reasons, the coolant should: exhibit low neutron absorption; possess a low pressure at operational temperatures; exhibit limited activation in the presence of neutrons (thereby reduce shielding requirements); be chemically compatible with core and structural materials; and have good thermal conductivity (the latter enabling high power density operation). The coolant options most reactors utilise fall into the following groups: [2: A phase change associated with a coolant that exhibits a strong negative void effect can be an important safety-related feature associated with reactors that struggle to maintain negative reactivity coefficients under normal and accident conditions. However, this advantage needs to be considered against the disadvantages associated with impaired heat transfer once the phase change has occurred and stresses imposed on structural materials associated with the increase in system pressure.] 

· Water, with light water being the preferred coolant option due to its low cost and the ready availability of the required enriched level of uranium on the open market. The main drawbacks associated with water as a coolant is the inevitable need to operate at high pressure (due to the steep vapour pressure curve) to achieve sufficiently high temperatures for electricity production, the need to use a large volume of water to achieve indefinite decay heat removal and a containment with considerably high volume due to the high pressure system [12]. All of these drawbacks result in significant economic penalties.
· Light liquid metals, with most experience associated with sodium. The main benefits of sodium are its excellent heat transfer capabilities at atmospheric pressure and its compatibility with a variety of materials that have been well-tested in nuclear reactors, along with the extensive operational experience gained with this coolant medium (> 400 reactor-years of operation) [13]. The drawbacks related to sodium are mainly associated with its chemical reactivity with air and water, the difficulty in achieving a negative void coefficient, and its opacity making in-service inspection and repair (ISI&R) challenging relative to transparent coolants [14]. 
· Heavy liquid metals, with historic experience heavily focused on lead-bismuth eutectics (LBE). Lead-based coolants are not strongly exothermic with air or water and have very high boiling points. However, their drawbacks relate to their ability to corrode and erode materials in a nuclear reactor and their high density making ISI&R even more difficult than sodium [15]. LBE has a much lower melting point than other lead-based coolants but it has a significant drawback associated with the production of highly active polonium aerosols. Therefore, there is an increasing interest to move away from LBE to pure lead coolants.
· Gas coolants, with two gases being extensively used or tested as a primary circuit coolant: He and CO2. CO2’s main advantage over helium relates to its relative abundance and therefore low cost but its main drawback is its chemical reactivity at high temperatures in the presence of an irradiation field [16]. Hence, almost all modern gas-cooled reactor concepts favour helium as the coolant choice. Helium’s main advantage over other coolants is its chemical inertness at very high temperatures [17]. A significant drawback associated with all gas coolants is the inherent difficulty in achieving passive decay heat removal with high power density systems.
· Molten salts, with the majority of experience being based on fluoride salts, in particular LiF-BeF2 [18, 19]. Fluoride salts are particularly attractive when the fuel is dissolved into the coolant due to solubility behaviour. In a solid fuel design other options may be attractive. Molten salt coolants have advantages associated with optical transparency, high boiling points and no strongly exothermic reaction with air or water. However, their high melting points, chemical corrosiveness and, in the case of salts containing lithium, tritium production are all significant drawbacks.
Further, in aiming to achieve reduced operation and maintenance costs, and improving the overall economic performance of the reactor design, two options were considered that would impact on coolant selection:
· Increasing the power density of the reactor system, thereby requiring a coolant that exhibits a high heat capacity and efficient heat transfer; and
· Reducing the number of moving parts, such as mechanical pumps, which requires coolant properties amenable for natural convection or the use of electromagnetic (EM) pumps.
Note that EM pumps are not well suited to heavy liquid metal coolants since: the electrical conductivity of lead is relatively low; the volumetric heat capacity is relatively low, thereby requiring relatively high volumetric flow rates; and the formation of oxide layers within the primary circuit (which is a necessity to inhibit corrosion), all reduce EM pump efficiency. Molten Salts’ low electrical conductivity compared with metal coolants also limits the application of EM pumps in molten salt cooled systems.
Gas-cooled reactor systems are not amenable to natural circulation or high power density due to the limitations of the coolant (minimal density differences as a function of temperature and the fact that all gases exhibit poor heat transfer characteristics). Moreover, water coolants were not considered due to the economic penalties associated with high pressure systems and the fact that large volumes of water are necessary to achieve indefinite decay heat removal. For these reasons, only liquid metals and molten salts were considered further.
[bookmark: _GoBack]Note that the total elimination of pumps in systems using natural convection cooling will likely be challenging since situations may arise whereby natural convection is difficult to establish. This is especially true during reactor startup from cold conditions (such as after a fuel reload or a prolonged shutdown period), whereby the limited temperature differences and strong neutronic/thermal-hydraulic interaction could hinder setting up natural convection. To overcome these challenges, it is envisaged pumps would have to be available purely to aid in the establishment of natural convection, which whilst having an economic penalty (namely a set of pumps that are hardly ever used), they would be much simpler than conventional safety related reactor pump technology and their limited use would reduce their need for maintenance. 
[bookmark: _Toc474327366]Confining radioactive material
The design of engineering barriers to confine radioactive material is made easier when: the source term is low; the system pressure during normal operation and fault sequences are low; and the likelihood of chemical reactions taking place that could degrade barriers is reduced. All else being equal, a system with these properties will exhibit economic advantages relative to a system with none of these barriers since the engineering requirements on systems to confine radioactive material will be lower.
When including molten salts as a possible coolant medium, the possibility of dissolving the fuel into the salt medium arises. The benefits associated with dissolving fuel into coolant are due to: the strong negative temperature coefficient; the high burn-up and high conversion ratio if continuous fuel clean-up is performed; and the ability to achieve a redundant shutdown mechanism related to removal of fuel into subcritical tanks [18]. However, the drawback associated with such a proposal relate to the relatively low technology readiness [19] (most experience with liquid fuelled reactors comes from operating a single research reactor for a few years compared with the thousands of reactor-years worth of experience gained from operating solid fuelled systems) and the reduced defence in depth (loss of coolant automatically results in a loss of highly active fuel). In addition, these systems will require a considerable initial investment for development and construction of an integrated system with chemical salt clean-up which is essential to access the mentioned advantages. For these reasons, only solid fuel was considered further for a micro-reactor application; cooled by either molten salt or liquid metal.
[bookmark: _Toc474327367]Summary of technology choice
A moderated system, using solid fuel, employing either a molten salt, heavy liquid metal or light liquid metal coolant capable of supporting a high power density core without the need for high pressure operation was selected on the basis of:
· Thermal spectrum systems exhibit fewer technical challenges associated with reactivity control than fast spectrum systems, due to thermal spectrum systems possessing stronger negative feedback effects and the reactor kinetics associated with longer neutron generation time. 
· Molten salts, heavy liquid metals and light liquid metals all confer considerable advantages regarding increased power density, without necessitating high pressure operation, and also permitting the use of simplified heat removal systems (natural convection cooling). All three of these coolant options, especially in the case of light liquid metals (e.g. sodium), have historical precedents for reactor operation. 
· The many decades of successful international operation of solid fuelled reactors and improved radioactive material confinement (loss of coolant does not automatically result in loss of highly active fuel).
[bookmark: _Toc474327368]Scoping calculations performed for natural circulation cooling and determining neutronic characteristics
Given the preference for a system utilising either natural circulation cooling or EM pumps, and the fact that for EM pumps it is relatively easy to determine appropriate coolant choices (see Section 2.2), scoping calculations were performed to assess the suitability of coolants for natural circulation operation. Furthermore, the novel attributes of the combined technology choices: a small thermal spectrum system using coolants that have typically been associated with fast reactors, warranted scoping calculations to establish neutronic characteristics.
[bookmark: _Toc474327369]Suitability of chosen coolants for natural circulation cooling
[bookmark: _Ref104736081][bookmark: _Ref104736125]The system considered here is a simple natural convection loop with a hot leg containing the reactor core near its base and a cold leg containing the main heat exchanger at its top. The height difference (L) between the core and the main heat exchanger is a design parameter which needs to be large enough to generate the required flow of coolant, but small enough to make the plant compact. The following calculations impose a balance between the driving pressure differential generated by buoyancy and the pressure losses within the system for three different choices of coolant, namely molten salt, heavy liquid metal and light liquid metal.  
The pressure difference associated with the buoyancy force is
PB = ρβgTL						(1)
Where ρ is the coolant density, β is coolant expansion coefficient, g is the gravitational acceleration, T is the temperature difference across core region and L is the distance between the mid-point of the core and the mid-point of the heat exchangers. 
The pressure drop across the core is
PD = (½)K[(m’)/A]2/ρ				(2)
Where K is the loss coefficient and m’ is the mass flow rate and A is the flow area. Note that K is highly dependent on the lower reactor structural geometry that directs the coolant into the core coolant channels, which is especially important in natural circulation cooling configurations.
Equating the two pressure differences equations and replacing m’ with the equation relating heat transfer, Q’, with specific heat capacity, Cp, (Q’=m’CpT) gives:
PB / PD = 1 = [2ρ2βg(T)3L(A)2Cp2]/[K(Q’)2]	(3)
ρ and β are properties of the coolant and g is a constant. Q’ is set by the functional requirements placed on the power system. K, A and L are free parameters, hence the following coolant metric (M) has been defined as:
M = K/[L(T)3A2] = 2 ρ2βg Cp2/(Q’)2. 		(4)
In the case natural circulation, the low coolant velocities will limit the importance of the pressure loss coefficient (K). 
[bookmark: _Toc474327376]Table 1: Coolant properties for LiF-BeF2, Pb and Na
	Coolant
	Tin/Tout
(K)
	Tmean
(K)
	ρCp
(J/m3/K)
	β
(K-1)
	T 
(K)
	 
(W/m/K)
	Reference(s)

	LiF-BeF2
	798/923
	861
	4.9E6
	2.0E-4
	125
	1.0
	[18]

	Pb
	673/773
	723
	1.5E6
	1.2E-4
	100
	17
	[22]

	Na
	673/823
	748
	1.1E6
	2.8E-4
	150
	69
	[23]



Table 1 highlights key coolant properties that ultimately determine the suitability of coolants for natural circulation cooling. Coolant inlet and outlet temperatures for Na and Pb are based on historical operation and reactor designs, respectively. For LiF-BeF2, the coolant inlet temperature is based on the melting point of LiF-BeF2 (~723 K), with a 75 K margin (comparable to the margin used for Pb coolants) to ensure the likelihood of solidification is sufficiently low. The outlet temperature for LiF-BeF2 was inferred on the basis that the sparse data available on lithium fluoride indicates that candidate cladding and vessel materials may be able to operate up to temperatures ~973 K [20]; however, the poor thermal conductivity and low turbulence of the coolant [21] imply that heat transfer from the clad surface to the bulk coolant will be poor. Thus, the outlet temperature for LiF-BeF2 was set to 923 K to limit clad surface temperatures.
From Equation (4) it is clear that when comparing two coolants, for a given Q’, the volumetric heat capacity, flow area and temperature difference (T) are of greatest importance. Molten salt and lead coolants allow the designer an extra degree of flexibility with respect to increasing flow areas, which is more difficult with sodium coolants due to the relatively high neutron absorption cross-section of sodium. Hence, based on the very high volumetric heat capacity associated with molten salts, their reasonably high T and the ability to increase flow areas, molten salts are very good candidates for natural circulation cooling.

[bookmark: _Toc474327370]Neutronic calculations
In this study, the HELIOS 2.1 licensing-grade code system is used, with the internal 177 group library based on ENDF/B-VII [24]. The HELIOS code is a 2D spectral/lattice code with wide unstructured mesh capabilities and a transport solver, based on the Current Coupling Collision Probability method [25] developed by Studsvik Scandpower. The HELIOS code is an industrial standard software tool for neutron transport and burn up calculations, and, if requested, cross section preparation in defined calculation areas for further application in nodal core simulators. Originally, the HELIOS code was written for the simulation of LWR fuel assemblies, thus it seemed to be a good choice for the investigation of the proposed thermal system with non-standard geometries.
The neutronic calculations were performed as follows:
1. A conventional sodium fast reactor lattice was modified to incorporate varying amounts of moderator material in the form of yttrium hydride (YHx) based on infinite lattice calculations, with sodium and lead-based coolant investigated since they have very different neutronic characteristics, namely lead-based coolants are weakly interact with neutrons in comparison to sodium.
2. An alternative unit cell configuration, with improved manufacturability, was investigated that had fuel pins located in the centre a moderator medium, with the yttrium hydride in the form of YH1.5 chosen and coolant lithium fluoride (LiF) employed, with a 6Li impurity level set to 50 ppm [27].
3. Finally, a series of infinite and finite (reflected and unreflected) cores were considered based on the unit cell configuration from step 2, with the coolant set to LiF. 
Starting with a conventional fast reactor lattice, the material constituents have been altered to introduce sufficient moderator, namely: the coolant region replaced with the solid moderator material yttrium hydride (YHx), which was chosen on its comparable high thermal stability, excellent moderation capabilities and existing reactor experience; and some fuel channels now containing sodium as low pressure coolant (see Figure 2, where green indicates moderator, pink indicates fuel and blue indicates coolant). It should be noted that whilst YHx exhibits favourable material properties, extensive material performance data under reactor operating conditions (thermal gradients, appropriate chemistry regimes and irradiation fields) would need to be gathered to determine adequate behaviour over the desired cycle length. It may be necessary to incorporate a cladding material around the moderator to ensure survivability of the moderating medium.
To achieve ideal moderation, whereby the addition of moderating material no longer increases k-inf, it was found that unrealistically large additions of hydrogen into the moderator were necessary. This implies that if YHx were used as the moderating medium, then a significantly larger volume of moderator would be required. Note that whilst there is no specific thermal scattering data for YHx in HELIOS 2.1, HELIOS does contain data for bound hydrogen in zirconium hydride (ZrH), with the data for bound hydrogen in ZrH used in this study. Thus, the effect of hydrogen in a metallic compound is considered, for the purposes of this study, to be sufficient.
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[bookmark: _Toc474327380]Figure 2: Adapted fuel assembly with 5% enriched UO2 fuel
Based on the above scoping calculations, modifications to the fuel assembly were made which involved removing the shroud to maximise the amount of fuel, moderator and coolant in the design (see Figure 2) and adjusting the pin pitch over diameter (PoD) in the HELIOS model to vary the moderator to fuel ratio. Furthermore, only fuel containing UO2, rather than MOX, was studied since it was assumed that for small cores, where leakage is dominant, the eventual concentration of fissile material in the core would need to be high. A high fissile concentration creates issues when plutonium is employed since it raises proliferation and manufacturability concerns. The moderator was set to YH2, i.e. no changes were made to the hydrogen concentration within the moderator.
[image: \\ssa-intra.net\dfs\Home\awp7\My Documents\Temp_R\k_inf_pod.png]
[bookmark: _Ref495400126]Figure 3: k-inf as a function of burnup and Pitch over Diameter, with classification by coolant type
It was found that changing the volume of moderator (i.e. reducing PoD) strongly influenced the feedback characteristics. However, reducing the moderator content away from the ideal moderation ratio leads to a significant reduction in criticality through the whole observed burnup period (see Figure 3). The reduction of PoD from 1.25 to 1.15 reduces the beginning-of-life (BOL) criticality by more than 4500 pcm. Moreover, the reduction of the moderator content increases the absolute value of the negative fuel temperature effect by ~15% over the whole observed burnup period. The positive moderator effect is significantly reduced, by a factor of more than 2.5 at end-of-life (EOL) where the maximum value appears. The coolant temperature effect is not influenced by PoD. To reduce this effect a change of the coolant, from the currently investigated sodium to, for example, lead or molten salt, would be advisable. However, the positive coolant temperature effect is around a factor of 10 smaller than the moderator temperature effect. Thus it will not play an important role in the transient behaviour of the system.
[image: \\ssa-intra.net\dfs\Home\awp7\My Documents\Temp_R\reac_coeffs_pod.png]
Figure 4: Comparison of coolant, moderator and fuel temperature coefficients as a function of Pitch over Diameter and coolant type
Replacing sodium coolant channels with a lead-based coolant was found to have minimal impact on reactivity as a function of burnup. However, there was the expected very noticeable change in coolant temperature effect as a function of burnup with sodium spanning ~0.23 to 0.015 pcm/C, whereas the lead-based coolant stayed fairly constant at around 0.01 pcm/C thanks to lead’s transparency to neutrons (see Figure 4). 
In general, a system with a PoD of 1.15 seems to be acceptable from safety and operational point of view based on the lattice code calculations with an infinite medium approximation. The negative fuel temperature effect is in this case ~60% higher than the positive moderator temperature effect. Moreover, the negative fuel temperature coefficient is prompt whereas the positive moderator temperature is delayed. Thus the negative stabilizing effect overrules the positive effects and should lead to an acceptable stability of the system.
The lattice arrangement in Figure 2 is relatively complex from a manufacturing standpoint since it contains multiple fuel channels, which are individually embedded in the moderating medium. Furthermore, heat removal is impaired as coolant is not in direct contact with the fuel channels. To address these issues an improved unit cell configuration was developed and investigated, which is shown in Figure 5. The coolant employed in the new unit cell models was LiF.
[image: ]
[bookmark: _Ref497839868][bookmark: _Toc474327381]Figure 5: Improved unit cell configuration
The fuel rods, for which seven have been considered, are arranged in a concentric ring and are in direct contact with the LiF coolant medium. The moderating material (which was set to YH1.5 to assure sufficient thermal stability [26] up to high temperatures) surrounds the fuel channels. Hence, fewer fuel channel locations need to be incorporated into the solid moderator medium. Furthermore, the unit cell in Figure 5 is considered far simpler to manufacture than a design with moderator pins and the nature of the new unit cell makes it amenable to produce via manufacturing methods such as extrusion. Table 2 details a number of key parameters for the fuel, coolant and moderator used in the HELIOS model for the unit cell shown in Figure 5.
[bookmark: _Ref498617255]Table 2: Fuel, coolant and moderator parameters for the improved unit cell configuration
	Parameter
	Value
	Reference/Comments

	UO2 fuel porosity
	6%
	Typically UO2 porosity is between 4 and 6%

	YH1.5 density
	4.3 g/cm3
	[31]

	Cladding material
	Stainless Steel (SS) 304
	Nominally employed SS; however, an experimental programme would need to be performed to identify suitable candidate materials

	Clad thickness
	0.2 cm
	-

	LiF density
	4.1 g/cm3
	[27]



The dimension of the unit cell was determined based on achieving optimal moderator to fuel ratios, whilst simultaneously achieving satisfactory reactivity effects. This neutronic optimisation resulted in a cell size of ~3.1  3.1 cm and pellet diameters of 0.66 cm. The power density of the lattice in Figure 5 was set to 20 kW/kgHM, which is approximately half the power density of the fuel in a conventional Light Water Reactor (LWR). The low power density results in a longer fuel residence time for a given targeted burnup than with conventional LWRs 

[image: C:\Users\awp7\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\R4EUQSIZ\po20gwd.jpg]Max
Max
[image: C:\Users\awp7\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\R4EUQSIZ\po0gwd.jpg]

[image: C:\Users\awp7\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\R4EUQSIZ\po40gwd.jpg]Max

[bookmark: _Ref493760814][bookmark: _Toc474327382]Figure 6: Power distribution within the new unit cell configuration at 0, 20 and 40 GWd/tHM (left to right and top to bottom)
The evolution of the power distribution over the burnup is characterized by the expected build up of plutonium on the periphery of the pin (known as the rim effect), which is typical for fuel pins in thermal systems as shown in Figure 6. The effect of the moderator arrangement surrounding the seven pin ‘assembly’ is clearly visible and leads to the increased burnup of the pin sectors located closer to the moderator. Figure 7 shows the Beginning of Life (BOL) and End of Life (EOL) power distribution for a rod in the outer ring of fuel rods along circumferential region that exhibits the highest power peaking at EOL.
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[bookmark: _Ref497839905]Figure 7: Proportion of power relative to mesh volume for the unit cell shown in Figure 5.
A simplified version of the fuel temperature model from the fuel performance code ENIGMA [30], that assumed pellet-clad gap closure had occurred was used to determine indicative fuel temperatures across the UO2 pellet using the power distribution in Figure 7. ENIGMA calculations indicated typical centreline temperatures of around 1100 K, with thermal-hydraulic boundary conditions set to 911 K for the fuel moderated by YH1.5. For comparison, in PWR fuel rods, which operate at power densities of around 40 kW/kgHM and have pellet diameters around 0.82 cm, have peak centreline temperatures, once gap closure has occurred, of are around 1250 to 1350 K. Note that ENIGMA’s internal thermal-hydraulic model is only suitable for water-cooled fuel and therefore thermal-hydraulic boundary conditions had to be manually set for the YH1.5 moderated case.
Given the characteristics of the core studied here, namely: the relatively low power density; small diameter of the pellets; and the fact that end-of-life core burnup is ~40 GWd/tHM, UO2 is considered a viable fuel form. Furthermore, the arrangement with seven pins seems to be very promising from the point of an evenly distributed power production. Taking the optimised concentric unit cell as the fuel assembly, a series of 2D full cores (symmetric quarters) were modelled in HELIOS. All cores had a power output of 25 MWth (again with a power density of 20 kW/kgHM); therefore, assuming an electrical efficiency of about 40%, results in an electrical output of around 10 MWe. 
An active rod length of 2 m was chosen, which resulted in the full core consisting of 360 fuel assemblies. Four cores were modelled (see Figure 8): an infinite array of fuel assemblies (zero leakage arrangement); an unreflected finite core with a diameter of ~0.60 m, which had vacuum boundary conditions (high leakage core); a core with one reflector ring, which had a diameter of ~0.66 m; and a core with two reflector rings, which had a diameter of ~0.72 m (low leakage core).
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[bookmark: _Ref498531668]Figure 8: From left to right: unreflected core (infinite and finite); reflected core with one reflector ring; and reflected core with two reflector rings.

[bookmark: _Toc474327377]Table 3: Fuel enrichments for the four core configurations
	Core configuration
	Fuel enrichment

	Infinite
	5 wt.%

	Unreflected
	12 wt.%

	One reflector ring
	10.5 wt.%

	Two reflector rings
	10.0 wt.%



The enrichment of the fuel for these four configurations is shown in Table 3. The enrichment penalty for such a small core is clearly very large (5 wt.% for the infinite core configuration versus 10.0 wt.% for the core with two reflector rings). Note that in this preliminary model no enrichment zoning has been performed, that is to say no variation in enrichment across the core or within the unit cells (Figure 5) has taken place, which would become attractive in the case of a bigger fuel assembly design with more fuel rods. In reality, enrichment zoning would ameliorate power peaking within unit cells. For reactivity control the burnable poison Gd2O3 is well-established for use with UO2 fuel, and has the ability to minimise the residual poison penalty whilst also being capable of supressing excess reactivity over long cycle lengths [28, 29]. 
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[bookmark: _Ref493770851]Figure 9: Void effect by core type as a function of burnup
The coolant void effect was modelled for the four cores, as shown in Figure 9, which resulted in a fairly constant positive coolant void effect (~6000 pcm), throughout core life for the infinite core, and a large negative void coefficient ranging from -10300 to -6200 pcm for the finite core with no reflector. The core with one reflector ring exhibited a void effect around 60% smaller than the finite core, and the two ring core had a void effect around 40% smaller than the finite core. 
A discussion of the void effect in a molten salt may appear to be insignificant due to the high boiling point of the molten salt; however, due to the unusual configuration that separates out the fuel and the molten salt coolant, this effect could be very important in the case of a loss of coolant accident. Furthermore, for a finite core it is expected that the reactivity effect associated with a sodium-cooled system will become negative since the void and coolant effect do not play a major role in the finite core configuration. Therefore, even a sodium-cooled configuration, that retains beneficial reactivity characteristics, may also be of interest as a thermal spectrum micro-reactor concept. 
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[bookmark: _Toc474327383]Figure 10: Comparison of coolant, moderator and fuel temperature coefficients for the four core models of the micro-reactor
Figure 10 shows the fuel, moderator and coolant temperature coefficients for the four cores, and together with the coolant void effects, highlight the importance of going from the infinite medium approximation to a finite, real core arrangement. This is due to the beneficial safety effects that such small reactor cores exhibit owing to their very strong leakage characteristics, even for the thermal reactors considered in this study.
The fuel temperature coefficient is relatively insensitive to the change from an infinite to finite core configuration. All cases lead to a clear negative fuel temperature effect which is a prerequisite for the safe and stable operation of any kind of reactor system. 
The moderator temperature coefficient in the infinite system is strongly positive; however, moving to the finite systems significantly reduces the moderator temperature coefficients, with the two ring core having a weakly positive coefficient and the one ring core having a generally negative coefficient apart from near BOL where it is weakly positive. Therefore, on balance it is better to accept higher leakage (and therefore a higher initial enrichment) to improve safety behaviour. For a more detailed investigation the core power distribution would have to be studied in order to improve the economic performance.
The observations on the coolant temperature coefficients are comparable to the moderator temperature coefficient; however, the finite cores all exhibit negative coolant temperature coefficients over the whole observed burnup period.
It is important to remember that the overall reactivity coefficient will be a combination of the many individual reactivity coefficients but will be dominated by the fuel, coolant and moderator coefficients. Given that the fuel temperature and coolant temperature coefficients are negative and the void coefficient is strongly negative for the finite reactor systems, then the weakly positive moderator temperature coefficient is not thought to be prohibitive. Thus the design should exhibit acceptable safety performance.
The results on the safety effects, especially, demonstrate that the behaviour of such a small core is almost completely leakage dominated. The safety effects of the full core are much more promising than for the infinite lattice.
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Given the need to reduce greenhouse gas emissions in many areas of the economy besides electricity production and the fact that there is currently demand for energy production systems capable of achieving outputs up to 100 MWth, micro-reactors are receiving increasing interest. The very low power output of micro-reactors results in considerable economic challenges. To overcome these challenges it is important that design choices are selected that reduce complexity and O&M costs. Hence, a thermal spectrum, high power density system that uses solid fuel was chosen. Furthermore, coolant methods relying on natural convection cooling and/or EM pumps are preferred. 
Three coolants suitable for high power density operation cores, whilst maintaining favourable safety characteristics (high heat capacity, no phase change and low pressure, passive decay heat removal) up to high temperatures, are: molten salts, sodium and lead-based coolants. 
Molten salts are a good coolant choice for natural convection cooling given their potential to achieve a reasonably high T and their large volumetric heat capacities. However, material challenges associated with corrosion behaviour, in addition to the high melting point, are significant challenges. 
Sodium exhibits many positive features given its technical maturity, low melting point, proven ability to achieve a high T and the possibility of using EM pumps or natural circulation cooling in normal operation to further reduce reactor volume. However, when sodium coolant is employed there is limited scope to adjust flow area to enhance natural circulation and its chemical reactivity with water/air complicates plant design.
Lead-based coolants also exhibit reasonable natural convection cooling properties, especially given its neutron transparency (at both high and low neutron energies), thereby permitting increased flow areas. Furthermore, lead-based coolants possess other advantages relating to its high thermal inertia due predominantly to its high boiling point but also a fairly high volumetric heat capacity. However, similar to molten salts coolants, lead-based coolants have disadvantages associated with their high melting point and corrosive nature. Moreover, in the case of LBE coolants, the production of highly active polonium aerosols is a major drawback. 
Lattice neutronic calculations showed that adequate thermalisation can be achieved using solid moderators whilst maintaining a reasonably high power density. However, the chemical compatibility between the solid moderator and liquid coolants needs further investigation, which may necessitate a cladding material applied to the solid moderator.
Initial infinite lattice neutronic studies indicated a series of positive reactivity coefficients; therefore a finite system using molten salt as the coolant was also studied. When modelling the finite system the coolant temperature reactivity coefficient became negative, the void coefficient strongly negative and moderator temperature coefficient negative to weakly positive. Given that a number of reactivity coefficients were negative to strongly negative in the finite system, then the weakly positive moderator temperature coefficient is not thought to be prohibitive. Thus the design, when taking into account leakage, should exhibit acceptable safety performance, which highlights the importance of taking into account leakage when modelling very small cores with a solid moderator material. This is due to the high degree of leakage overcoming the potentially positive reactivity effects associated with sodium, lead and molten salts coolants for the systems modelled here. 



Future work
The current work has focused on the feasibility from a core design perspective of using, in conjunction with a moderator, coolants that have typically been considered for fast-reactors applications (sodium, molten salts and lead-based coolants), with a particular emphasis on molten salts. Future work should focus on optimisation of the core design and performing coupled 3D calculations (thermal-hydraulics, fuel performance and neutronics) to establish in detail the behaviour and operating conditions of core materials as a function of burnup. The scoping calculations performed so far have indicated that, once leakage is taken into account, transient behaviour should be acceptable; however, ultimately plant analyses will also need to be performed to determine core and plant system dynamics, to confirm whether the core design has viable transient behaviour.
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