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ABSTRACT
This work adapts both prismatic and pebble-bed micro high-temperature gas-cooled reactor (HTGR) point designs for Pu/TRU driver fuel under a continuous recycle fuel cycle. The adapted prismatic and pebble-bed micro-HTGR point designs are optimized to maximize fuel discharge burnup to reduce waste disposed, fuel cycle costs, and environmental impact. Optimization was performed for inert matrix fuel (IMF) concepts using different composite moderators in prismatic and pebble-bed designs. The prismatic and pebble-bed designs use (TRU) oxide tristructural-isotropic (TRISO) fuel. Moderator material includes beryllium (Be), beryllium oxide (BeO), yttrium hydride (YHx=1.9), or zirconium hydride (ZrHx=1.6) entrained in a MgO host matrix. For each prismatic IMF concept, optimization studies were performed to maximize discharge burnup by varying the TRISO packing fraction and assembly lattice pitch. For each pebble-bed IMF concept, optimization studies were performed by varying the TRISO packing fraction, the pebble fueled radius, the ratio of fueled to unfueled pebbles, and the active reactor core radius. Energy-normalized metrics for the mass of spent nuclear fuel and high-level waste (SNF&HLW) disposed, volume of low-level waste (LLW) disposed, metric tons of natural uranium (MTNU) used, area of land used, volume of water used, mass of carbon dioxide (CO2) produced, and activity of SNF&HLW at 100 and 100,000 years are calculated for the continuous recycle prismatic and pebble-bed IMF concepts. These metric results are compared to those of a graphite reference design, once-through prismatic and pebble-bed IMF concepts, a light water reactor (LWR), and a small modular reactor (SMR). All continuous recycle IMF concepts outperformed the graphite reference case for all evaluated metrics. Additionally, all continuous recycle IMF concepts outperformed their once-through counterparts, the LWR, and SMR for nearly all evaluated metrics. For the mass of SNF&HLW disposed, the continuous recycle designs saw a 92.7% reduction. For the volume of LLW disposed, the continuous recycle designs saw between 29.7% to 31.1% reduction. Overall, the continuous recycle IMF concepts significantly reduced waste disposed, fuel cycle cost, and environmental impact compared to conventional once-through designs.
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[bookmark: _Toc195476108]Introduction
Increasing concerns about not only meeting the growing demand for electricity but also climate change and environmental pollution have made nuclear energy an attractive candidate for a low carbon energy source [1]. The next generation of nuclear reactors focuses on increased safety, increased efficiency, and reduced cost. However, nuclear reactors suffer from producing a significant amount of nuclear waste during operation. Properly processing and disposing of nuclear waste is expensive and does raise concerns about proliferation [2].	Large reactors are not always the best choice for meeting certain energy needs, which has sparked interest in small reactors that produce 300 megawatts of electricity (MWe) or less. There are scenarios where these small modular reactors (SMRs) are focused on producing even lower power outputs to address energy needs in remote locations and industrial sites that are not connected to the power grid [3].
[bookmark: _Toc195476109]1.1 Microreactors
Microreactors, which are SMRs that produce 20 MWe or less, can produce electricity in areas where large reactors are not well suited due to their small size and reduced power. The smaller size of microreactors means they can be fabricated in a factory, shipped by train, truck, or ship, quickly installed on a site, and quickly removed from the same site to be replaced by a new microreactor or transported to a different site [4]. Shown in Figure 1 is a concept of a microreactor inside a shipping container. This can reduce installation time and cost, which is a major issue for large reactors. Microreactors can operate as part of the power grid, independently of the power grid, or as part of a microgrid. Microreactors, like SMRs, can be built in remote communities and industrial sites that are off-grid, countries with small and medium electricity grids, and rapidly growing cities in developing countries [5]. Additionally, critical facilities that are connected to the grid, such as hospitals and water treatment plants, can continue to operate during a power outage if powered by one or more microreactors [4]. Similar to large reactors, there are concerns about cost, safety, and proliferation when designing microreactors. These concerns can be addressed by designing the microreactor to be a high-temperature gas-cooled reactor (HTGR).
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[bookmark: _Ref192761230][bookmark: _Toc195476147]Figure 1. 3D rendering of a microreactor inside a standard shipping container [4].



[bookmark: _Toc195476110]1.2 High-Temperature Gas-Cooled Reactors
Microreactor designs include designs that use light water, high-temperature gas, molten salt, and liquid metal technologies. HTGRs are a promising nuclear reactor design due to their passive safety characteristics. These include ceramic-coated particle fuel, passive heat removal, and negative temperature feedback reactivity [6]. Ceramic coated-particle fuel enables fission product retention. Passive heat removal prevents accidents from occurring in the event of loss of power. Negative temperature feedback is when reactor reactivity decreases in response to the reactor core temperature increasing. This prevents reactor meltdown as decreasing the reactivity will decrease temperature before fuel can melt. In addition to these passive safety characteristics, HTGRs have been built and operated in the past and are still in operation. Due to their high operating temperatures, HTGRs can also be coupled to chemical plants to provide process heat, making them an even more attractive reactor design candidate for microreactors [7] [8].
The two primary types of HTGRs are prismatic and pebble-bed reactors. The prismatic reactor core is comprised of hexagonal blocks with fuel, which passes through the reactor once, and coolant channels. The pebble-bed reactor core uses fueled pebbles that pass through the core multiple times. Compared to other advanced reactor concepts, HTGRs have prior experience in their construction and operation. Both prismatic and pebble-bed reactors have been constructed and operated in the past or even currently.
The first HTGR that was built was Dragon, which was a prismatic test reactor built in the UK in 1956 and operated until 1968 [9]. The Arbeitgemeinschaft Versuschreaktor (AVR) was a pebble-bed HTGR built in Germany and first went critical in 1966 and operated until 1988. The AVR generated 15 MWe and started commercial operations in 1969 [9]. Peach Bottom I was a prismatic HTGR built in the US and first went critical in 1966 and operated until 1974. Peach Bottom I generated 40 MWe and started commercial operations in 1967 [9]. The Fort Saint Vrain nuclear reactor was a 330 MWe commercial prismatic HTGR located outside Denver, Colorado, and operated commercially from 1979 to 1989 [10]. Its reactor core consisted of hexagonal graphite block fuel elements surrounded by a graphite reflector [11]. Shown in Figure 2 is the Fort Saint Vrain core arrangement. The High Temperature Gas-cooled Test Reactor (HTR-10) is a 10 megawatt thermal (MWth) test modular pebble-bed HTGR in China [12]. Shown in Figure 3 is a cross-section of the HTR-10 reactor structure. The HTR-10 reactor core contains roughly 27,000 spherical fuel elements and is surrounded by a graphite reflector [12]. 
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[bookmark: _Ref192855724][bookmark: _Toc195476148]Figure 2. Core arrangement of Fort Saint Vrain [11].
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[bookmark: _Ref192764994][bookmark: _Toc195476149]Figure 3. HTR-10 reactor design [12].



[bookmark: _Toc195476111]1.3 Nuclear Fuel
The use of ceramic coated-particle fuel is one of the safety features of HTGRs as it enables retention of fission products. Current HTGRs use TRISO fuel. Various forms of encapsulated fuel have been used in HTGRs historically, with the earliest form being fuel kernels coated with a single layer of pyrolytic carbon (PyC). Peach Bottom initially used PyC-only coated fuel particles and later used bistructural-isotropic (BISO) particles [13]. BISO particles include a buffer layer between the fuel kernel and the PyC layer. The AVR initially used BISO fuel but later switched to using TRISO fuel [13]. The Fort Saint Vrain reactor used coated-particle fuel with a PyC layer and silicon carbide (SiC) layer. The HTR-10 uses uranium dioxide (UO2) TRISO fuel. The use of TRISO particles in microreactors has been proposed before [14].
The TRISO fuel particle consists of a fuel kernel surrounded by a graphite buffer layer, an inner PyC layer, a SiC layer, and an outer PyC layer [13]. TRISO particles are encased in a ceramic matrix, which has conventionally been graphite [15]. Shown in Figure 4 are the cross-sections of a UO2 TRISO particle and a UCO TRISO particle, in which the layers are visible. The buffer layer is made of porous pyrocarbon and provides a void space for fission gases released by the fuel kernel. The inner PyC layer protects the fuel kernel from interacting with the SiC layer and adds to fission gas retention. The SiC layer retains fission products - that could not be retained within the fuel kernel or by the inner PyC layer – and provides structural strength. The outer PyC layer protects the SiC layer during handling and provides further retention of fission gases [13]. These layers work together to enable significant fission retention. TRISO particles can be formed into pebbles or cylindrical compacts, which are used in pebble-bed and prismatic reactors respectively as seen in Figure 5. 
TRISO fuel has historically used fuel kernels composed of UO2 or uranium carbide (UC). The use of UCO in HTGRs has been proposed to address corrosion of the SiC layer caused by carbon monoxide (CO) produced by excess O reacting with nearby carbon. The inclusion of additional uranium in carbide form mitigates CO formation [16]. However, UCO does not provide that much more uranium density than UO2. Compared to UO2 and UCO, UN has a significantly higher uranium density [17] [18]. The greater uranium mass that can be achieved makes UN TRISO desirable for use in smaller reactors, like micro-HTGRs, to increase fuel loading. While UN enables greater fuel loading, this work looks at transuranic (TRU) fuel in oxide form.
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[bookmark: _Ref192787878][bookmark: _Toc195476150]Figure 4. Cross-section of (a) UO2 TRISO particle and (b) UCO TRISO particle [13].
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[bookmark: _Ref192787568][bookmark: _Toc195476151]Figure 5. The use of a TRISO particle in spherical (pebble) and cylindrical (compact) fuel forms, where pebbles are used in pebble-bed reactors and compacts are used in prismatic reactors [13].


[bookmark: _Toc195476112]1.4 Composite Moderators
TRISO particles in HTGRs are traditionally surrounded by a graphite matrix. Some problems can occur when using graphite in the high-temperature environment of an HTGR. Graphite can undergo changes in its volume under high-temperature irradiation, experiencing up to an 8% change in its original volume after initially shrinking and then swelling [19] [20]. Additionally, the thermophysical properties of graphite can change under high-temperature irradiation [21] [22] [23]. These changes in graphite can negatively impact reactor core lifetime. An alternative to graphite is SiC, which is used in fully ceramic microencapsulated (FCM) fuel. SiC has higher stability under irradiation, higher fission product retention, and higher oxidation resistance compared to graphite [27]. However, using SiC in the fuel matrix reduces moderation, which reduces discharge burnup [27]. The reduced discharge burnup can result in increased waste disposed and increased environmental impact. To address the poor irradiation stability of graphite and the weaker moderating strength of SiC, the use of composite moderators in HTGRs has been proposed.
Composite moderators composed of an irradiation stable host matrix and highly moderating entrained phase are an attractive alternative to both graphite and SiC for use in HTGRs. Shown in Figure 6 are the composite moderator concept and properties of the host matrix and entrained phase. The matrix provides good irradiation stability, good thermal conductivity, and good structural strength; the entrained phase provides strong moderation. The use of composite moderators in HTGRs has been studied and shown to improve reactor performance compared to traditional graphite reactors, where Be, BeO, YHx=1.9, and ZrHx=1.6 are entrained phase material options [24] [25] [26]. Beryllium and hydride moderators have previously been used in their monolithic form as moderating material in reactors such as the Aircraft Reactor Experiment (ARE) and the Heat Transfer Experiment No. 3 (HTRE3) [28] [29]. These materials are strong moderators but have poor irradiation resistance, which limits the maximum operating temperature. MgO is a commercially available and inexpensive matrix host material. TRISO can also be removed from MgO through thermochemical dissolution of MgO using aqueous chloride [30] and acid solutions [31]. Combining these moderator materials with MgO in composite moderator form can leverage the advantages of both materials. The impact of MgO-based composite moderators and UN TRISO fuel in optimizing micro-HTGR performance has been evaluated in previous work [32] [33].

[bookmark: _Ref192787177][bookmark: _Toc195476152]Figure 6. Composite moderator concept and associated attributes [24].



[bookmark: _Toc195476113]1.5 Transuranic Fuel
Removing TRU and minor actinides (MA) from discharged fuel and recycling them into fresh fuel can provide several benefits. These benefits include reducing environmental impact, more efficient use of permanent disposal space, and reduced proliferation risks. At the rate that the current US nuclear reactor fleet produces waste, new repository capacity equal to that of Yucca Mountain would be needed about every 20 to 30 years [34]. Deep-burn (DB) and IMF concepts that use TRISO fuel to transmute TRU nuclides such as plutonium (Pu), neptunium (Np), and americium (Am) have been proposed to address the need for more practical nuclear waste management [34]. Transuranium extraction (TRUEX) is the process used for actinide recovery in the US. In the TRUEX process, Pu and Np are separated from Am and curium (Cm) [35] [36] [37]. In the DB concept, the recovered TRU is fabricated into TRISO fuel and irradiated in a modular helium reactor (MHR). Figure 7 shows the cross-section of two TRISO fuel particles containing plutonium oxide or thorium-plutonium oxide after irradiation. Neutronic analysis of these concepts has shown TRU consumption of 58.1% and 55.1% for the DB and IMF concepts respectively [38]. This work uses the TRU fuel vector from the DB-MHR concept in oxide form. 
1.6 Continuous Recycle Fuel Cycles
All civilian nuclear energy in the US uses an open-ended once-through fuel cycle. The once-through fuel cycle is not very efficient in its utilization of uranium resources and waste minimization as uranium is mined, enriched, used once in reactors, and disposed of afterward. Continuous recycle fuel cycles have been found to be promising due to their improvements in waste generation and fuel resource utilization compared to the current fuel cycle used in the US. Continuous recycle fuel cycles always reprocess spent fuel for recycling and only HLW is disposed of. Recycling of actinide elements such as Pu, Np, and Am can result in more efficient use of fuel resources and reduce waste generated. The US Department of Energy Office of Nuclear Energy (DOE-NE) chartered an evaluation of the performance of different fuel cycle options [39]. The U/TRU continuous recycle fuel cycle in both fast and thermal critical reactors was identified as one of the most promising options [39]. This work adapts once-through prismatic and pebble-bed IMF concepts to the U/TRU continuous recycle fuel cycle, where the thermal critical reactor is the micro-HTGR.
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[bookmark: _Ref192852637][bookmark: _Toc195476153]Figure 7. Cross-section of plutonium fueled TRISO particles after irradiation testing.



[bookmark: _Toc195476114]Methodology
The performance of the continuous recycle IMF concepts was evaluated by determining the quantity of nuclear waste, fuel cycle cost, and environmental impact. The DOE-NE Evaluation and Screening (E&S) study is a study on the evaluation and screening of nuclear fuel cycle options, which considers the entire fuel cycle from mining to disposal for once-through, limited recycle, and continuous recycle fuel cycles [22]. A total of 40 evaluation groups were studied, including the one that the fuel cycle evaluated in this work is based on. Examples of leveraging the methodology used and lessons learned in the E&S study can be found in previous works [27] [40] [41] [42], including examples of waste reduction technology similar to what is evaluated in this work [32] [24]. The E&S study was done with the goal of identifying a few promising fuel cycles that showed significant improvement compared to the currently used nuclear fuel cycle in the US. The evaluation methods used in the E&S study were used in this work to calculate energy-normalized metrics which provide a one-to-one comparison between the different reactor concepts and sizes. These energy-normalized metrics include mass of SNF&HLW disposed, volume of LLW disposed, MTNU used, area of land used, volume of water used, mass of CO2 produced, and activity of SNF&HLW at 100 and 100,000 years. Metric results from the continuous recycle microreactor IMF concepts are compared to those of a graphite reference, once-through microreactor IMF concepts, an LWR, and an SMR [43]. 
[bookmark: _Toc195476115]2.1 Continuous Recycle Fuel Cycle
The evaluated fuel cycle option is a continuous recycle fuel cycle management scheme. Figure 8 shows a graphical representation of the fuel cycle that is being evaluated. The fuel cycle that is evaluated is a two-stage fuel cycle where the first stage is a 1000 MWth sodium-cooled fast reactor (SFR) and the second stage is a 10 MWth prismatic or pebble-bed micro-HTGR. This is based on the EG30 recycled fuel cycle from the E&S study [39]. EG30 is a fuel cycle concept in which Stage 1 is a 1000 MWth SFR and Stage 2 is a 3000 MWth PWR that uses recycled MOX fuel. This fuel cycle option was identified as one of the most promising designs due to the improvements it offered in comparison to the fuel cycle currently used in the US [39]. All uranium, plutonium, and minor actinides are recycled in this continuous recycle fuel cycle. Unlike the PWR, the micro-HTGR does not require any uranium. In the fuel cycle evaluated in this work, only the SFR requires uranium for its driver and blanket fuel. 
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[bookmark: _Ref172194680][bookmark: _Ref172194676][bookmark: _Toc172200786][bookmark: _Toc195476154]Figure 8. Schematic overview of the two-stage fuel cycle from SFR(TRU/U) to PWR (TRU/Pu). Reproduced from the E&S study [39].



The Stage 1 SFR produces TRU for the Stage 2 micro-HTGR. TRU/U recovered from Stage 1 and MA recovered from Stage 2 are mixed with NU to create the Stage 1 driver fuel and RU from Stage 1 is mixed with natural uranium (NU) to create the Stage 1 blanket fuel. Discharged SNF from the Stage 1 driver fuel is reprocessed to recover TRU/RU, which is recycled back into Stage 1 by using it to make new driver fuel. Excess TRU from reprocessing Stage 1 discharged blanket fuel and Pu recovered from Stage 2 are used to make TRU mixed oxide (MOX) driver fuel for Stage 2. Discharged fuel from Stage 2 is reprocessed, where recovered Pu and MA are recycled back into Stage 2, and recovered RU and excess MA are recycled back into Stage 1. LLW, FP, and material losses during reprocessing of Stages 1 and 2 are sent to disposal [39].
[bookmark: _Toc195476116]2.2 Reactor Concepts
	Prismatic and pebble-bed micro-HTGRs using TRU TRISO fuel in IMF form and different composite moderators are evaluated in this work. The size constraints of both the prismatic and pebble-bed designs were set to a total radius of 90 cm and a total height of 395.5 cm. The power was set to 10 MWth in both the prismatic and pebble-bed designs to match the power of the HTR-10 [12].
[bookmark: _Ref191979062]The graphite reference design comes from previous work evaluating the impact of composite moderators in once-through prismatic IMF designs [24]. The graphite reference is a prismatic micro-HTGR that uses 19.9% enriched uranium carbide (UCO) TRISO fuel and adheres to the same size constraints as the continuous recycle micro-HTGRs. The once-through prismatic and pebble-bed designs also adhere to the same size constraints. These once-through designs use 19.9% enriched uranium nitride (UN) TRISO fuel instead of UCO. The size of TRISO particles used is the same in the graphite reference, once-through IMF concepts, and continuous recycle IMF concepts. The only difference is the density of the fuel kernel due to using UCO, UN, or TRU oxide respectively. The radius and densities of the TRU oxide TRISO can be seen in Table 1. The heavy metal vector of the fuel consists of only plutonium, neptunium, and americium isotopes of TRU recovered from spent fuel. The vector is based on the one used in the Deep-Burn Modular Helium Cooled Reactor Design [38]. Table 2 contains the mass percentage of isotopes present in the TRU fuel heavy metal vector. Cm is excluded from the fuel vector because of its high spontaneous fission rate and decay heat, which can make fuel fabrication difficult [38].
[bookmark: _Ref193273122][bookmark: _Toc195476130]Table 1. TRU oxide TRISO layer radii and density for continuous recycle micro-HTGRs.
	Layer
	Radius [cm]
	Density [g/cm3]

	TRU oxide kernel
	0.0425
	11.09

	Buffer
	0.0475
	1.0

	Inner PyC layer
	0.0510
	1.90

	SiC layer
	0.0545
	3.20

	Outer PyC layer
	0.0580
	1.90



[bookmark: _Ref189646523][bookmark: _Toc184658579][bookmark: _Toc184668880][bookmark: _Toc195476131]Table 2. Heavy metal vector of TRU fuel [38].
	Isotope
	Percent Mass (%)

	Np-237
	4.5941

	Pu-238
	1.3340

	Pu-239
	50.9975

	Pu-240
	20.7970

	Pu-241
	7.5689

	Pu-242
	4.9457

	Am-241
	8.2207

	Am-242m
	0.0304

	Am-243
	1.5118




[bookmark: _Ref190252700]Am and Cm are typically co-extracted by most extractants used in actinide partitioning. Am and Cm are most stable in their trivalent oxidation state, which is Am(III) and Cm(III) respectively. Separating Am and Cm in this state is very difficult because of their chemical similarity. Efficient separation of Am(III) and Cm(III) can be achieved by using nitric acid solutions [45]. The use of such solutions in separation of Am and Cm would be desirable for use in the continuous recycle fuel cycle evaluated in this work, as Cm is excluded from the microreactor fuel vector.
In the prismatic IMF concept, TRISO particles are embedded in pure MgO, which is surrounded by the composite moderator. In the pebble-bed IMF concept, TRISO particles are embedded in the composite moderator. The composite moderator used consists of a MgO host matrix with an entrained phase that is either Be, BeO, YHx=1.9, or ZrHx=1.6. The volume percent of the host matrix and entrained moderator for each composite moderator is found in Table 3. Shown in Figure 9 is an example of TRISO particle distribution in the prismatic IMF compact (left) and in the pebble-bed IMF pebble (right). 
The prismatic micro-HTGR design used in this work is based on designs from previous works looking at advanced moderator concepts and evaluating their performance in a once-through fuel cycle [44]. Figure 10 shows the radial and axial cross-sections of the prismatic micro-HTGR and Figure 11 shows the radial and axial cross-section of the pebble-bed microreactor. The reactors were simulated using Serpent [46], a continuous-energy Monte Carlo transport code, and the ENDF/B-VII.1 cross-section data library. The prismatic microreactors were depleted until they reached subcriticality. Discharge burnup in the prismatic reactors was calculated when effective criticality reached one, or reactivity reached zero. Discharge burnup was calculated differently in the pebble-bed reactors. The linear and quadratic reactivity models were used to calculate discharge burnup in the pebble-bed reactors, assuming an eight-batch fuel management scheme [47]. The prismatic microreactor simulations were run with lattice pitches of 2.0, 2.2, 2.4, and 2.5 cm and TRISO packing fractions between 5% and 50% in increments of 5% for each lattice pitch value. The pebble-bed microreactor simulations were run with pebble fueled radii of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 cm, TRISO packing fractions between 5% and 55% in increments of 10%, ratio of fueled to unfueled pebbles between 10% and 100% in increments of 10%, and active core radii of 30, 40, 50, 60, 70, 80, and 85 cm. Adjusting these parameters means adjusting the ratio of fuel to moderator as well.
Optimization sweeps were performed for each of the four IMF concepts for both the prismatic and pebble-bed designs. These optimization sweeps plotted discharge burnup as a function of two reactor core parameters. The optimal configuration was the configuration that produced the highest fuel discharge burnup. High discharge burnup was targeted due to the evaluated metrics being dependent on discharge burnup. 
[bookmark: _Ref192076246]

[bookmark: _Toc195476132]Table 3. Two-phase composite moderator materials and volume percent.
	Composite Moderator
	Host Material
	Moderator Material

	MgO Be
	60% MgO
	40% Be

	MgO BeO
	60% MgO
	40% BeO

	MgO YHx=1.9
	85% MgO
	15% YH

	MgO ZrHx=1.6
	85% MgO
	15% ZrH
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[bookmark: _Ref184654121][bookmark: _Toc184658554][bookmark: _Toc184663902][bookmark: _Toc195476155]Figure 9. IMF within a prismatic (left) and pebble-bed (right) reactor platform.
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[bookmark: _Ref184658492][bookmark: _Toc184658556][bookmark: _Toc184663904][bookmark: _Toc195476156]Figure 10. Radial (left) and axial (right) cross-section of the prismatic microreactor.
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[bookmark: _Ref184658464][bookmark: _Toc184658557][bookmark: _Toc184663905][bookmark: _Toc195476157]Figure 11. Radial (left) and axial (right) cross-section of the pebble-bed microreactor point design.



[bookmark: _Toc195476117]2.3 Normalized Mass Flow Calculation
After finding an optimal configuration for each prismatic and pebble-bed IMF concept, normalized mass flow data is calculated for the fuel cycle. The mass flow data is normalized based on the electrical energy generated in a year, which is assumed to be 100 gigawatt electric (GWe) per year according to the E&S study [39]. Compositions for charge and discharge fuel of Stages 1 and 2 are also calculated. Charge fuel in the Stage 2 micro-HTGR comes from TRU recovered from Stage 1 discharged blanket fuel and Pu recovered from Stage 2 discharge fuel. Both stages are balanced to where the Stage 1 SFR produces just enough TRU needed to feed the Stage 2 micro-HTGR. Figure 12 shows an annotated mass flow table with explanations of important terms and the flow of material. It is divided into two stages, which are divided into three technologies: fuel, nuclear power plant transmutation (NPPT), and reprocessing and separation (rep/sep). Neptunium is included in the plutonium row in the mass flow table because it is included in the plutonium stream during TRUEX [35] [36] [37]. The mass flow table shown is for the continuous recycle prismatic MgO ZrH design.
The electricity share of the two stages is calculated according to how much TRU is available from Stage 1 and much how TRU is needed in Stage 2. N, which is the number of Stage 2 reactors that can be sustained by one Stage 1 reactor, is calculated using Equation 1, where MTRU,2 is the mass flow rate of TRU required to feed one Stage 2 reactor and MTRU,1 is the mass flow rate of excess TRU generated by Stage 1.

The initial heavy metal mass of Stage 2 M2 can be calculated using Equation 2, where P2 is the Stage 2 reactor thermal power in MWth, TC,2 is the Stage 2 reactor cycle length in effective full power days (EFPD), and BU2 is the Stage 2 reactor fuel discharge burnup in megawatt-days per kilogram of heavy metal (MWd/kgHM).

The electrical energy generation share of Stage 1 f1 is calculated using Equation 3, where Ei is the electrical energy generated per year per Stage i reactor. 
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[bookmark: _Ref192076138][bookmark: _Toc195476158]Figure 12. Annotated table of normalized mass flow for the prismatic MgO ZrH concept.


	Ei can be calculated using Equation 4, where Pi is Stage i reactor thermal power, ηi is Stage i reactor thermal efficiency, and CPi is Stage i capacity factor. The capacity factor is assumed to be 0.9 for both stages. The thermal efficiency of the Stage 1 SFR is 40% and the thermal efficiency of the Stage 2 micro-HTGR is 50%.

	Equation 5 can be used to convert mass flow Mx,o in units of kilogram per reactor-year to Mx in units of metric tons per year instead.

	Using Equations 1 through 5, normalized mass flow data is calculated for each of the continuous recycle prismatic and pebble-bed IMF concepts and put into a table. The optimized core configurations are used. Values from these tables are used to calculate levelized metrics for the continuous recycle IMF concepts.
[bookmark: _Toc195476118]2.4 Fuel Cycle Evaluation Metrics
Metrics from the E&S study are used to evaluate the performance of the continuous recycle IMF concepts. These metrics are mass of SNF&HLW disposed, volume of LLW disposed, area of land used, volume of water used, mass of CO2 produced, and activity of SNF&HLW at 100 and 100,000 years [21]. All metrics are energy normalized per GWe-yr for better comparison between the different reactors and concepts. In addition to being compared to the graphite reference prismatic microreactor, the continuous recycle IMF concepts are compared to the once-through prismatic and pebble-bed IMF concepts, a large-scale LWR, and an SMR.
The mass of SNF&HLW disposed includes heavy metal and fission products produced during irradiation of the initial fuel mass. This metric does not include any structural materials, for example, the prismatic blocks used in the prismatic HTGR designs. The mass of SNF&HLW disposed for the continuous recycle IMF concepts was determined by calculating the mass of FP produced from reprocessing and separation in both stages. The mass of FP is calculated when calculating normalized mass flow for each continuous recycle IMF concept. RU, Pu, and MA are recycled back into the SFR and micro-HTGR and are not sent to disposal. This recycling of a significant majority of the reprocessing and separation products results in a comparatively lower mass of SNF&HLW disposed for the continuous recycle IMF concepts.

The volume of LLW disposed was calculated using values in the normalized mass flow data tables and multiplier constants found in the E&S study [39]. This metric includes Class A through Class C LLW and greater than Class C (GTCC) wastes. Waste produced by operations and Decontamination and Decommissioning (D&D) of facilities at the end of their lifetime are included. Given the fuel cycle that is being evaluated in this work, multiplier constants for reactor operation, reprocessing, and recycled fuel fabrication were identified. The reactor operation constants were for SFR and HTGR operation. The reprocessing constant was for ADS metal blankets. The recycle fuel fabrication constants were for shielded glove boxes that handle uranium and remote processing of Pu/TRU in oxide and metal form. See Table 4 for the multiplier constants used to calculate the volume of LLW disposed [39].
The environmental impact can be evaluated by calculating the MTNU used, area of land used, volume of water used, and mass of CO2 produced. The MTNU used in the continuous recycle IMF concepts was determined by calculating how much NU goes into making fuel for both stages. This mass of NU is calculated when calculating normalized mass flow for each continuous recycle IMF concept. Reprocessed uranium (RU) is recycled back into Stage 1, which significantly reduces how much MTNU is required for the continuous recycle IMF concepts. Additionally, the Stage 2 micro-HTGR does not use any uranium in its fuel.
[bookmark: _Ref190341423]The metrics for area of land used, volume of water used, and mass of CO2 produced are calculated using multiplier constants and re-normalizing parameters. These multiplier constants, which are found in the E&S study, and the re-normalizing parameters are shown in Table 5 [39]. Multiplier constants are grouped into four categories for the fuel cycle: front end of the fuel cycle, fuel fabrication, reactor, and disposal and transport. The front end of the fuel cycle category includes mining and milling, conversion, enrichment, and deconversion. The fuel fabrication category includes the fabrication of uranium oxide (UOX) and MOX fuel. The reactor category includes reactor construction, reactor operation, and reprocessing and waste conditioning. The disposal and transport category includes shallow land burial, geological repository, interim storage, and waste packages and drip shields. The re-normalizing parameters are necessary for normalizing values to energy generated per year. These re-normalizing parameters include values found when performing normalized mass flow calculations, including MTNU required and the mass of SNF&HLW disposed. The reactor construction and reactor operation multiplier constants do not have an associated re-normalizing parameter. 

[bookmark: _Ref192076179][bookmark: _Toc195476133]Table 4. LLW multipliers along with re-normalization parameters most applicable to the evaluated continuous recycle fuel cycle. Reproduced from the E&S study [39].
	Category
	Volume of LLW (m3/-)
	Parameter Associated with LLW

	Reactor Operation

	SFR (-/GWe-year)
	278.6
	f1 (GWe-year)

	HTGR (-/GWe-year)
	278.6
	f2 (GWe-year)

	Reprocessing

	ADS Metal Blanket 
(-/MTHM)
	16.025
	Mflow (MTHM/GWe-year)

	Recycle Fuel Fabrication

	Shielded Glovebox – U - metal (-/MTHM)
	1.75
	MRU (MTRU/GWe-year)

	Remote – Pu/TRU – oxide 
(-/MTHM)
	3.3
	MTRU,2 (MTHM/GWe-year)

	Remote – Pu/TRU – metal 
(-/MTHM)
	2.475
	MTRU,1 (MTHM/GWe-year)



[bookmark: _Ref192601933][bookmark: _Toc195476134]Table 5. Land, Water, and CO2 multipliers along with re-normalization parameters. Reproduced from the E&S study [39].
	Portion of Nuclear Fuel Cycle
	Land Use Multiplier
(km2/-)
	Water Use Multiplier
(ML/-)
	CO2 Multiplier
(kg/-)
	Radiologic Exposure Multiplier
(Person-mSv/-)
	Re-normalizing parameter

	Front End of Fuel Cycle
	

	Mining/Milling-Uranium
(-/MTNU)
	2.8E0-4
	8.5E-1
	8.3E4
	14.2E-1
	
(MTNU/GWe-yr)

	Conversion-Uranium
(-/MTNU)
	3.3E-9
	6.5E-2
	2.2E4
	8.8E-1
	
(MTNU/GWe-yr)

	Enrichment-Uranium
(-/SWU)
	9E-9
	2.9E-5
	2.8E1
	3.1E-2
	SWU
(SWU/GWe-year)

	Deconversion-Uranium
(-/MTDU)
	9.3E-5
	5.3E-4
	-3.2E3
	2.9E-5
	
(MTDU/GWe-year)

	Fuel Fabrication
	

	UOX
(-/MTIHM)
	1.02E-4
	1.41E-1
	2.85E5
	1.43
	
(MTIHM/GWe-yr)

	MOX
(-/MTINH)
	1.02E-4
	5.21E-1
	4.45E5
	1.17
	
(MTIHM/GWe-yr)




Table 5. Continued.
	Portion of Nuclear Fuel Cycle
	Land Use Multiplier
(km2/-)
	Water Use Multiplier
(ML/-)
	CO2 Multiplier
(kg/-)
	Radiologic Exposure Multiplier
(Person-mSv/-)
	Re-normalizing parameter

	Reactor
	

	Reactor Construction
(-/GWe-yr)
	--
	--
	1.16E7
	--
	

	Reactor Operation
(-/GWe-yr)
	7.27E-2
	2.37E4
	--
	7.3E2
	

	Reprocessing and waste conditioning
(-/MTIHM)
	4.41E-5
	4.83E-1
	5.15E5
	3.8E-1
	
(MTIHM/GWe-yr)

	Disposal and Transport
	

	Shallow Land Burial
(-/MT waste)
	9.74E-6
	2.3E-4
	1.82
	1.32E-1
	
(DU+RU+RTh/GWe-yr)

	Geologic Repository
(-/MTIHM)
	1.5E-3
	1.43E-1
	8.81E4
	1.32
	
(MTIHM/GWe-yr)

	Interim Storage
(-/MTIHM)
	3.0E-5
	--
	3.11E4
	1.16
	
(MTIHM/GWe-yr)

	Waste Packages and Drip Shields
(-/MTIHM)
	--
	--
	5.75E4
	--
	
(MTIHM/GWe-yr)





The metrics for the activity of SNF&HLW at 100 and 100,000 years after reactor operation were calculated using Equation 6. The activity A(t) and initial fissile mass Mfissile were determined using Serpent. Mass flow Mflow was calculated using Equation 2. 100 years was chosen to evaluate hazards during handling and storage of SNF&HLW and 100,000 years was chosen to evaluate long-term hazards from disposal of SNF&HLW.





[bookmark: _Toc195476119]Results
[bookmark: _Toc195476120]3.1 Prismatic Design Optimization
Using the previously discussed optimization methods, optimal core configurations were identified for each prismatic and pebble-bed IMF concept. The prismatic optimization sweep results across the fueled radius and TRISO packing fraction are shown in Figure 13 through Figure 16.
	Figure 13 and Figure 14 are contour plots of the optimization sweeps performed for the prismatic MgO Be and MgO BeO concepts respectively. In both concepts, discharge burnup increases as the TRISO packing fraction is increased, however, it decreases as lattice pitch increases. The optimal configuration for the prismatic MgO Be and MgO BeO concepts is a lattice pitch of 2.0 cm and a TRISO packing fraction of 50%. This indicates that the Be-based moderator concepts perform better using a higher fuel-to-moderator ratio. The MgO BeO concept achieved a slightly higher peak discharge burnup of 88.484 GWd/MTHM compared to the MgO Be concept which achieved a peak discharge burnup of 86.481 GWd/MTHM. 
Figure 15 and Figure 16 are contour plots of the optimization sweeps performed for the prismatic MgO YHx=1.9 and MgO ZrHx=1.6 concepts respectively. In the MgO YHx=1.9 concept, the discharge burnup is at its highest when the lattice pitch is 2.0 cm or 2.5 cm. At a lattice pitch of 2.0 cm, discharge burnup is highest at a TRISO packing fraction of 50%. At a lattice pitch of 2.5 cm, discharge burnup is highest at a TRISO packing fraction of 10%. Between these two configurations, the optimal configuration for the MgO YHx=1.9 concept was found to be a lattice pitch of 2.5 and a TRISO packing fraction of 10%. A somewhat similar trend is observed in the MgO ZrHx=1.6 concept, but the discharge burnup is significantly higher when using low TRISO packing fractions. The optimal configuration for the MgO ZrHx=1.6 concept is a lattice pitch of 2.2 cm and a TRISO packing fraction of 5%. This indicates that the hydride-based moderator concepts perform better using a lower fuel-to-moderator ratio. The MgO ZrHx=1.6 concept achieved a significantly higher peak discharge burnup of 111.253 GWd/MTHM, compared to the MgO YHx=1.9 concept which achieved a peak discharge burnup of 52.105 GWd/MTHM.
The optimal core configurations and resulting discharge burnup for each prismatic IMF concept are shown in Table 6. The MgO ZrHx=1.6 achieves the highest discharge burnup out of the four evaluated concepts.
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[bookmark: _Ref190344063][bookmark: _Toc195476159]Figure 13. Contour plot of discharge burnup as a function of lattice pitch and TRISO packing fraction for the prismatic MgO Be concept.
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[bookmark: _Ref190422825][bookmark: _Toc195476160]Figure 14. Contour plot of discharge burnup as a function of lattice pitch and TRISO packing fraction for the prismatic MgO BeO concept.
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[bookmark: _Ref190423024][bookmark: _Toc195476161]Figure 15. Contour plot of discharge burnup as a function of lattice pitch and TRISO packing fraction for the prismatic MgO YHx=1.9 concept.
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[bookmark: _Ref190344073][bookmark: _Toc195476162]Figure 16. Contour plot of discharge burnup as a function of lattice pitch and TRISO packing fraction for the prismatic MgO ZrHx=1.6 concept.
[bookmark: _Ref190423745]

[bookmark: _Ref192943274][bookmark: _Toc195476135]Table 6. Optimal prismatic core configurations for fuel discharge burnup.
	Fuel Concept
	TRISO packing fraction
	Fuel pin lattice pitch (cm)
	Discharge Burnup
(GWd/MTHM)

	MgO BeO
	0.5
	2.0
	88.484

	MgO Be
	0.5
	2.0
	86.481

	MgO YH x=1.9
	0.1
	2.5
	52.105

	MgO ZrH x=1.6
	0.05
	2.2
	111.253





[bookmark: _Toc195476121]3.2 Pebble-bed Design Optimization
Unlike the prismatic designs where only two parameters are varied in the optimization sweeps, four parameters are varied in the pebble-bed optimization sweeps. Two optimization sweeps were performed for each pebble-bed design with one optimization sweep varying optimization sweep varying TRISO packing fraction and pebble fueled radius and the other optimization sweep varying the ratio of fueled to unfueled pebbles and active reactor core radius. In the optimization sweeps varying ratio of fueled to unfueled pebbles and active reactor core radius, the TRISO packing fraction was set to 55% and the  pebble fueled radius was set to 3 cm. In the optimization sweeps varying TRISO packing fraction and pebble fueled radius, the ratio of fueled to unfueled pebbles was set to 1.0 and the active reactor core radius was set to 30 cm. Something observed in the optimization sweeps regardless of what parameters are being varied is that the fuel in-core residence increases as the quantity of fuel in the reactor core increases. Increasing any one of the pebble-bed parameters increases how much fuel there is.
Figure 17 through Figure 20 are contour plots of the optimization sweeps varying TRISO packing fraction and pebble fueled radius performed for the pebble-bed MgO Be, MgO BeO, MgO YHx=1.9, and MgO ZrHx=1.6 concepts respectively. Regions in black are where the configuration failed to reach criticality. As seen in all four of these contour plots, discharge burnup increases as both the TRISO packing fraction and pebble fueled radius increase. This indicates that all four pebble-bed IMF concepts achieve a higher discharge burnup with more fuel per pebble. A 55% TRISO packing fraction and 3 cm fueled pebble radius result in the highest discharge burnup for all four pebble-bed designs, with the MgO BeO design achieving the highest discharge burnup out of the four designs.
 Figure 21 through Figure 24 are contour plots of the optimization sweeps varying the ratio of fueled to unfueled pebbles and active reactor core radius performed for the pebble-bed MgO Be, MgO BeO, MgO YHx=1.9, and MgO ZrHx=1.6 concepts respectively. Once again, regions in black are where the configuration failed to reach criticality. As seen in all four of these contour plots, discharge burnup increases as the ratio of fueled to unfueled pebbles increases. This is not the case for the core radius, where discharge burnup is highest when the core radius is either 60 or 70 cm. A fueled to unfueled ratio of 1.0 for all four concepts and active core radius of 60 cm for MgO BeO and MgO ZrHx=1.6 and active core radius of 70 cm for MgO Be and MgO YHx=1.9 achieved the highest discharge burnups, with MgO BeO achieving the highest burnup.
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[bookmark: _Ref190345604][bookmark: _Toc195476163]Figure 17. Contour plot of discharge burnup as a function of fueled radius and TRISO packing fraction for the pebble-bed MgO Be concept.
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[bookmark: _Ref190423971][bookmark: _Toc195476164]Figure 18. Contour plot of discharge burnup as a function of fueled radius and TRISO packing fraction for the pebble-bed MgO BeO concept.
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[bookmark: _Toc195476165]Figure 19. Contour plot of discharge burnup as a function of fueled radius and TRISO packing fraction for the pebble-bed MgO YHx=1.9 concept.
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[bookmark: _Ref190345613][bookmark: _Toc195476166][bookmark: _Ref190424322]Figure 20. Contour plot of discharge burnup as a function of fueled radius and TRISO packing fraction for the pebble-bed MgO ZrHx=1.6 concept.
[bookmark: _Ref192943318]

[image: ]
[bookmark: _Ref195358255][bookmark: _Toc195476167]Figure 21. Contour plot of discharge burnup as a function of fueled to unfueled pebble ratio and active core radius for the pebble-bed MgO Be concept.
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[bookmark: _Toc195476168]Figure 22. Contour plot of discharge burnup as a function of fueled to unfueled pebble ratio and active core radius for the pebble-bed MgO BeO concept.


[image: ]
[bookmark: _Toc195476169]Figure 23. Contour plot of discharge burnup as a function of fueled to unfueled pebble ratio and active core radius for the pebble-bed MgO YH concept.
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[bookmark: _Ref195358270][bookmark: _Toc195476170]Figure 24. Contour plot of discharge burnup as a function of fueled to unfueled pebble ratio and active core radius for the pebble-bed MgO ZrH concept.


[bookmark: _Ref193273061]The optimal configuration used for all four pebble-bed IMF concepts uses a ratio of fueled to unfueled pebbles of 1.0, a fueled radius of 3 cm, a TRISO packing fraction of 55%, and an active core radius of 30 cm. Although a larger active core radius results in a higher discharge burnup, it also results in a significantly longer fuel in-core residence time. The fuel in-core residence time of the optimal pebble-bed designs is already long. The shortest in-core residence time in the pebble-bed designs is nearly 70 years for the MgO YHx=1.9 concept. Compared to the longest in-core residence time in the prismatic designs, which is roughly 32 years for the MgO BeO concept, there is a significant difference in in-core residence time between the prismatic and pebble-bed designs. 
[bookmark: _Ref195428284]The optimal core configuration used and resulting discharge burnup for each pebble-bed IMF concept are shown in Table 7. All four pebble-bed IMF concepts used the same optimal configuration, where a higher ratio of fuel to moderator produces a higher discharge burnup. Unlike the prismatic IMF concepts where the MgO ZrHx=1.9 concept achieved the highest discharge burnup, the MgO BeO concept achieved the highest discharge burnup amongst the pebble-bed IMF concepts, which was 415.32 GWd/MTHM. The MgO Be, MgO YHx=1.9 and MgO ZrHx=1.6 concepts achieved peak discharge burnups of 411.55, 287.47, and 314.08 GWd/MTHM respectively. Shown in Table 8 are the core configurations that produce the highest possible discharge burnup for each pebble-bed IMF concept. Like the optimal core configurations used, these configurations use a ratio of fueled to unfueled pebbles of 1.0, a fueled radius of 3.0 cm, and TRISO packing fraction of 55%. The only difference is the core radius used, where it is 60 cm for the MgO BeO and MgO ZrHx=1.6 concepts and 70 cm for the MgO Be and MgO YHx=1.9 concepts compared to 30 cm used in the optimal core configurations. These core configurations achieve higher discharge burnups, with the MgO BeO design using a core radius of 60 cm achieving a 473.61 GWd/MTHM burnup at 166034 days compared to the design using a core radius of 30 cm achieving a 415.32 GWd/MTHM burnup at 36479 days. Seeing as the burnup increases by about 14% at an in-core residence that is about 4.55 times larger, a core configuration with a smaller active core radius was used. The fuel in-core residence time of the optimal pebble-bed designs used is already significantly longer than the in-core residence times of the optimal prismatic designs. While the burnups in the pebble-bed designs may seem incredibly high, previous experiments have looked at HTGR TRISO fuel achieving high discharge burnups in a similar range [48] [49] [50] [51].
[bookmark: _Toc195476136]Table 7. Optimal pebble-bed core configurations for fuel discharge burnup that are used.
	Fuel Concept
	Ratio of fueled to unfueled pebbles
	Fueled radius (cm)
	TRISO packing fraction
	Core radius (cm)
	Discharge Burnup (GWd/MTHM)

	MgO BeO
	1.0
	3.0
	0.55
	30
	415.32

	MgO Be
	1.0
	3.0
	0.55
	30
	411.55

	MgO YHx=1.9
	1.0
	3.0
	0.55
	30
	287.47

	MgO ZrHx=1.6
	1.0
	3.0
	0.55
	30
	314.08



[bookmark: _Ref195428299][bookmark: _Toc195476137]Table 8. Pebble-bed core configurations that achieve the highest discharge burnups.
	Fuel Concept
	Ratio of fueled to unfueled pebbles
	Fueled radius (cm)
	TRISO packing fraction
	Core radius (cm)
	Discharge Burnup (GWd/MTHM)

	MgO BeO
	1.0
	3.0
	0.55
	60
	473.61

	MgO Be
	1.0
	3.0
	0.55
	70
	462.77

	MgO YHx=1.9
	1.0
	3.0
	0.55
	70
	422.52

	MgO ZrHx=1.6
	1.0
	3.0
	0.55
	60
	415.72




High fuel discharge burnups have been achieved in fuel test elements (FTEs) used in the Fort Saint Vrain reactor in 1976 [49]. Eight FTEs were tested in the reactor core to analyze the effect of test elements on plant operation and safety. All FTEs used TRISO fuel and three of the eight FTEs used BISO in addition to TRISO fuel. Six of the FTEs used UCO TRISO fuel and the remaining two FTEs used (Th, U)C2 TRISO fuel [49]. Shown in Table 9 are peak irradiation test temperatures and what burnups the FTEs reached. The test element fuel materials previously underwent full irradiation exposure in test capsules. Testing was performed by General Atomic (GA). The P13 and HRB capsules were tested between 1974 and 1975 and reached high discharge burnups [49]. The HRB capsules used weak-acid resin (WAR) in the fuel fabrication process [49]. Successful performance in the P13 capsules was determined according to whether or not there was less than 1% failure in the outer PyC layer. In the HRB capsules, there needed to be less than 1% failure in all coatings. One source of failure was kernel migration, which could occur depending on fuel temperature. Shown in Table 10 and Table 11 are the peak irradiation test temperatures and what burnups the P13 and HRB capsules achieved respectively.
	The locations of the TRISO particles used in the Serpent models for both the prismatic and pebble-bed microreactor designs were created using a particle disperser routine in Serpent. This particle disperser routine generates a particle distribution file where particles are randomly distributed in a specified volume. The particle radius, number of particles, and dimensions of the specified volume are used in creating the file. The optimization sweeps for the prismatic and pebble-bed designs varied TRISO packing fraction from 5% to 50% in compacts and from 5% to 55% in pebbles. The packing fraction in two of the optimal prismatic designs, MgO Be and MgO BeO, is 50%. The packing fraction in all four optimal pebble-bed designs is 55%. Given how high these packing fractions are, it is important to discuss the maximum limit on TRISO packing fraction that can be achieved that is feasible and does not compromise the integrity of the TRISO layers.


[bookmark: _Ref195357848][bookmark: _Toc195476138]Table 9. Fuel test element performance in the Fort Saint Vrain reactor [50].
	Test Element #
	Fuel Temperature (°C)
	Burnup (% FIMA)

	FTE-3
	848
	44

	FTE-4
	893
	46

	FTE-5
	967
	55

	FTE-6
	1036
	71



[bookmark: _Ref195357902][bookmark: _Toc195476139]Table 10. GA irradiation tests of UC2 TRISO fuel [50].
	Capsule
	# of TRISO Samples
	Fuel Temperature (°C)
	Burnup 
(% FIMA)
	# of Successful Samples

	P13L
	15
	1400
	75
	4

	P13M
	10
	1350
	70
	9

	P13N
	15
	1350
	68
	10

	P13P
	20
	1350
	70
	17

	P13R
	9
	1075
	75
	3

	P13S
	9
	1075
	75
	5



[bookmark: _Ref195357910][bookmark: _Toc195476140]Table 11. GA irradiation tests of WAR TRISO fuel [50].
	Capsule
	# of TRISO Samples
	Fuel Temperature (°C)
	Burnup 
(% FIMA)
	# of Successful Samples

	HRB-7
	4
	1500
	80
	3

	HRB-8
	4
	1250
	80
	3

	HRB-9
	17
	1250
	80
	8

	HRB-10
	17
	1500
	80
	5





The theoretical maximum packing fraction of uniform spheres packed in an orthorhombic arrangement is 62.5% [52]. According to a fuel fraction packing model, one dimensional compression can limit packing fraction to 48% and die wall constraining effects can further reduce this to 40% [53]. The model is somewhat conservative as it assumes particles cannot pass by one another by 1.5 times the diameter of an overcoated particle during compacting and that there is no horizontal movement [54]. High TRISO packing fractions decrease distance between TRISO particle, which increases the probability of particle-particle interactions. This is known as rupture and can damage TRISO particle layers [55]. Sintering can result in reduced distance between particles and re-arrangement of the particles, which can also lead to increased rupture probability. This is something that needs to be taken into consideration during the fuel fabrication process. Zero-rupture TRISO fuel can be fabricated by stacking layers of TRISO particles and consolidating them by sintering. Discs containing indents for TRISO particles known as green bodies are used [56]. The green body disks are stacked in a graphite die to form a cylindrical green-body pellet which will be plasma sintered. Experimental work showed that packing fractions up to 34% could be achieved after sintering without observing particle-particle contact in optical microscopy or X-ray Computed Tomography (XCT) [55]. The packing fraction could be increased by decreasing distance between planes, enabling the addition of more disks. Packing fractions of up to 43.3% were achieved by using smaller coating for the TRISO particles and hot pressing [57]. These packing fractions achieved through plasma sintering and hot pressing are in a SiC matrix and not a MgO-composite matrix that is evaluated in this work.

[bookmark: _Toc195476122]3.3 Neutronic Analysis
Evaluating the neutron spectra for each of the continuous prismatic and pebble-bed designs can explain why some designs can achieve higher discharge burnups compared to others. Shown in Figure 25 through Figure 30 is the normalized neutron flux per unit lethargy as a function of neutron energy at the beginning of cycle (BOC) or end of the cycle (EOC). The normalized flux per unit lethargy is the fraction of neutrons at a given energy. Shown in Figure 25 and Figure 26 are the neutron spectra of the continuous recycle prismatic cases compared to the graphite reference case at BOC and EOC respectively. Shown in Figure 27 and Figure 28 are the neutron spectra of the continuous recycle pebble-bed cases compared to the graphite reference case at BOC and EOC respectively. Shown in Figure 29 and Figure 30 are the neutron spectra of the continuous recycle prismatic MgO ZrHx=1.6 case and pebble-bed MgO BeO case compared to the graphite reference. The MgO ZrHx=1.6 and MgO BeO cases were chosen for comparison because they produce the highest discharge burnup out of all the prismatic and pebble-bed cases respectively.
When comparing the neutron flux in the continuous recycle prismatic cases to the graphite reference, the graphite reference has a larger thermal peak at BOC and EOC. The continuous recycle prismatic cases have larger fast peaks compared to the graphite reference at BOC and EOC. Valleys can be seen past 10 keV due to high energy neutron interactions with the moderating material. When comparing the continuous recycle prismatic cases to each other, the Be-based moderator cases have similar neutron flux spectra and hydride-based moderator cases have similar neutron flux spectra. The MgO ZrHx=1.6 case has the largest thermal peak out of the four continuous recycle prismatic cases. The thermal peak in the MgO ZrHx=1.6 case is larger at EOC relative to BOC and is accompanied by a reduction in the fast peak. This change from BOC to EOC in the thermal and fast peaks is also seen in the MgO Be, MgO BeO, and MgO YHx=1.9 cases. At energies between 1 eV and 10 keV, the hydride-based moderator cases have similar neutron fluxes compared to the graphite reference. The Be-based moderator cases see a more pronounced slope in this energy range, with a greater fraction of neutrons being higher energy. The higher discharge burnup achieved by the MgO ZrHx=1.6 case can be attributed to a larger fraction of thermal neutrons relative to the other three continuous recycle prismatic cases, which results in a higher probability for thermal fission events to occur within the fuel. 
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[bookmark: _Ref192588893][bookmark: _Toc195476171]Figure 25. Normalized neutron flux per unit lethargy spectra at BOC for graphite reference case and continuous recycle prismatic cases.

[image: ]
[bookmark: _Ref192608147][bookmark: _Toc195476172]Figure 26. Normalized neutron flux per unit lethargy at EOC for graphite reference case and continuous recycle prismatic cases.
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[bookmark: _Ref192608264][bookmark: _Toc195476173]Figure 27. Normalized neutron flux per unit lethargy at BOC for graphite reference case and continuous recycle pebble-bed cases.
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[bookmark: _Ref192608278][bookmark: _Toc195476174]Figure 28. Normalized neutron flux per unit lethargy at EOC for graphite reference case and continuous recycle pebble-bed cases.
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[bookmark: _Ref192608320][bookmark: _Toc195476175]Figure 29. Normalized neutron flux per unit lethargy at BOC for graphite reference case, continuous recycle prismatic MgO ZrHx=1.6 case, and continuous recycle pebble-bed MgO BeO case.
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[bookmark: _Ref192588905][bookmark: _Toc195476176]Figure 30. Normalized neutron flux per unit lethargy at EOC for graphite reference case, continuous recycle prismatic MgO ZrHx=1.6 case, and continuous recycle pebble-bed MgO BeO case.
When comparing the neutron flux in the continuous recycle pebble-bed cases to the graphite reference, the graphite reference has a larger thermal peak compared to the MgO YHx=1.9 case only. The MgO Be, MgO BeO, and MgO ZrHx=1.6 cases have larger thermal peaks compared to the graphite reference at BOC and EOC. Similar to the continuous recycle prismatic cases, valleys are seen at higher energies due to high-energy neutron interactions with the moderating material. Unlike the continuous recycle prismatic cases, the continuous recycle pebble-bed cases all have similar neutron flux distribution in an energy range between 1 eV to 10 keV. This similarity has to do with all four continuous recycle pebble-bed designs using the same optimized core configuration. When comparing the continuous recycle pebble-bed cases to each other, the Be-based moderator cases have larger thermal peaks and smaller fast peaks compared to the hydride-based moderator cases. The higher discharge burnup achieved in the Be-based moderator cases compared to the hydride-based moderator cases can be attributed to the relatively larger fraction of thermal neutrons. Although the MgO Be case has a larger thermal peak compared to the MgO BeO case, the MgO BeO case can achieve a slightly larger discharge burnup.
When comparing the prismatic MgO ZrHx=1.6 case to the pebble-bed MgO BeO case, the pebble-bed MgO BeO case has a comparatively larger thermal peak. Despite the prismatic MgO ZrHx=1.6 case having a smaller thermal peak compared to the graphite reference, it and the pebble-bed MgO BeO case achieve a higher discharge burnup than the graphite reference. When comparing the continuous recycle pebble-bed cases to the continuous recycle prismatic cases, the significant difference in discharge burnup achieved can be attributed to the difference in the fraction of thermal neutrons.
Looking at the terms in the six factor formula can also help shed light on the difference in burnups between designs. The six factor formula is used to determine the effective multiplication factor keff, which is a parameter representing the ratio of neutrons in one generation to neutrons in the previous generation. These six factors are the reproduction factor η, thermal utilization factor f, resonance escape probability p, fast fission factor ε, fast non-leakage probability PFNL, and thermal non-leakage probability PTNL [59]. Figure 31 through Figure 36 compare values for each of the six factors at the beginning of cycle (BOC) for the continuous recycle prismatic and pebble-bed designs to each other and the graphite reference. Shown in Table 12 and Table 13 are the values for the six factors for the continuous recycle prismatic and pebble-bed designs.
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[bookmark: _Ref192071990][bookmark: _Toc195476177]Figure 31. Reproduction factor for prismatic graphite reference and prismatic and pebble-bed concepts using TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref192073325][bookmark: _Toc195476178]Figure 32. Thermal utilization factor for prismatic graphite reference and prismatic and pebble-bed concepts using TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Toc195476179]Figure 33. Resonance escape probability for prismatic graphite reference and prismatic and pebble-bed concepts using TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Toc195476180]Figure 34. Fast fission factor for prismatic graphite reference and prismatic and pebble-bed concepts using TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Toc195476181]Figure 35. Fast non-leakage probability for prismatic graphite reference and prismatic and pebble-bed concepts using TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref192072003][bookmark: _Toc195476182]Figure 36. Thermal non-leakage probability for prismatic graphite reference and prismatic and pebble-bed concepts using TRU fuel in a continuous recycle fuel cycle.


[bookmark: _Ref192072093][bookmark: _Toc195476141]Table 12. Six factor formula terms for continuous recycle prismatic designs.
	Moderator
	MgO Be
	MgO BeO
	MgO YHx=1.9
	MgO ZrHx=1.6

	Reproduction factor
	1.539540
	1.554340
	1.572060
	1.589850

	Thermal utilization factor
	0.758496
	0.756641
	0.876425
	0.868888

	Resonance escape probability
	0.085052
	0.073529
	0.639150
	0.724161

	Fast fission factor
	14.086100
	16.098100
	1.323530
	1.190560

	Fast non-leakage probability
	0.953966
	0.949117
	0.929491
	0.963674

	Thermal non-leakage probability
	0.957528
	0.959718
	0.981524
	0.955963



[bookmark: _Ref192072112][bookmark: _Toc195476142]Table 13. Six factor formula terms for continuous recycle pebble-bed designs.
	Moderator
	MgO Be
	MgO BeO
	MgO YHx=1.9
	MgO ZrHx=1.6

	Reproduction factor
	1.609860
	1.605280
	1.599940
	1.605120

	Thermal utilization factor
	0.456859
	0.459133
	0.302883
	0.381726

	Resonance escape probability
	0.272673
	0.251533
	0.343661
	0.337278

	Fast fission factor
	7.575240
	8.232210
	7.808170
	6.467160

	Fast non-leakage probability
	0.998367
	0.997898
	0.999213
	0.999417

	Thermal non-leakage probability
	0.941421
	0.938275
	0.990267
	0.983243





The reproduction factor is the average number of fission neutrons produced per absorption of a thermal neutron in fuel [59]. This factor is not heavily impacted by the ratio of fuel to moderator and is much more dependent on what fuel is being used. The graphite reference has the highest value for the reproduction factor. This difference can be attributed to the use of UCO in the graphite reference and TRU oxide in the continuous recycle designs. The continuous recycle pebble-bed IMF concepts have slightly larger values for the reproduction factor compared to the continuous recycle prismatic IMF concepts. In the continuous recycle prismatic IMF concepts, the MgO ZrHx=1.6 concept has the greatest reproduction factor value. In the continuous recycle pebble-bed IMF concepts, MgO Be has the greatest reproduction factor value. 
The thermal utilization factor is the ratio of thermal neutron absorptions in fuel to total thermal neutron absorptions [59]. Unlike the reproduction factor, the thermal utilization factor can vary considerably depending on what the ratio of fuel to moderator is. The graphite reference has the highest value for the thermal utilization factor, similar to the reproduction factor. The continuous recycle prismatic IMF concepts have significantly larger values compared to the continuous recycle pebble-bed cases, indicating that a greater fraction of thermal neutrons is absorbed in fuel in the prismatic concepts than in the pebble-bed concepts. In the continuous recycle prismatic IMF concepts, the MgO ZrHx=1.6 concept has the greatest thermal utilization factor value. In the continuous recycle pebble-bed IMF concepts, MgO BeO has the greatest thermal utilization factor value.
The resonance escape probability is the fraction of fission neutrons that slow down to thermal energy without being absorbed [59]. Similar to the thermal utilization factor, the resonance escape probability is also affected by the ratio of fuel to moderator. The graphite reference has the greatest value for the resonance escape probability, similar to both the reproduction and thermal utilization factors. In the continuous recycle prismatic IMF concepts, the MgO ZrHx=1.6 concept has the highest resonance escape probability value. In the continuous recycle pebble-bed IMF concepts, the MgO YHx=1.9 concept has the highest resonance escape probability value. When comparing thermal non-leakage probability values, the pebble-bed Be-based moderator concepts have larger resonance escape probabilities compared to their prismatic counterparts. The opposite is the case for the hydride-based moderator concepts, where the pebble-bed hydride-based moderator concepts have smaller resonance escape probabilities compared to their prismatic counterparts.
The fast fission factor is the ratio of fission neutrons produced by both fast and thermal fission to fission neutrons produced only by thermal fission [59]. Similar to the reproduction factor, the fast fission factor is also not heavily impacted by the ratio of fuel to moderator and is much more dependent on what fuel is being used. However, there is significant variance seen between the prismatic Be- based and hydride-based moderator cases, which could be attributed to a heterogenous reactor core being used and the ratio of fuel to moderator being much higher in the Be-based moderator cases than in the hydride-based moderator cases. The graphite reference has the smallest value for the fast fission factor. In the continuous recycle prismatic IMF concepts, the MgO BeO concept has the highest fission factor. In the continuous recycle pebble-bed IMF concepts, the MgO BeO concept has the highest fast fission factor. The larger fast fission factor values observed in the prismatic Be-based moderator concepts and the pebble-bed concepts can be attributed to the high fuel-to-moderator ratio used in their optimal configurations.
The fast non-leakage probability is the probability that a fast neutron will not leak from the core [59]. The thermal non-leakage probability is the probability that a thermal neutron will not leak from the core [59]. The graphite reference has the smallest value for both the fast non-leakage and thermal non-leakage probabilities. The continuous recycle pebble-bed IMF concepts have larger fast non-leakage probabilities compared to the continuous recycle prismatic IMF concepts. In the continuous recycle prismatic IMF concepts, the MgO ZrHx=1.6 concept has the largest fast non-leakage probability. In the continuous recycle pebble-bed IMF concepts, the MgO ZrH x=1.6 concept has the largest fast non-leakage probability but by a very small amount. When comparing thermal non-leakage probability values, the prismatic Be-based moderator concepts have larger thermal non-leakage probabilities compared to their pebble-bed counterparts. The opposite is the case for the hydride-based moderator concepts, where the prismatic hydride-based moderator concepts have smaller thermal non-leakage probabilities compared to their pebble-bed counterparts. In the continuous recycle prismatic IMF concepts, the MgO YHx=1.9 concept has the largest thermal non-leakage probability. In the continuous recycle pebble-bed IMF concepts, the MgO YH x=1.9 concept has the largest thermal non-leakage probability but by a very small amount. The differences in non-leakage probabilities between the continuous recycle prismatic and pebble-bed IMF concepts can be attributed to the use of cylindrical fueled compacts and fueled pebbles respectively. 
The continuous recycle prismatic MgO ZrHx=1.6 concept achieves the highest discharge burnup out of the four continuous recycle prismatic IMF concepts. In the continuous recycle prismatic MgO ZrHx=1.6 concept, 96.36% of fast neutrons will not leak from the reactor core and 72.42% of those fast neutrons that do not leak will slow down to thermal energy without being absorbed. 95.60% of the now thermal neutrons will not leak from the reactor core. 86.89% of the thermal neutrons that do not leak will be absorbed in fuel and will each produce 1.59 fission neutrons on average. For every one fission neutron produced by thermal neutron absorption, 0.19 neutrons are produced on average by fast neutron absorption. The high non-leakage probabilities, resonance escape probability, and thermal utilization factor of the MgO ZrHx=1.6 concept can explain the high discharge burnup it can achieve.
The continuous recycle pebble-bed MgO BeO concept achieves the highest discharge burnup out of the four continuous recycle prismatic IMF concepts. In the continuous recycle pebble-bed MgO BeO concept, 99.79% of fast neutrons will not leak from the reactor core and 25.15% of those fast neutrons that do not leak will slow down to thermal energy without being absorbed. 93.83% of the now thermal neutrons will not leak from the reactor core. 45.91% of the thermal neutrons that do not leak will be absorbed in fuel and will each produce 1.61 fission neutrons on average. For every one fission neutron produced by thermal neutron absorption, 7.23 neutrons are produced on average by fast neutron absorption. The high non-leakage probabilities, fast fission factor, and thermal utilization factor – out of the four continuous recycle pebble-bed concepts – of the MgO Be concept can explain the high discharge burnup it can achieve.
[bookmark: _Toc195476123]3.4 Pebble-bed Design Verification
A verification study was performed to verify the discharge burnup results found for the optimal pebble-bed designs using Serpent. This verification study involved running the optimized pebble-bed designs in OpenMC and comparing the burnup results found using OpenMC to those found using Serpent. See Figure 37 through Figure 44 for plots of the predicted discharge burnup using the linear and quadratic reactivity models. Compared to Serpent, larger time steps were used in OpenMC to speed up simulation time. The use of larger time steps affected the predicted discharge burnup, resulting in a slight discrepancy between Serpent and OpenMC discharge burnup results. Shown in Table 14 is the predicted discharge burn-up using the quadratic reactivity model in Serpent and OpenMC. The percent differences in Serpent and OpenMC results are between 0.7 and 1.2%.
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[bookmark: _Ref190947729][bookmark: _Toc195476183]Figure 37. Linear and quadratic reactivity plot for pebble-bed MgO Be concept using Serpent.
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[bookmark: _Toc195476184][bookmark: _Ref184658255][bookmark: _Toc184658582][bookmark: _Toc184668883]Figure 38. Linear and quadratic reactivity plot for pebble-bed MgO Be concept using OpenMC.
[image: ]
[bookmark: _Toc195476185]Figure 39. Linear and quadratic reactivity plot for pebble-bed MgO BeO concept using Serpent.
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[bookmark: _Toc195476186]Figure 40. Linear and quadratic reactivity plot for pebble-bed MgO BeO concept using OpenMC.
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[bookmark: _Toc195476187]Figure 41. Linear and quadratic reactivity plot for pebble-bed MgO YHx=1.9 concept using Serpent.
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[bookmark: _Toc195476188]Figure 42. Linear and quadratic reactivity plot for pebble-bed MgO YHx=1.9 concept using OpenMC.
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[bookmark: _Toc195476189]Figure 43. Linear and quadratic reactivity plot for pebble-bed MgO ZrHx=1.6 concept using Serpent.
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[bookmark: _Ref190947730][bookmark: _Toc195476190]Figure 44. Linear and quadratic reactivity plot for pebble-bed MgO ZrHx=1.6 concept using OpenMC.
[bookmark: _Ref191979776][bookmark: _Toc195476143]Table 14. Predicted Discharge Burn-up using Quadratic Reactivity Model in Serpent and OpenMC.
	Moderator
	Predicted Discharge Burn-up using Serpent (MWd/kgHM)
	Predicted Discharge Burn-up using OpenMC (MWd/kgHM)
	Percent Difference 
(%)

	MgO BeO
	415
	410
	1.2

	MgO Be
	409
	406
	0.7

	MgO YHx=1.9
	287
	291
	1.4

	MgO ZrHx=1.6
	314
	318
	1.3




[bookmark: _Toc195476124]3.5 Prismatic Design Metric Results
Figure 45 shows the energy normalized mass of SNF&HLW for the continuous recycle prismatic IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through prismatic IMF concepts using LEU fuel. The results for the continuous recycle prismatic designs include the mass of SNF&HLW from the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference and the once-through prismatic IMF concepts, all four continuous recycle prismatic IMF concepts produce significantly less waste. Out of the four continuous recycle prismatic IMF concepts, the MgO ZrHx=1.6 concept performs the best and reduces the mass of SNF&HLW by 92.7% compared to the graphite reference. This reduction in waste in the continuous recycle prismatic designs is largely due to recycling of all RU, Pu, and MA, meaning no SNF is sent to disposal. Only HLW and material losses are sent to disposal for the continuous recycle IMF concepts.
Figure 46 shows the energy normalized volume of LLW for the continuous recycle prismatic IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through prismatic IMF concepts using LEU fuel. The results for continuous recycle prismatic designs include the volume of LLW from the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference, all four continuous recycle prismatic IMF concepts produce less waste but do not perform better than the once-through prismatic IMF concepts. Out of the four continuous recycle prismatic IMF concepts, the MgO ZrHx=1.6 concept performs the best and reduces the volume of LLW by 30.7% compared to the graphite reference. 
	Figure 47 shows the energy normalized mass of natural uranium required for the continuous recycle prismatic IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through IMF concepts using LEU fuel. The results for continuous recycle prismatic designs only include natural uranium used in the Stage 1 SFR as no natural uranium is used in the Stage 2 micro-HTGR. Compared to the graphite reference and the once-through prismatic IMF concepts, all four continuous recycle prismatic IMF concepts require significantly less natural uranium. The four continuous recycle prismatic designs perform just as well as each other, reducing MTNU by 99.8% compared to the graphite reference. This reduction in MTNU required in the continuous recycle prismatic designs is largely due to all RU in Stage 1 being recycled back into the Stage 1 SFR and the Stage 2 micro-HTGR not using any uranium.
[bookmark: _Ref184663225][bookmark: _Toc184668886][bookmark: _Toc188530825][image: ]
[bookmark: _Ref190349434][bookmark: _Toc195476191]Figure 45. Energy normalized mass of SNF&HLW per unit energy generated for large-scale LWR, SMR, prismatic graphite reference, and prismatic IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref190350090][bookmark: _Toc195476192]Figure 46. Energy normalized volume of LLW for large-scale LWR, SMR, prismatic graphite reference, and prismatic IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref190350577][bookmark: _Toc195476193]Figure 47. Energy normalized mass of natural uranium required for large-scale LWR, SMR, prismatic graphite reference, and prismatic IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.



Figure 48 shows the energy normalized area of land used for the continuous recycle prismatic IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through prismatic IMF concepts using LEU fuel. The results for continuous recycle IMF concepts include land used by processes for the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference and the once-through prismatic IMF concepts, all four continuous recycle prismatic IMF concepts require less land. The MgO ZrHx=1.6 concept performs the best, reducing the area of land used by 76.9% compared to the graphite reference. The reduced area of land used in the continuous recycle prismatic IMF concepts is largely due to the significant reduction in MTNU required, which impacts how much land is needed for mining and milling of uranium. Additionally, the reduced mass of SNF&HLW disposed in the continuous recycle prismatic IMF concepts reduces how much land is needed for geological repository.
Figure 49 shows the energy normalized volume of water used for the continuous recycle prismatic IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through prismatic IMF concepts using LEU fuel. The results for continuous recycle IMF concepts include water used by processes for the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference and the once-through prismatic IMF concepts, all four continuous recycle IMF concepts require less water. The four continuous recycle prismatic designs perform just as well as each other, reducing the volume of water used by 2.3% compared to the graphite reference. This metric sees the least significant reduction for the continuous recycle IMF concepts due to the reactor operation multiplier constant being the most significant contributor to the metric by several orders of magnitude and all evaluated designs being normalized to be per unit energy generated.
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[bookmark: _Ref190351709][bookmark: _Toc195476194]Figure 48. Energy normalized area of land used for large-scale LWR, SMR, prismatic graphite reference, and prismatic IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref190352076][bookmark: _Toc195476195]Figure 49. Energy normalized volume of water used for large-scale LWR, SMR, prismatic graphite reference, and prismatic IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.

Figure 50 shows the energy normalized mass of CO2 produced for the continuous recycle prismatic IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through prismatic IMF concepts using LEU fuel. The results for continuous recycle prismatic IMF concepts include CO2 produced by processes for the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference and the once-through prismatic IMF concepts, all four continuous recycle prismatic IMF concepts produce less CO2. The MgO ZrHx=1.6 concept performs the best, reducing mass of CO2 produced by 72.3% compared to the graphite reference. This reduction in CO2, similar to the reduction in the area of land used, is largely due to the reduced MTNU required in the continuous recycle prismatic designs. The reduced MTNU required reduces how much mining, milling, and enrichment of uranium is required, which reduces how much CO2 is produced during these processes.
Figure 51 shows the activity of SNF&HLW at 100 years for the continuous recycle prismatic IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through prismatic IMF concepts using LEU fuel. The results for the continuous recycle IMF concepts only include the activity of SNF&HLW from the Stage 2 micro-HTGR. Compared to the graphite reference case and the once-through prismatic IMF concepts, all four continuous recycle IMF concepts have lower activity. The MgO Be concept performs the best, lowering activity by 58.6% compared to the graphite reference. The reduced activity of SNF&HLW at 100 years in the continuous recycle prismatic IMF concepts is due to the reduction in the mass of SNF&HLW from the recycling of RU, TRU, and MA in the Stage 1 SFR and Stage 2 micro-HTGR. 
Figure 52 shows the activity of SNF&HLW at 100,000 years for the continuous recycle prismatic IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through prismatic IMF concepts using LEU fuel. The results for the continuous recycle IMF concepts only include the activity of SNF&HLW from the Stage 2 micro-HTGR. Compared to the graphite reference case and the once-through prismatic IMF concepts, all four continuous recycle IMF concepts have lower activity. The MgO ZrH concept performs the best, lowering activity by 77.3% compared to the graphite reference. The reduced activity of SNF&HLW at 100,000 in the continuous recycle IMF concepts is due to the recycling of Pu, TRU, and MA in the Stage 2 micro-HTGR, which is the same reason why activity of SNF&HLW at 100 years is reduced.
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[bookmark: _Ref190352086][bookmark: _Toc195476196]Figure 50. Energy normalized mass of CO2 produced for large-scale LWR, SMR, prismatic graphite reference, and prismatic IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref190354316][bookmark: _Toc195476197]Figure 51. Activity of SNF&HLW at 100 years for large-scale LWR, SMR, prismatic graphite reference, and prismatic IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref191978643][bookmark: _Toc195476198]Figure 52. Activity of SNF&HLW at 100,000 years for large-scale LWR, SMR, prismatic graphite reference, and prismatic IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.


See Table 15 for the reduction in each continuous recycle prismatic IMF concept compared to the graphite reference for each evaluated metric. For most of the evaluated metrics, the MgO ZrHx=1.6 concept performs the best. The activity of SNF&HLW at 100 years is the only metric where the MgO ZrHx=1.6 concept is outperformed by the MgO Be and MgO BeO concepts. This is due to the difference in fuel in-core residence time between the Be-based concepts and the hydride-based concepts. The in-core residence times of the MgO Be and MgO BeO concepts were 11629.51 and 11377.481 days respectively, compared to the in-core residence times of the MgO YHx=1.9 and MgO ZrHx=1.6 concepts being 1368.532 and 1462.43 days respectively. This significant difference in in-core residence times can be attributed to the optimal configurations for Be-based moderator concepts using significantly higher TRISO packing fractions than the hydride-based moderator concepts, therefore increasing the total fuel in the reactor core. The longer fuel in-core residence time for the Be-based concepts resulted in a lower activity of SNF&HLW at the time of discharge because highly radioactive fission products have comparatively more time to decay in the reactor core. Otherwise, all four continuous recycle prismatic IMF concepts showed substantial improvements compared to the graphite reference and also compared to the once-through prismatic IMF concepts, LWR, and SMR. The one metric where the continuous recycle prismatic designs are outperformed by the once-through prismatic designs is the volume of LLW disposed, which is largely due to the quantity of material being reprocessed in the SFR driver and blanket fuel.
[bookmark: _Toc195476125]3.6 Pebble-bed Design Metric Results
Figure 53 shows the energy normalized mass of SNF&HLW for the continuous recycle pebble-bed IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through pebble-bed IMF concepts using LEU fuel. The results for the continuous recycle pebble-bed designs include the mass of SNF&HLW from the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference and the once-through pebble-bed IMF concepts, all four continuous recycle pebble-bed IMF concepts produce significantly less waste. The four continuous recycle pebble-bed designs perform just as well as each other, reducing the mass of SNF&HLW by 92.7% compared to the graphite reference. Similar to what was observed in the continuous recycle prismatic IMF concepts, no SNF is sent to disposal and only HLW is sent to disposal for the continuous recycle pebble-bed IMF concepts which reduces the quantity of waste sent to disposal. 
[bookmark: _Ref193272944][bookmark: _Toc195476144]Table 15. Evaluated metric reduction percentages for the continuous recycle prismatic IMF concepts compared to the prismatic graphite reference.
	IMF concept
	MgO Be
	MgO BeO
	MgO YHx=1.9
	MgO ZrHx=1.6

	SNF&HLW
	92.4 %
	92.4 %
	92.5 %
	92.7 %

	LLW
	29.7 %
	29.7 %
	29.9 %
	30.7 %

	Natural Uranium
	99.8 %
	99.8 %
	99.8 %
	99.8 %

	Land Use
	76.8 %
	76.8 %
	76.8 %
	76.9 %

	Water Use
	2.3 %
	2.3 %
	2.3 %
	2.3 %

	Mass CO2
	71.9 %
	71.9 %
	71.4 %
	72.3 %

	Activity at 100 years
	58.6 %
	58.2 %
	28.7 %
	45.8 %

	Activity at 100,000 years
	74.7 %
	74.3 %
	73.4 %
	77.3 %
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[bookmark: _Ref190361445][bookmark: _Toc195476199]Figure 53. Energy normalized mass of SNF&HLW per unit energy generated for large-scale LWR, SMR, prismatic graphite reference, and pebble-bed IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
[bookmark: _Ref184663739][bookmark: _Toc184668887][bookmark: _Toc188530826]

Figure 54 shows the energy normalized volume of LLW for the continuous recycle pebble-bed IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through pebble-bed IMF concepts using LEU fuel. The results for continuous recycle pebble-bed designs include the volume of LLW from the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference, all four continuous recycle IMF concepts produce less waste but do not perform better than the once-through pebble-bed IMF concepts. This is also what was observed in the continuous recycle prismatic IMF concepts. Out of the four continuous recycle pebble-bed IMF concepts, the MgO BeO concept perform the best and reduces the volume of LLW by 31.1% compared to the graphite reference. 
	Figure 55 shows the energy normalized mass of natural uranium required for the continuous recycle pebble-bed IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through pebble-bed IMF concepts using LEU fuel. The results for continuous recycle pebble-bed designs only include natural uranium used in the Stage 1 SFR as no natural uranium is used in the Stage 2 micro-HTGR. Compared to the graphite reference and the once-through pebble-bed IMF concepts, all four continuous recycle IMF concepts require significantly less natural uranium and reduce MTNU required by 99.8% compared to the graphite reference. Similar to the continuous recycle prismatic IMF concepts, this reduction in MTNU required in the continuous recycle pebble-bed IMF concepts is largely due to all RU in Stage 1 being recycled back into the Stage 1 SFR and the Stage 2 micro-HTGR not using any uranium.
Figure 56 shows the energy normalized area of land used for the continuous recycle pebble-bed IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through pebble-bed IMF concepts using LEU fuel. The results for continuous recycle IMF concepts include the area of land used by processes for the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference and the once-through pebble-bed IMF concepts, all four continuous recycle pebble-bed IMF concepts require less land. Like the continuous recycle prismatic IMF concepts, the area of land used in the continuous recycle pebble-bed IMF concepts is reduced largely due to the significantly lower MTNU required which reduces how much land is needed for mining and milling of uranium. Additionally, only HLW is sent to disposal as all SNF is recycled which reduces how much land is needed for geological repository.
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[bookmark: _Ref190361474][bookmark: _Toc195476200]Figure 54. Energy normalized volume of LLW for large-scale LWR, SMR, prismatic graphite reference, and pebble-bed IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref190361487][bookmark: _Toc195476201]Figure 55. Energy normalized mass of natural uranium required for large-scale LWR, SMR, prismatic graphite reference, and pebble-bed IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref190361514][bookmark: _Toc195476202]Figure 56. Energy normalized area of land used for large-scale LWR, SMR, prismatic graphite reference, and pebble-bed IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.




Figure 57 shows the energy normalized volume of water used for the continuous recycle pebble-bed IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through pebble-bed IMF concepts using LEU fuel. The results for continuous recycle IMF concepts include water used by processes for the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference and the once-through pebble-bed IMF concepts, all four continuous recycle pebble-bed IMF concepts require less water. This metric sees the least significant reduction for the continuous recycle pebble-bed IMF concepts for the same reasons as the continuous recycle prismatic IMF concepts. The reactor operation multiplier constant is the most significant contributor to the volume of water used by several orders of magnitude and all evaluated designs are normalized to be per unit energy generated.
Figure 58 shows the energy normalized mass of CO2 produced for the continuous recycle pebble-bed IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through pebble-bed IMF concepts using LEU fuel. The results for continuous recycle IMF concepts include CO2 produced by processes for the Stage 1 SFR and Stage 2 micro-HTGR. Compared to the graphite reference and the once-through pebble-bed IMF concepts, all four continuous recycle pebble-bed IMF concepts produce less CO2. The MgO Be and MgO BeO concepts perform the best, producing 72.9% less CO2 compared to the graphite reference. Like the continuous recycle prismatic designs, the mass of CO2 produced is reduced largely due to the significantly lower MTNU required which affects how much CO2 is produced during mining, milling, and enrichment of uranium.
Figure 59 shows the activity of SNF&HLW at 100 years for the continuous recycle pebble-bed IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through pebble-bed IMF concepts using LEU fuel. The results for the continuous recycle pebble-bed IMF concepts only include the activity of SNF&HLW from the Stage 2 micro-HTGR. Compared to the graphite reference case and the once-through pebble-bed IMF concepts, all four continuous recycle pebble-bed IMF concepts have lower activity. The MgO Be and MgO BeO concepts perform the best, lowering activity by 77.8% compared to the graphite reference. Similar to the continuous recycle prismatic designs, the reduced activity of SNF&HLW at 100 years in the continuous recycle pebble-bed concepts is due to the reduction in mass of SNF&HLW disposed from recycling SNF in the Stage 1 SFR and Stage 2 micro-HTGR as SNF is recycled and only HLW is sent to disposal.
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[bookmark: _Ref190361527][bookmark: _Toc195476203]Figure 57. Energy normalized volume of water used for large-scale LWR, SMR, prismatic graphite reference, and pebble-bed IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref190361537][bookmark: _Toc195476204]Figure 58. Energy normalized mass of CO2 produced for large-scale LWR, SMR, prismatic graphite reference, and pebble-bed IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
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[bookmark: _Ref190361546][bookmark: _Toc195476205]Figure 59. Activity of SNF&HLW at 100 years for large-scale LWR, SMR, prismatic graphite reference, and pebble-bed IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.



Figure 60 shows the activity of SNF&HLW at 100,000 years for the continuous recycle pebble-bed IMF concepts using TRU fuel compared to a large-scale LWR, SMR, prismatic graphite reference, and once-through pebble-bed IMF concepts using LEU fuel. The results for the continuous recycle pebble-bed IMF concepts only include the activity of SNF&HLW from the Stage 2 micro-HTGR. Compared to the graphite reference case and once-through pebble-bed IMF concepts, all four continuous recycle pebble-bed IMF concepts have lower activity. The MgO Be concept performs the best, lowering activity by 78.6% compared to the graphite reference. Similar to the continuous recycle prismatic designs and activity of SNF&HLW at 100 years, the activity of SNF&HLW at 100,000 years in the continuous recycle pebble-bed IMF concepts is reduced by recycling of SNF in Stages 1 and 2 which reduces the mass of SNF&HLW disposed.
See Table 16 for the reduction in each continuous recycle pebble-bed IMF concept compared to the graphite reference for each evaluated metric. The Be-based concepts achieved the highest reductions in the evaluated metrics out of the four pebble-bed IMF concepts. The MgO Be concept reduced the activity of SNF&HLW by slightly more than the MgO BeO concept. All four pebble-bed IMF concepts showed substantial improvements compared to the graphite reference and also the once-through pebble-bed IMF concepts, LWR, and SMR. Like the continuous recycle prismatic designs, the reduction of LLW volume disposed in the continuous recycle pebble-bed designs is lower than it is in the once-through pebble-bed designs.
The mass of SNF&HLW disposed and volume of LLW disposed was also calculated for the continuous recycle pebble-bed MgO BeO concept where the active core radius is 60 cm instead of 30 cm, which is the core radius in the optimal core configuration that is used. This was done to see how much of an impact the larger discharge burnup achieved through a larger active reactor core would have on the evaluated metrics. Shown in Figure 61 is the mass of SNF&HLW disposed for the large-scale LWR, the SMR, the graphite reference, the once-through pebble-bed MgO BeO design, the continuous recycle pebble-bed MgO BeO design where the active core radius is 30 cm, and the continuous recycle pebble-bed MgO BeO design where the active core radius is 60 cm. Shown in Figure 62 is the volume of LLW disposed for the large-scale LWR, the SMR, the graphite reference, the once-through pebble-bed MgO BeO design, the continuous recycle pebble-bed MgO BeO designs where the active core radius is 30 and 60 cm.
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[bookmark: _Ref192943662][bookmark: _Toc195476206]Figure 60. Activity of SNF&HLW at 100,000 years for large-scale LWR, SMR, prismatic graphite reference, and pebble-bed IMF concepts using either LEU fuel in a once-through fuel cycle or TRU fuel in a continuous recycle fuel cycle.
[bookmark: _Ref192878526][bookmark: _Toc195476145]
Table 16. Evaluated metric reduction percentages for the continuous recycle pebble-bed IMF concepts compared to the prismatic graphite reference.
	IMF concept
	MgO Be
	MgO BeO
	MgO YHx=1.9
	MgO ZrHx=1.6

	SNF&HLW
	92.7 %
	92.7 %
	92.7 %
	92.7 %

	LLW
	31.0 %
	31.1 %
	30.8 %
	30.9 %

	Natural Uranium
	99.8 %
	99.8 %
	99.8 %
	99.8 %

	Land Use
	76.9 %
	76.9 %
	76.9 %
	76.9 %

	Water Use
	2.3 %
	2.3 %
	2.3 %
	2.3 %

	Mass CO2
	72.9 %
	72.9 %
	72.8 %
	72.8 %

	Activity at 
100 years
	77.8 %
	77.8 %
	71.6 %
	72.9 %

	Activity at 100,000 years
	78.6 %
	78.4 %
	78.0 %
	76.9 %
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[bookmark: _Ref195487563]Figure 61. Energy normalized mass of SNF&HLW per unit energy generated for large-scale LWR, SMR, prismatic graphite reference, once-through pebble-bed MgO BeO design using LEU, and continuous recycle pebble-bed MgO BeO designs using TRU with an active core radius of 30 or 60 cm.
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[bookmark: _Ref195487585]Figure 62. Energy normalized volume of LLW per unit energy generated for large-scale LWR, SMR, prismatic graphite reference, once-through pebble-bed MgO BeO design using LEU, and continuous recycle pebble-bed MgO BeO designs using TRU with an active core radius of 30 or 60 cm.

As seen in both figures for mass of SNF&HLW and volume of LLW, there is little to no difference between the reductions achieved by the continuous recycle pebble-bed MgO BeO designs using either a radius of 30 cm or 60 cm for the active core relative to the graphite reference. The mass of SNF&HLW disposed is reduced by 92.7% relative to the graphite reference in both continuous recycle pebble-bed MgO BeO designs using an active core radius of 30 cm or 60 cm. The volume of LLW disposed is reduced by slightly more in the continuous recycle pebble-bed MgO BeO design using an active core radius of 30 cm than the design using a core radius of 60 cm. In spite of the increased discharge burnup seen in the design using a 60 cm core radius, there is little to no difference in the shown metric results because of significant discrepancy between the electric power outputs of the Stage 1 SFR and Stage 2 micro-HTGR affecting power sharing fractions between stages and therefore affecting the results of mass flow balance. The design using a 30 cm core radius reduces volume of LLW slightly more than the design using a 60 cm core radius because it requires less Pu for recycled fuel, which shifts the power sharing fraction in favor of the micro-HTGR. This reduces the power sharing fraction of the Stage 1 SFR, which decreases the mass going into and out of the SFR, and that decreases LLW produced from reprocessing the SFR metal driver and blanket fuel. The optimal core configurations for the continuous recycle pebble-bed designs use the smaller core radius for this reason.
[bookmark: _Toc195476126]3.7 Comparison between Microreactor Designs 
The pebble-bed and prismatic IMF concepts adapted to a continuous cycle using TRU fuel perform similarly when comparing the pebble-bed microreactor and the prismatic microreactor platforms for almost all levelized metrics. The pebble-bed reactor core has an additional degree of freedom in optimization as the ratio of fuel to moderating pebbles and reflector thickness were considered when optimizing the pebble-bed point design for waste performance. The prismatic microreactor could only modify the fuel-to-moderator ratio of the design by varying the TRISO packing fraction and the assembly lattice pitch. In contrast, the pebble-bed microreactor could modify the ratio by changing three parameters, including the TRISO packing fraction. See Table 17 for the levelized metrics in the best performing pebble-bed case and best performing prismatic case. 
[bookmark: _Toc195476146]

Table 17. Reduction percentages for the best performing pebble-bed and prismatic IMF concepts using TRU fuel compared to the prismatic graphite reference.
	Reactor
	Pebble-bed
	Prismatic

	SNF&HLW
	92.7 %
	92.7 %

	LLW
	31.1 %
	30.7 %

	Natural Uranium
	99.8 %
	99.8 %

	Land Use
	76.9 %
	76.9 %

	Water Use
	2.3 %
	2.3 %

	Mass CO2
	72.9 %
	72.3 %

	Activity at 100 years
	77.8 %
	45.8 %

	Activity at 100,000 years
	78.4 %
	77.3 %





The activity of SNF&HLW at 100 years sees the most significant difference between the pebble-bed and prismatic point designs. The pebble-bed designs have in-core residence times over 3 times larger than that of the prismatic designs. The longer in-core residence times in the pebble-bed designs allow for the decay of many shorter-lived fission products that dominate the radioactivity 100 years after reactor shutdown. To prove this point, the pebble-bed MgO Be micro-HTGR point design was modified to operate at 30 MWth instead of 10 MWth. This modification was done to see whether tripling the thermal power output of the reactor meant achieving close to the same discharge burn-up in roughly one-third of the in-core residence time in the 10 MWth pebble-bed MgO Be design. This trend was proven to be the case as the 30 MWth pebble-bed point design achieved a maximum discharge burn-up of 415.36 GWd/MTHM at 12,519 days compared to the 10 MWth pebble-bed point design, which achieved a maximum discharge burn-up of 411.55 GWd/MTHM at 36,165 days. 
[bookmark: _Ref192878597]The activity of SNF&HLW at 100 years in the 30 MWth pebble-bed point design was compared to what was found in the 10 MWth pebble-bed and prismatic point designs. The in-core residence times are 36,165 days for the 10 MWth pebble-bed design and 11,629 days for the 10 MWth prismatic design. See Figure 63 for a plot of the activity in the three cases. As seen in the plot, the SNF&HLW activity in the 30 MWth pebble-bed point design is very similar to that of the prismatic point design up to around 700 years. The 30 MWth pebble-bed point design has a higher activity than the 10 MWth design. These observations help explain the difference in SNF&HLW activity at 100 years between the optimized pebble-bed and prismatic point designs. 
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[bookmark: _Ref184663821][bookmark: _Toc184663942][bookmark: _Toc195476207]Figure 63. Activity per energy generated of SNF+HLW at 100 years in the 10 MWth pebble-bed, 30 MWth pebble-bed, and 10 MWth prismatic MgO Be micro-HTGR point designs.


[bookmark: _Toc195476127]Conclusion
This work adapted once-through prismatic and pebble-bed IMF micro-HTGR concepts to a continuous recycle fuel cycle with the goal of reducing waste disposed, fuel cycle cost, and environmental impact. Optimization sweeps aiming to maximize discharge burnup were performed for prismatic and pebble-bed IMF concepts using the composite moderators MgO Be, MgO BeO, MgO YHx=1.9, and MgO ZrHx=1.6. For the prismatic concepts, TRISO packing fraction and lattice pitch were varied. For the pebble-bed concepts, TRISO packing fraction, fueled radius, ratio of fueled to unfueled pebbles, and reactor core radius were varied. Discharge burnup in the prismatic designs was found by identifying when reactivity reached zero whereas the linear and quadratic reactivity models were used to calculate it for the pebble-bed designs. After determining the optimal core configuration where discharge burnup was the highest for each IMF concept, mass flow balance was calculated between the Stage 1 SFR and Stage 2 micro-HTGR. Key metrics were calculated using values found in mass flow data tables and multiplier constants found in the E&S study. The metric results were compared between each continuous recycle design, the graphite reference, once-through designs, LWR, and SMR.
Metric results for the continuous recycle designs showed great improvement compared to not only the graphite reference but also the once-through designs in most metrics. For the prismatic microreactor continuous recycle point design, mass of SNF&HLW was reduced by up to 92.7%, volume of LLW was reduced by up to 30.7%, mass of natural uranium was reduced by up to 99.8%, area of land was reduced by up to 76.9%, volume of water was reduced by up to 2.3%, mass of CO2 was reduced by up to 72.3%, activity of SNF&HLW at 100 years was reduced by up to 58.6%, and activity of SNF+HLW at 100,000 years was reduced by up to 77.3% compared to the state-of-the-art prismatic graphite once-through reference. For the pebble-bed microreactor continuous recycle point design, mass of SNF&HLW was reduced by up to 92.7%, volume of LLW was reduced by up to 31.1%, mass of natural uranium was reduced by up to 99.8%, area of land was reduced by up to 76.9%, volume of water was reduced by up to 2.3%, mass of CO2 was reduced by up to 72.9%, activity of SNF+HLW at 100 years was reduced by up to 77.8%, and activity of SNF+HLW at 100,000 years was reduced by up to 78.6% compared to the state-of-the-art prismatic graphite once-through reference. Overall, adapting the once-through point designs to a continuous recycle fuel cycle shows excellent results.
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