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Abstract

Many water-cooled SMRs (WC-SMRs) are being developed and their deployment is being considered in different countries world-wide, with some designs considering no soluble boron in the coolant. The elimination of soluble boron in the coolant of WC-SMRs offers advantages such as an enhanced negative moderator temperature coefficient, reduced corrosion, and simplified chemical systems, etc. leading to the growing interest in Soluble-Boron-Free (SBF) SMR-designs. Without soluble boron, excess reactivity control relies on burnable absorbers and control rods, potentially increasing power peaking factors and requiring careful core design to ensure safety margins. This study starts with an academic SBF Karlsruhe Small Modular Reactor (KSMR) core designed with a fresh fuel loading in order to find an optimal equilibrium cycle following a two-batch refueling strategy by optimizing fuel enrichment, burnable absorber rod configuration, and Gd2O3 content using CASMO5 and SIMULATE5. A Golang-based tool, named CoreOptimizer, was developed to automate the input file generation, simulation execution and output data extraction, enabling efficient core optimization. The resulting core design meets safety and performance criteria. This paper describes the optimization process, the applied tools and discusses the key neutronic and safety characteristics of the optimized equilibrium core design.


★ These authors contributed equally to this work.



1. Introduction
Small Modular Reactors (SMRs) offer several advantages due to their smaller size and modular fabrication, including lower initial capital investment, scalability, siting flexibility, and reduced transportation of nuclear material. These features make SMRs attractive for diverse applications such as electricity generation, district heating, and industrial processes. In recent years, the development of SMRs has accelerated globally, particularly within the European Union. The establishment of the European Industrial Alliance on Small Modular Reactors in 2024 highlights Europe’s commitment to advancing SMR technology [1]. To enable the deployment of SMRs in Europe by the early 2030 s, many European SMR projects–including light-water SMRs such as ELSMOR, McSAFER, SASPAM-SA, EASI-SMR, and SANE–have been selected and co-funded by the Euratom Research and Training (R&T) Program [2].
Globally, WC-SMRs have drawn considerable attention for leveraging proven Pressurized Water Reactor (PWR) technologies. Notable WC-SMR projects include NuScale (USA), CAREM (Argentina), SMART100 (South Korea) [3], and evolutionary designs like the AP-300 (USA), ACP-100 (China) [4], Rolls-Royce SMR (UK), and BWRX-300 (USA/Canada). With various WC-SMR concepts underway across Europe–such as the Rolls-Royce SMR in the Czech Republic [5], NUWARD in France [6], NuScale VOYGR in Romania [7]–there is a pressing need to evaluate numerical tools for core and plant safety assessments, and to strengthen experimental databases for code validation. Research initiatives like McSAFER [8], ELSMOR [9], PASTELS [10] have been launched in recent years to address these needs. Particularly, McSAFER investigated the behaviour of four SMR cores (CAREM, NuScale, KSMR, F-SMR) at Beginning of Cycle (BOC) conditions using both industry-standard and advanced computational tools. Building on these studies, the present work extends the investigation of the KSMR core by considering core depletion, refueling strategies, and equilibrium cycle performance.
A major trend in WC-SMR innovation focuses on the development of soluble-boron-free (SBF) designs, such as i-SMR (KAREI, South Korea) [11], PRATIC (CEA, France) [12], and KSMR (KIT, Germany) [13]. SBF designs offer several advantages, including a more negative moderator temperature coefficient, reduced corrosion, lower liquid waste production, and simplified chemical and volume control systems.
Moreover, designing a soluble-boron-free SMR core presents specific challenges compared to conventional boron-based cores. Without soluble boron for reactivity control, SBF cores require a greater number of burnable absorbers (BAs) and control rods (CRs) to manage excess reactivity. This leads to increased power distribution heterogeneity and greater sensitivity of the axial power profile to CR insertion depths. Reliable control rod systems are therefore critical to ensure safe shutdown margins across all operational states.
To tackle these challenges, several design strategies have been adopted including optimized BA designs to reduce reactivity swings during operation [14–16], radial multi-zoning [12, 17] and heterogeneous axial fuel assemblies [13, 18, 19] to flatten power distribution, larger fuel pin pitch to improve neutron moderation [15, 20], and more assemblies employed with control rod to enhance shutdown capability [12].
Furthermore, studies have demonstrated that for WC-SMR core analyses, a multi-group energy structure (beyond the traditional two-group model) is recommended due to the relatively harder neutron spectrum compared to large LWRs [21].
Consequently, these investigations aim to design an optimal equilibrium SBF SMR-core by determining:

	
the optimal fuel enrichment distribution across different fuel assemblies (FA) designs,



	
the number, position, and loading of BAs, and



	
the control rod layout and patterns.





The starting point for these investigations is the academic KSMR-core design, initially developed with fresh fuel loading KSMR [13]. This study adopts a two-batch refueling strategy to develop an equilibrium core, serving as a representative model for core performance and safety analysis. The goal is to achieve a design that balances cycle length and fuel utilization while satisfying all safety criteria. Section 2 describes the main constrains for the neutronic core optimization. Section 3 discusses the parameters to be determined during the optimization process while Section 4 details the safety criteria applied to the process. The tools selected for these investigations are briefly described in Section 5. The Section 6 outlines the searching process of optimal equilibrium core. The Section 7 describes the main features of the optimized equilibrium core while the conclusions and outlook are provided in Sections 8 and 9, respectively.
2. Main constrains for the neutronic core optimizations
The design of an SBF SMR core is a complex task due to many adjustable parameters. To effectively manage this challenge, certain parameters must be fixed before optimization can proceed. This section outlines the foundational parameters and conditions applied throughout the core design process.
2.1. Original design of the fresh KSMR-core
The core design builds upon the academic KSMR model, which consists of 57 fuel assemblies (FAs) with an active core height of 2 meters. Detailed core characteristics are provided in [13]. Certain geometric parameters and operating conditions are fixed for the optimization, as summarized in Table 1. Due to the relatively large neutron leakage effects in SMR cores, a heavy stainless-steel reflector [22] is employed both radially and axially to minimize leakage. All core simulations are performed at hot full power (HFP) conditions with equilibrium xenon concentrations.
Table 1. 
Geometrical data and operation conditions of the 3D core model.


2.2. Fuel assembly configurations
Each FA adopts a 17 × 17 rod array, comprising 289 positions allocated to fuel rods, burnable absorber (BA) rods, an instrumentation thimble, and 25 control rod guide tubes. The fuel rods are loaded with UO2 pellets enriched to less than 5 wt.% U-235, and the FAs are considered axially homogeneous. Gadolinium oxide (Gd2O3) is selected as the BA material, with a Gd-loading below 10 wt.%. Gd2O3 is widely adopted in LW-SMRs due to its high thermal neutron absorption cross-section, material compatibility with UO2, and the absence of helium production during irradiation [23]. Detailed specifications of the pin types are provided in Table 2.
Table 2. 
Pin types and physical parameters of the fuel assembly.


2.3. Refueling strategy
Efficient refueling management is crucial for achieving an equilibrium core with balanced power distribution and exposure. As reactor operation progresses, fuel assemblies experience heterogeneous burnup due to non-uniform neutron flux, necessitating periodic core reloading to optimize fuel utilization. Among others, once-through [14, 24], two-batch [12, 15], and three-batch [17] refueling strategies are followed worldwide. The 2-batch refueling strategy improves fuel utilization compared to the one-through core and offers a reduced refueling frequency compared to a 3-batch scheme. Furthermore, for the objective core of only 57 FAs, 2-batch refueling ensures a smaller power gradient compared to a 3-batch scheme, which involve only 19 fresh FAs in each cycle. Therefore, the 2-batch refueling strategy was selected for this study due to the balance of refueling frequency and power distribution uniformity. Each equilibrium cycle consists of 29 fresh FAs and 28 once-burned FAs.
	[image: thumbnail]	Fig. 1. Radial refueling loading patterns for equilibrium core.




The common refueling strategies in PWR include out-in (where fresh FAs are loaded in the periphery) and low-leakage (where several burned FAs are placed in the periphery). These strategies are also applied to light-water SMR designs, such as out-in strategy in [12] and low-leakage strategy in [15, 17]. In this investigation, the low-leakage refueling scheme was selected because it reduces the neutron leakage from the core, offering a potential advantage in improving fuel utilization.
In the SBF SMR designs, the fresh assemblies are radially divided into multiple zones to compensate the uniformity of radial power distribution [12, 15, 24]. Accordingly, the fresh assemblies in the objective core are radially divided into four zones. Burned FAs are strategically relocated either outward to suppress leakage or inward to counteract central reactivity peaks. The central FA is replaced each cycle.
The fuel assembly shuffling pattern between cycles is illustrated in Figure 1, where each FA’s position is identified by a serial number denoting its column and row. “Cycle N” represents the current cycle, and “Cycle N-1” the preceding one. Serial numbers on burned FAs indicate their former locations, clearly mapping the refueling process.
2.4. Constraints for the core reactivity control
Specific positions within each FA are reserved for control rod insertion, see Figure 2. When control rods are fully withdrawn, these guide tubes are flooded with water. The control system is divided into regulating banks and safety banks. Regulating banks manage fine reactivity control and radial power shaping during operation, whereas safety banks, fully withdrawn under normal conditions, are designated for rapid reactor shutdown in emergencies. The elimination of soluble boron necessitates a greater dependence on control rods for both reactivity control and shutdown capability, leading to an increased number of CRs compared to conventional boron-based SMRs [16, 17].
	[image: thumbnail]	Fig. 2. Control rod guide tubes in one fuel assembly.




Without soluble boron, the axial power distribution becomes more sensitive to control rod positions, potentially resulting in higher peak powers. To prevent this, regulating banks are grouped, and the control rod layout is optimized. A typical PWR control rod insertion pattern with 50% overlap between banks is adopted: the next bank begins insertion once the preceding bank reaches half-stroke, ensuring smoother reactivity management.
3. Parameters to be determined during the core design optimization
With several core parameters and conditions fixed, this section introduces the variables to be determined, including the fuel enrichment (ENR), the BA-rod number per assembly and Gd2O3 concentration in BA-rod. The approach begins with analyzing individual fuel assemblies (FAs) to evaluate reactivity trends, which then guides the selection of parameter combinations for core design optimization.
These 2D lattice simulations were conducted with reflective radial boundary conditions at averaged fuel and coolant temperatures of 900 K and 590 K, respectively. All fuel assembly models were depleted.
3.1. Single fuel assembly burnup analysis with varying enrichment
Firstly, a single lattice model of the FA-design shown in Figure 2 was simulated using CASMO5 to explore various fuel enrichment but without burnable absorbers. The purpose of this step is to quantify the natural depletion rate of the fuel and thus evaluate the appropriate range for the initial enrichment. Figure 3 illustrates the resulting k-inf as a function of burnup for different enrichments. As shown, higher fuel enrichment leads to a higher k-inf as expected. For all enrichments, k-inf decreases as the fuel burns up, and this reduction appears relatively linear.
	[image: thumbnail]	Fig. 3. k-inf changing with burnup in the lattice models.




3.2. Single fuel assembly burnup analysis with various burnable absorber designs
The SBF-SMR core design utilizes FAs with different numbers of BA rods (16, 24 and 32 rods per FA according to [13, 14]), see Figure 4 for radial layouts. While single-FA burnup calculations cannot predict absolute core reactivity in the core depletion due to neutron flux variations, they effectively reveal reactivity trends to guide the combinations of ENR and BA configurations.
	[image: thumbnail]	Fig. 4. Radial arrangements of the FAs with various BA rods.




Achieving optimal BA burnout rate requires a careful balance between the fuel enrichment and the total BA loading per assembly, which depends on both the BA-rods number per FA and Gd2O3 concentration in BA rods. The BA depletion rate must be precisely controlled: too rapid leads to a significant reactivity increase that challenge reactor control systems, while too slow results in excessive residual BA material that reduces EOC excess reactivity. Therefore, the proper combination of BA rod number and Gd2O3 concentration is important for the core design.
Figure 4 shows four FA-designs characterized by the same CR-positions with varying number of BA-rod number ranging from 16 to 40 considered in this study.
The depletion behaviour of the FA with an enrichment of 3.5% but different BA-rods and a fixed Gd-enrichment of 8% and for a fixed number of 16 BA-rods and a Gd-enrichment of 2 to 10 wt.% were evaluated with CASMO5 using the same parameters as the ones described before.
Figures 5 and 6 demonstrates the effect of BA on the k-inf as a function of fuel burnup in an assembly with fixed 3.5% enrichment when the control rods are excluded. Figure 5 shows the influence of number of Gd rod per FA. As shown, Gd effectively suppresses the reactivity at beginning of cycle (BOC). A larger number of Gd rod per assembly leads to a stronger initial suppression, resulting in a lower starting point for the k-inf curve. Figure 6 analyses the effect of Gd2O3 concentration. The greater the Gd2O3 concentration in the BA-rod, the larger the decrease of the peak of k-inf and of the shift of the peak to higher burnup.
	[image: thumbnail]	Fig. 5. k-inf evolution versus burnup for single FAs with different burnable absorber numbers per FA.




	[image: thumbnail]	Fig. 6. k-inf evolution versus burnup for single FAs with different Gd2O3 weight percentage.




3.3. Core design parameter ranges
The combinations of fuel assembly parameters are assigned based on the refueling loading pattern in Figure 1: outer-region assemblies FA1 and FA3 receive higher enrichment with fewer BA rods to compensate for lower neutron flux, while the inner-region FA2 utilize lower enrichment and additional BA rods to control power peaking, and the central assembly FA4 was given the lowest enrichment to minimize the central power peak.
Therefore, the range of variables for the four FAs are defined with specific intervals, as shown in Table 3. The core design process will subsequently consider these parameter ranges for optimization selection in Section 6. This systematic combination results in 27 lattice models. As the core consists of four FA types, the total number of core configurations is calculated as the product of these combinations, yielding 1152 configurations.
Table 3. 
The combinations of fuel assemblies and parameters for selection.


4. Safety criteria to be fulfilled
Strict adherence to established safety criteria is essential to ensure fuel integrity, inherent safety core design, sufficient shutdown margin, and the prevention of overheating. Compliance with these limits guarantees good core design and safe reactor operation.
4.1. Power peaking factors
Excessive local power can lead to fuel overheating, cladding failure, or even fuel melting. It may also cause a departure from nucleate boiling (DNB), significantly reducing heat transfer efficiency and further exacerbating fuel overheating. Therefore, maintaining the peak power factors within safety limits is crucial.
Two key parameters are monitored:

	
(1) 
peak pin linear power factor ([image: equation]): the ratio of the maximum local linear pin power density to the core-average pin power density.



	
(2) 
Nuclear enthalpy hot channel factor ([image: equation]): the ratio of the integrated power along the hottest fuel rod to the average rod power. It assumes a uniform mass flux and an identical axial power profile for all fuel rods.





The calculations of F

q
 and F
ΔH
 are defined in (1) and (2), where P
PIN(x, y) and P
PIN(x, y, z) are the 2D and 3D pin powers, and S and V represent cross-sectional area and core volume.
[image: thumbnail](1)
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In accordance with US NRC guidelines [25], the conservative limit for peak linear power is 44.49 kW/m under normal conditions. To enhance safety margins, this study adopts the more restrictive Westinghouse limit of 35.76 kW/m [26]. The corresponding [image: equation] safety limit at full power is calculated to be 3.26 (see (3)).
[image: thumbnail](3)

Even though subcooled boiling can be found in few channels, the bulk coolant temperature must be below saturation temperature. Therefore, the maximum [image: equation] is derived using (4) [12], involving the core thermal power [image: equation], primary coolant flow rate [image: equation], specific heat capacity [image: equation] ([image: equation] for water at 310.15°C and 150bar [27]), and coolant temperatures [image: equation] and [image: equation].
[image: thumbnail](4)

4.2. Axial power offset
Axial power offset (AO) is a critical parameter, especially in SBF cores where the absence of soluble boron increases sensitivity to control rod positions.
At BOC, partial CR insertion skews the AO toward the bottom, with neutron flux and burnup concentrated there. As burnup progresses and CRs are gradually withdrawn, the AO shifts upward. Significant positive or negative AO values can elevate the risk of power excursions, which must be avoided.
AO is calculated using (5) as:
[image: thumbnail](5)

where [image: equation] and [image: equation] are the powers of the bottom and top halves of the core, respectively. The acceptable range for AO is −0.4 <  AO <  0.4 based on SMR design considerations [28].
4.3. Reactivity temperature coefficients
Negative reactivity temperature coefficients provide an inherent self-stabilizing effect, ensuring that as temperature rises, reactivity decreases, thereby enhancing operational and transient safety. The most significant contributions are Moderator Temperature Coefficient of the reactivity (MTC) and Fuel Temperature Coefficient of the reactivity (FTC).
These are calculated by the reactivity differences between two core states at different temperatures, as shown in (6) and (7).
[image: thumbnail](6)
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For the self-stabilizing safety, MTC and FTC must be negative. Due to the elimination of soluble boron, the MTC is anticipated to be less negative compared to boron-based designs [29].
4.4. Assembly average discharge exposure
The discharge exposure, which is the burnup depth of fuel removed from the reactor core, ideally should be as high as possible to maximize economic efficiency. However, the maximum allowable discharge exposure is constrained by the material performance of the fuel elements. This refers to the fuel element’s stability under irradiation and high-temperature conditions. Consequently, to maintain the long-term integrity of these materials, UO2 fuel has an established exposure limit of 62 GWd/t for rod average exposure and 55 GWd/t for assembly average exposure [30].
4.5. Cold shutdown margin with single failure
The shutdown system must guarantee core subcriticality under all operational conditions. The most conservative condition for cold shutdown margin (CSDM) calculations is Cold Zero Power (CZP), which requires the highest control rod worth.
To ensure conservative safety margins, cold shutdown margin (CSDM) calculations adopt the single failure criterion, assuming:

	
the control rod with highest reactivity is assumed stuck at the fully withdrawn position



	
all other control rods are fully inserted



	
system is maintained at cold temperatures





According to KTA safety criteria [31], the CSDM must be at least 1000 pcm under this extreme assumption [13].
5. Simulation tools involved in the core design process
5.1. Neutronics codes in the two-step approach
Accurately simulating an entire nuclear reactor core at a pin-by-pin level presents significant computational challenges, primarily due to the intricate nature of the neutron transport and burnup equations. For example, the starting core contains 57 fuel assemblies, each featuring a 17 × 17 lattice of rods. This necessitates multi-dimensional transport calculations with extremely fine spatial discretization for all rods. Furthermore, the strong energy dependency of neutron cross-sections requires refined energy group structures to obtain effective cross-sections. To overcome these computational hurdles, the nuclear industry widely adopts a “two-step” approach for core simulations and analysis. This approach is applied in this study and its process is illustrated in Figure 7.
	[image: thumbnail]	Fig. 7. Two-step approach in the core simulation.




Step 1: Detailed Fuel Assembly Modeling using a lattice code. This process begins with detailed two-dimensional (2D) lattice physics calculations performed with CASMO5 for each FA type. Each fuel pin is explicitly modeled with a fine mesh, and the continuous energy spectrum is discretized into 19 energy groups, employing reflective outer boundary conditions. To capture comprehensive TH feedback and operational conditions, this step involves “branch calculations” across varying moderator and fuel temperatures (293–615 K/293–1500 K), burnup states (0–80 GWd/t), and control rod positions. The results are then processed by CMSLINK5, which performs homogenization and energy condensation, processing transport cross sections to diffusion cross sections and collapsing nuclear data from 19 to 4 energy groups at the FA level. This compiled data forms a unified cross-section library for subsequent core-level simulations.
Step 2: Full Core Simulation using a nodal code. In the second step, three-dimensional (3D) nodal diffusion calculations are conducted with SIMULATE5 using the generated nuclear data library. Radially, the core is subdivided into 57 fuel and 40 reflector nodes; axially, the active core height is divided into 20 axial nodes, plus one top and one bottom reflector nodes. SIMULATE5 solves the neutron diffusion equation, incorporating local TH feedback. Its internal TH module models each assembly with an active channel and parallel bypass channels, solving mass, steam, enthalpy and momentum balance equations per axial node. It computes 3D fuel temperatures by solving the radial Fourier heat conduction equation. Additionally, SIMULATE5 predicts pin power via its pin power reconstruction capability, leveraging form functions pre-generated by CASMO5 for each FA type.
5.2. Development of a tool to automate the two-step approach
The reactor core design is an iterative optimization process because of the single-FA burnup calculations cannot accurately predict core-wide reactivity evolution during depletion due to spatial neutron flux variations across the core. This fundamental constraint necessitates a design process that balances safety requirements with operational targets. Although the conventional two-step approach effectively addresses the computational hurdles, it requires manual effort for extensive input generation, simulation execution, and output processing, making the entire workflow both time-consuming and prone to human error.
To overcome these limitations, a CoreOptimizer tool was developed. Written in Golang, the CoreOptimizer automates the conventional “two-step” approach by managing all phases: input file generation, simulation execution, output data extraction and results visualization. By decreasing manual intervention, the tool enhances both the efficiency and reliability of the core design process.
6. Determination of the optimized equilibrium SBF SMR core
An equilibrium cycle represents a steady-state refueling pattern. A constant number of fuel assemblies are removed, reloaded, and relocated in fixed core positions between consecutive cycles. This ensures that main characteristics such as fuel assembly discharge exposure, cycle length and reactivity stabilize within a small tolerance from cycle to cycle [32, 33]. For ARO conditions, the k-eff differences between adjacent cycles of less than 1% confirms ARO equilibrium core. For critical conditions, the core is considered to be in critical equilibrium when the FA discharge exposure remains consistent.
The core design process employs a brute-force selection approach, which is efficiently managed by applying the developed CoreOptimizer tool with commercial tools CASMO5 and SIMULATE5. The overall process is outlined in Figure 8. The initial fresh core is randomly selected as it does not influence the equilibrium core behavior. The design process begins with ARO conditions search to isolate effects from control rods, subsequently moving to the critical conditions search.
	[image: thumbnail]	Fig. 8. Flowchart of brute-force core design process.




6.1. Selection under all-control-rods-out (ARO) conditions
The CoreOptimizer automates the generation of 27 CASMO input files for fuel assemblies, as detailed in Table 3. CoreOptimizer then executes these CASMO input files for FAs via scripts cas5.ps1, generating cross-section files in *.cax format for each FA. CMSLINK5 processes the *.cax files, consolidating all segments into a unified *.lib library file for the subsequent core simulations.
The 3D core simulations are conducted with SIMULATE5, where CoreOptimizer significantly enhances efficiency. Cycle 1 is randomly selected and simulated to 21 GWd/t. From cycle2 onward, the core follows the same refueling strategy, with CoreOptimizer generating multiple SIMULATE input files by reading FA segments from the *.lib file. The core radial layout is fixed, applying distinct FA types FA1, FA2, FA3 and FA4. These segments contain data on ENR, BA rods per FA and BA loading for each cycle. For each simulation cycle, users can define specific selection criteria, including the k-eff range, 3D and 2D peak pin power fraction, power axial offset, assembly radial power peak factor. These values can be adjusted cycle by cycle. Configurations that fulfil all selection standards are retained on disk, while others are deleted to save space. Notably, data for all configurations, including those not saved, are stored into an SQL database.
The cycle1 endpoint (21 GWd/t) serves as the starting point for cycle 2. In cycle2, 1152 core configurations were generated and evaluated against the criterion k-eff (BOC) ≥ 1.0. The scatter plot (Fig. 9) illustrates the relationship among the maximum exposure the cycle can reach, maximum k-eff and maximum F–q throughout the cycle. Configurations that failed to meet the specified criterion (k-eff (BOC) ≥ 1.0) were deleted, which are the cases with a cycle exposure of 0. The remaining configurations were advanced to cycle 3, starting from the cycle 2 state at 20 GWd/t.
	[image: thumbnail]	Fig. 9. Scatter plot of cycle2 simulation results: maximum k-eff vs. maximum F–q vs. Cycle exposure.




	[image: thumbnail]	Fig. 10. Scatter plot of cycle5 simulation results: maximum k-eff vs. maximum F–q vs. Cycle exposure.




The ARO core simulations were repeated up to cycle5. From cycle3 onward, the starting point for each cycle was consistently set at the 20 GWd/t state of the previous cycle, and simulations proceeded to 20 GWd/t under the same selection criterion. Configurations meeting the criteria were carried forward using identical fuel assembly segment definitions to drive the system toward equilibrium. All failing configurations were removed in each cycle. As a result, the data points in Figure 10 is a subset of those in Figure 9. The difference in maximum cycle exposure between the two figures arises from the different starting points: cycle 2 begins from cycle 1, whereas cycle 5 begins from cycle 4.
Figure 10 effectively illustrate the trade-off between Max k-eff and Max F–q among configurations that achieve the target cycle exposure. This visualization supports the following selection of a core configuration that balances safety margins and operational performance.
6.2. Determination of ARO equilibrium cycle and regulating control rod banks
Three representative configurations were selected as shown in Table 4 for determination of ARO equilibrium cycle.
Table 4. 
Three core configurations for the determination of regulating banks.


The k-eff evolution across burnup for cycles 1–5 under ARO conditions is shown in Figure 11, differences in k-eff between cycle 4 and cycle 5 were less than 0.5% for the selected configurations, indicating equilibrium behavior. Therefore, the cycle5 is used to determine the layout of regulating CR banks.
The final CR layout (Fig. 12) consists of four regulating banks (R1–R4) and safety banks:

	
(1) 
regulating banks: equipped with Ag-In-Cd or stainless-steel rods (R1, R2 use stainless steel) to mitigate axial power peaking.



	
(2) 
Safety banks: made of B4C rods to ensure sufficient shutdown margin. No further subdivision of safety banks was implemented.





	[image: thumbnail]	Fig. 11. k-eff as a function of burnup from cycle1 to cycle5 of the three core configurations.




	[image: thumbnail]	Fig. 12. Regulating control rod radial layout.




6.3. Selection under critical conditions
Subsequently, from cycle 6 onward, SIMULATE5 was used to simulate core behavior with the determined CR layouts, incrementally adjusting CR positions to maintain criticality (k-eff between 0.9990 and 1.0001). Each CR bank movement was modeled in 0.5 cm increments. Cycles 6 to 8 were simulated without eliminating configurations until cycle 9, where the FA discharge exposure stabilized between cycles. For these critical core simulations, the cycle exposures were set to either 20 or 21 GWd/t. Specifically, for a given exposure, all cycles from 6 to 9 conducted to the same set exposure. The final safety criteria were applied to cycle 9:

	
[image: equation]




	
[image: equation]




	
[image: equation].





After applying these criteria, 11 configurations remained for the 20 GWd/t exposure and 2 configurations remained for 21 GWd/t, as shown in Figure 13. Given the goal of improving fuel utilization and maintaining safety margins, the longer 21 GWd/t cycle exposure is preferred. Of the two remaining configurations, the peak F_q values are 2.842 (Configuration I, orange curve) and 2.819 (Configuration II, green curve), respectively, maintaining margins of 12.8% and 13.5% below the limit 3.26 (red line), respectively. And their configurations are listed in Table 5. Consequently, the one with lower F_q throughout the cycle was selected as the optimized core design.
	[image: thumbnail]	Fig. 13. Max [image: equation] of remaining core configurations of cycle 9 with varying cycle exposures.




Table 5. 
The remaining core configurations with cycle exposure 21 GWd/t.


7. Characterization of the selected optimal core design
The optimal core adopted refueling pattern shown in Figure 1 and the radial arrangement of CR banks is depicted in Figure 12. The final core configuration is the configuration I in Table 5.
7.1. Control rod position during the depletion
Figure 14 presents the axial positions of the regulating banks throughout the equilibrium cycle. In the left plot, 0 cm and 200 cm correspond to the bottom and top of the active core, respectively.
	[image: thumbnail]	Fig. 14. Axial positions of regulating banks.





	
(1) 
Bank R1 remains fully inserted throughout the cycle.



	
(2) 
Bank R2 stays fully inserted until approximately 18 GWd/t, after which it begins withdrawal.



	
(3) 
Banks R3 and R4 are initially partially inserted and start gradual withdrawal at around 12 GWd/t.





This CR withdrawal strategy ensures smooth reactivity control and maintains a stable axial power distribution throughout the operating cycle.
7.2. Nuclear enthalpy hot channel factor
Figure 15 presents the evolution and location of the maximum [image: equation].
	[image: thumbnail]	Fig. 15. Cycle exposure and location of maximum F-delta-H in the equilibrium core.





	
(1) 
Plot (a) shows the maximum [image: equation] value of 1.571 at 18 GWd/t, maintaining a 3.02% safety margin relative to the limit of 1.62 (red line).



	
(2) 
Plot (b) identifies assembly 7C− as the location of the highest RPF at 18 GWd/t.



	
(3) 
Plot (c) shows the pin-by-pin distribution of [image: equation] in 7C−, where the peak appears in rows 3–4, line 5.





7.3. Power axial offset
Figure 16 shows the evolution of the axial offset (AO) throughout the equilibrium cycle.

	
(1) 
A bottom-biased power distribution is observed at BOC and MOC.



	
(2) 
Toward EOC, the AO shifts upward.





	[image: thumbnail]	Fig. 16. Power axial offset along the cycle exposure.




Importantly, the AO remains within the accepted range [−0.4, +0.4] throughout the entire cycle, ensuring stable axial power behaviour.
7.4. Reactivity temperature coefficients
Figure 17 depicts the moderator (MTC), and fuel temperature coefficients (FTC) as functions of burnup. All coefficients remain negative across the entire cycle, confirming inherent core stability. And MTC shows more negative values than FTC.
	[image: thumbnail]	Fig. 17. Reactivity temperature coefficients of the equilibrium core.




Compared to conventional boron-based cores, the SBF SMR exhibits more negative MTC values. This enhanced temperature feedback ensures stronger self-regulation: rising core or moderator temperatures lead to significant reactivity reductions, aiding in power suppression during transients. Furthermore, the increasing negativity of the coefficients with burnup enhances inherent safety at later stages of the fuel cycle.
7.5. Axial power and temperatures profiles
Figure 18 illustrates the axial power distribution and axial temperatures of fuel centerline, fuel cladding and coolant at different stages of its equilibrium cycle: BOC (Beginning of cycle), MOC (middle of cycle) and EOC (end of cycle). The axial power distribution is analyzed first.

	
At BOC, the axial power distribution is slightly skewed towards the bottom of the core. This arises from the coolant temperature increasing from the bottom to the top, as displayed in Figure 18d. The higher coolant temperature at the core top reduces its density, leading to weaker moderation and lower power generation.



	
As the core burned to MOC, the axial power distribution shifts further downward, exhibiting a distinct peak around 70 cm. This is attributed to the insertion of control rod R4 at a depth of 94.5 cm (Fig. 14), which suppresses reactivity above this height, increasing power production in the lower core region.



	
By EOC, the axial power shifts upward, with a peak at around 150 cm. This is a classic characteristic of long-term fuel burnup: Initially, fissile material experiences a higher neutron flux at the core bottom. As it depletes over time, power generation shifts to less depleted regions, which is the core top.





	[image: thumbnail]	Fig. 18. Axial Power Distribution and axial temperature profiles of fuel centerline, fuel cladding and coolant at BOC/MOC/EOC.




The fuel centerline temperature closely tracks the axial power distribution as heat generation occurs within the fuel itself. In contrast, the coolant temperature exhibits a steady rise from the core inlet to the outlet. The coolant enters at a lower temperature at the core inlet and progressively absorbs heat from the fuel rods as it flows upwards, reaching its highest temperature at the core exit. Meanwhile, the fuel cladding temperature remains intermediate between the fuel centreline and the coolant temperatures, reflecting the heat transfer pathway: from the fuel, through the cladding and into the coolant via convection.
7.6. Fuel assembly exposure
Figure 19 shows the FA exposure distribution at the end of the equilibrium cycle.

	
(1) 
The maximum FA exposure reaches 47.26 GWd/t (assemblies 5B− and 8E−).



	
(2) 
The average discharge exposure of once-burned FAs, excluding the central FA, is 42.01 GWd/t.



	
(3) 
The highest pin exposure is 50.17 GWd/t at 5B−.





	[image: thumbnail]	Fig. 19. Axially-averaged fuel assembly exposure at EOC of the equilibrium cycle.




All exposure levels remain well below the generally accepted safety limits for UO2 fuel (62 GWd/t rod average, 55 GWd/t assembly average), ensuring long-term material integrity.
7.7. Estimation of the shutdown margins at HFP/HZP/CZP for BOC, MOC and EOC
Nuclear safety regulations require reactor shutdown systems to maintain core subcriticality under all operational scenarios. Accordingly, k-eff is evaluated with all control rods inserted (ARI) under three scenarios:

	
Hot Full Power (HFP): operating condition



	
Hot Zero Power (HZP): fuel and coolant temperatures fixed at 569.15 K; core power reduced to [image: equation] of rated full power



	
Cold Zero Power (CZP): fuel and coolant temperatures fixed at 300 K; core power reduced to [image: equation] of rated full power.





Table 6 summarizes the key reactivity effects under HFP/HZP/CZP and the and cold shutdown margin with single failure during burnup. Key observations include:

	
(1) 
Xenon worth quantifies the reactivity effect due to xenon buildup between HFP and HZP.



	
(2) 
Cold/hot swing indicates reactivity changes associated with coolant temperature variations.



	
(3) 
The shutdown margin was calculated assuming all CRs inserted (ARI), with the single-failure assumption (the highest worth CR stuck out).





Table 6. 
Key reactivity effects and shutdown margin at HFP/HZP/CZP during burnup.


The results confirm that the optimized core maintains sufficient shutdown margins under all operational scenarios, even with a single control rod failure at CZP.
8. Conclusions
In this study, an optimized equilibrium core configuration for a soluble-boron-free (SBF) Small Modular Reactor (SMR) was developed, focusing on neutronic and safety characteristics. The core design integrated the lattice physics code CASMO5 and the 3D nodal simulator SIMULATE5, supported by a newly developed CoreOptimizer tool to systematically explore and evaluate a wide range of core configurations. The optimized core features a two-batch refueling strategy and an enhanced control rod management scheme. Key safety and performance objectives were successfully achieved, including:

	
(1) 
peak power factors with sufficient safety margins,



	
(2) 
negative temperature coefficients throughout the cycle,



	
(3) 
reasonable cycle length (25.3 months) with fuel assembly exposures within accepted limits,



	
(4) 
good heat transfer from fuel to coolant throughout the cycle,



	
(5) 
robust shutdown margins under all operating scenarios.





These results demonstrate that a soluble-boron-free SMR core can be designed to maintain strong inherent safety features while achieving competitive operational performance.
9. Outlook
Future work will explore other refueling loading patterns to further improve the fuel utilization and the power distribution. In addition, the developed core design methodology will be applied to the fresh core, leading to a multi-cycle core model. This extension will enable a more realistic simulation of reactor behaviour over extended operation periods and provide deeper insights into the long-term neutronic and safety performance of the core. In addition, Rod Ejection Accident (REA) analyses will be conducted within the multi-cycle framework to further assess the core behaviour under transients and particularly the effectiveness of negative reactivity feedbacks.
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      Table 1. 

      Geometrical data and operation conditions of the 3D core model.

      
        


	 Fuel assembly parameters
	Values





	Pin pitch
	1.26 cm



	FA pitch
	21.504 cm



	Active height
	200 cm



	Spacer grids number
	5



	Spacer grids material
	Inconel-718



	Operating conditions
	Values



	Batch number
	2



	Thermal power
	330 MW



	Core coolant flow rate
	2006.4 kg/s



	Pressure at core outlet
	15.0 MPa



	Coolant temperature at the core inlet
	296°C





      

    

  
    
      Table 2. 

      Pin types and physical parameters of the fuel assembly.

      
        


	Pin types
	Section view of rods
	Regions
	Structures
	Materials
	Density (g/cc)
	Diameters (cm)





	Fuel pin
	[image: equation]
	1
	Fuel pellet
	UO2
	10.4
	0.78436



	2
	Filled gas in gap
	Helium
	0.0016
	0.80010



	3
	Cladding
	Zircaloy-4
	6.55
	0.91440



	BA pin
	[image: equation]
	1
	Fuel pellet
	UO2-Gd2O3
	10.4
	0.78436



	2
	Filled gas in gap
	Helium
	0.0016
	0.80010



	3
	Cladding
	Zircaloy-4
	6.55
	0.91440



	CR guide tube/IT tube
	[image: equation]
	1
	Moderator
	Water
	Depends on the state
	1.12268



	2
	Cladding
	Zircaloy-4
	6.55
	1.20396



	
	 



	
	 



	CR pin
	[image: equation]
	1
	Neutron absorption materials
	Stainless steel
	8.03
	0.86620



	Ag-In-Cd
	10.16



	B4C
	3.95



	2
	Filled gas in gap
	Air
	0.000616
	0.87376



	3
	Support structure
	Stainless steel
	8.03
	0.96774



	4
	Moderator
	Water
	Depends on the state
	1.12268



	5
	Cladding
	Zircaloy-4
	6.55
	1.20396





      

    

  
    
      Fig. 1. 
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        Radial refueling loading patterns for equilibrium core.

      

    

  
    
      Fig. 2. 
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        Control rod guide tubes in one fuel assembly.
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        k-inf changing with burnup in the lattice models.

      

    

  
    
      Fig. 4. 
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        Radial arrangements of the FAs with various BA rods.

      

    

  
    
      Fig. 5. 
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        k-inf evolution versus burnup for single FAs with different burnable absorber numbers per FA.

      

    

  
    
      Fig. 6. 
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        k-inf evolution versus burnup for single FAs with different Gd2O3 weight percentage.

      

    

  
    
      Table 3. 

      The combinations of fuel assemblies and parameters for selection.

      
        


	 Fresh FA-types
	ENR (%)
	BA rods per FA
	BA loading (%)
	Combinations





	FA1
	4.4, 4.6, 4.8
	16, 24, 32
	8
	9



	FA2
	3.5, 3.8
	32, 40
	8, 10
	8



	FA3
	4.4, 4.6
	16, 24
	4, 8
	8



	FA4
	1.8, 2.0
	24
	8
	2
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        Two-step approach in the core simulation.

      

    

  
    
      Fig. 8. 
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        Flowchart of brute-force core design process.

      

    

  
    
      Fig. 9. 
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        Scatter plot of cycle2 simulation results: maximum k-eff vs. maximum F–q vs. Cycle exposure.

      

    

  
    
      Fig. 10. 
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        Scatter plot of cycle5 simulation results: maximum k-eff vs. maximum F–q vs. Cycle exposure.

      

    

  
    
      Table 4. 

      Three core configurations for the determination of regulating banks.

      
        


	
	
	Fuel enrichment (%)
	BA number per FA
	BA loading (%)





	Configuration 1
	FA1
	4.6
	24
	8



	FA2
	3.5
	32
	8



	FA3
	4.6
	16
	4



	FA4
	2.0
	24
	8



	




	Configuration 2
	FA1
	4.8
	32
	8



	FA2
	3.8
	32
	10



	FA3
	4.4
	16
	8



	FA4
	2.0
	24
	8



	




	Configuration 3
	FA1
	4.4
	16
	8



	FA2
	3.8
	40
	10



	FA3
	4.6
	16
	4



	FA4
	1.8
	24
	8
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        k-eff as a function of burnup from cycle1 to cycle5 of the three core configurations.

      

    

  
    
      Fig. 12. 
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        Regulating control rod radial layout.

      

    

  
    
      Fig. 13. 
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        Max [image: equation] of remaining core configurations of cycle 9 with varying cycle exposures.

      

    

  
    
      Table 5. 

      The remaining core configurations with cycle exposure 21 GWd/t.

      
        


	
	
	Fuel enrichment
	BA number per FA
	BA loading



	
	
	(%)
	
	(%)





	Configuration I
	FA1
	4.8
	32
	8



	
	FA2
	3.8
	32
	10



	
	FA3
	4.6
	16
	4



	
	FA4
	2.0
	24
	8



	




	Configuration II
	FA1
	4.8
	16
	8



	
	FA2
	3.8
	40
	10



	
	FA3
	4.4
	24
	4



	
	FA4
	2.0
	24
	8





      

    

  
    
      Fig. 14. 
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        Axial positions of regulating banks.

      

    

  
    
      Fig. 15. 
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        Cycle exposure and location of maximum F-delta-H in the equilibrium core.

      

    

  
    
      Fig. 16. 
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        Power axial offset along the cycle exposure.

      

    

  
    
      Fig. 17. 

      
        [image: thumbnail]
      

      
        Reactivity temperature coefficients of the equilibrium core.

      

    

  
    
      Fig. 18. 
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        Axial Power Distribution and axial temperature profiles of fuel centerline, fuel cladding and coolant at BOC/MOC/EOC.

      

    

  
    
      Fig. 19. 
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        Axially-averaged fuel assembly exposure at EOC of the equilibrium cycle.

      

    

  
    
      Table 6. 

      Key reactivity effects and shutdown margin at HFP/HZP/CZP during burnup.

      
        


	
	BOC
	MOC
	EOC





	ARI k-eff (HFP)
	0.77635
	0.78058
	0.75264



	ARI k-eff (HZP)
	0.81147
	0.80805
	0.78539



	ARI k-eff (CZP)
	0.90849
	0.89413
	0.87634



	Xenon worth (pcm)
	5575
	4355
	5540



	Cold/hot swing (pcm)
	13160
	11914
	13214



	Location of highest worth control rod at CZP
	2E−
	6G−
	6G−



	Cold shutdown margin with single failure (pcm)
	3950
	5765
	7682
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