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Assessment of Nominal and Off-nominal Parameters of a Soluble Boron Free Small Modular Reactor Design
Boric acid is traditionally used for reactivity control in pressurised water reactors. However, it increases the rate at which reactor components corrode. This leads to increased operational radioactive waste produced through neutron-activation of corrosion fragments. During reactor operation, radioactive corrosion product deposits, or so-called crud, accumulate on fuel cladding in regions of high burnup. Boron compounds have been detected in such deposits, and they cause axial-offset anomaly, i.e. deviation in axial power prediction. Accumulation of boron-laden deposits can reduce plant efficiency to about 70 % over time. This work presents the design process and analysis of nominal and off-nominal parameters of a soluble boron-free small modular reactor core. The design, and analyses were carried out using CASMO4e, CMSLINK, and SIMULATE3 codes. In addition, a borated variant of the target boron-free core was designed and used as reference. Equilibrium cycles were achieved for both the reference and the boron-free core. The limiting F∆H during the transition to equilibrium was found to be 1.754 and 1.638 for the reference and boron-free cores. The equilibrium F∆H were found to be 1.524 and 1.57 compared to the design limit of 1.7. The hot zero power MTC for the boron-free core at beginning of cycle was found to be -22.67 pcm/K compared to -3.64 pcm/K for the reference. The removal of boron made the MTC coefficients more negative and the F∆H higher compared to the reference. The boron-free core had enough rod-worth for power and isothermal defect counteraction and reactor shut down.
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I. INTRODUCTION 
The current fleet of pressurised water reactors (PWR) that are in operation predominantly employ boric acid for reactivity control in addition to control rods and burnable poisons. The use of boric acid has its advantages and disadvantages. In terms of advantages, boric acid exerts global reactivity control over the entire core. Its homogenous distribution in the core through the coolant helps control reactivity effectively, thus reducing power peaking. A reduction in power peaking has a flattening effect on the core radial power profile [1]. A flatter radial power profile is desired as it contributes to efficient utilisation of fuel and enhanced safety by reducing power peaking [2]. The shared reactivity control between control rods, burnable poisons, and boric acid ensures optimal core operation and reduces the number of control rods to be used. It also minimises the use of regulating control rods during operation[3]. Despite these advantages, using boron for reactivity control has its disadvantages. 
The addition of soluble boron (boric acid) to the coolant causes boric acid-induced corrosion in the primary system. Some of the corrosion fragments find themselves in a neutron-rich environment where they become radioactive due to neutron activation. This contributes to operational radioactive waste and the potential for radiation exposure to workers [4]. In addition, during operation, there is an accumulation of crud on the clad in regions of high burnup [5]. These deposits have been found to contain compounds of boron. These boron compounds absorb neutrons, thus causing a phenomenon called axial offset anomaly (AOA). This manifests as deviation in the prediction of core axial power distribution during operation [6]. Accumulation of crud causing subsequent AOA has in some cases been documented to drop plant power output to about 70% of rated power. 
Furthermore, the concentration of boric acid is usually high at beginning of cycle (BOC) conditions due to the high excess reactivity that requires significant suppression. Higher concentrations of boric acid at BOC tends to make the Moderator Temperature Coefficient (MTC) less negative thereby raising safety concerns [7]. The MTC’s less negative tendency is influenced by a temperature dependent coolant expansion. As the reactor operates and the temperature increases, the coolant, which contains boric acid, expands, and moves away from the centre of the core. Expansion of the coolant causes a reduction in neutron absorption, which subsequently makes MTC slightly positive which is not desirable for reactor safety [8]. In addition, using boric acid for reactivity control adds to the complexity of the chemical and volume control system (CVCS), which is a cost element in the design [9]. Finally, the dilution process of boric acid takes long and as such it is slow in responding to load follow or other requirements for rapid core reactivity manoeuvres.        
[bookmark: _Hlk175049800][bookmark: _Hlk175049701]Considering the aforementioned advantages and disadvantages, this paper presents a 1,430 MWth boron-free SMR design concept and an analysis of associated nominal and off-nominal characteristics. This work provides insights on challenges associated with operations similar to those targeted by Rolls-Royce SMR. Removal of boric acid has a substantial effect on various safety parameters, such as the coolant temperature coefficient and shutdown margins provided by the control rods. The obtained design has the potential for enhancing regulatory criteria for SMRs designs seeking to operate free of boric acid.   The core design is based on proven traditional PWR technology and embraces the UK-SMR philosophy, which does not constrain reactor type by power output but rather qualifies SMRs based on their delivery strategy. In its definition of SMRs and Micro-reactors, the IAEA makes an exception of the UK-SMR which has an electric power output above the 300 MWe SMR definition threshold [10] [11]. These analyses required a reference core for validation purposes. However, it was difficult to find a suitable reference core with the same power rating as the design under discussion. It should, however, be noted that the quest for boron-free reactor designs is not entirely new. Several pre-existing attempts are found in the literature [12] [13] [14] [15]. However, these referenced designs are relatively small (typically in the range of 50 - 300 MWth) compared to the concept design under discussion. Further, due to proprietary reasons, most proposed designs are conservative in provision of data that would be relevant for use as reference for the design concept discussed in this paper. To address this, a borated variant of the target boron-free SMR core was designed as a reference core. The borated variant had enough resource for its validation. 
II. THEORY
II.A.  Burnable Poison Dopped Fuel Enrichment 
The removal of boron from the reactor core requires increased use of burnable poisons and control rods. Various burnable absorbers (BA) are already in use or currently under study for use in commercial PWRs. The most promising are, erbium oxide ), zirconium diboride ), and gadolinium oxide () [8]. Despite being under study, gadolinium oxide is already being used as a burnable absorber in commercial nuclear power plants. The isotope of gadolinium that is used is Gd-157 and has a cross-section of 259,000 bans [16]. Despite having such a favourable cross-section, the compound  has poor thermal conductivity compared to uranium oxide. Because of this poor thermal conductivity, most of the heat generated by fission will be retained in the carrier fuel pellet once gadolinium depletes. This needs to be addressed by stricter thermal load limitations for Gd-containing fuel rods, which leads to additional complexity in the nuclear fuel design stage – unless considered, these reduced thermal conductivity properties of the pellets could cause overheating of the pellet subsequently leading to cladding failure. To avoid overheating of the pellet, the enrichment and density of the carrier pellet are typically reduced. In addition, there is an 8% regulatory set limit on the amount of gadolinium that can be used as a dopant. In order to determine the enrichment and density of the carrier pellet, Equations 1 and 2 are used. Equation 1 shows the enrichment of the carrier as a function of gadolinium enrichment and Equation 2 shows the density of the carrier pellet [17].
                       (1)

                                (2)
Where  is enrichment for the carrier pellet, is enrichment of pellets without gadolinium within the fuel assembly. The 0.05 is the 5% cut back on gadolinium, and 0.033 is the gradient for the density model obtained experimentally.  
II.B. Core Design Constraints
During the design process of a core, several parameters important to safety are calculated and compared against predetermined constraints highlighted in the design criteria. This is done to guarantee that the final design concept complies with the design criteria [18]. In addition, the final design would require assessment of various parameters at most limiting operating state points.   Table 1 shows some limiting operating conditions against which various parameters are typically examined [19]. 
	Table 1 Core parameters requiring evaluation and associated conditions[18]. 

	Parameter
	Condition

	Max All Rods Out (ARO) Hot Full Power (HFP) F∆H
	Cycle Max, HFP, ARO

	Max ARO HFP FQ
	Cycle Max, HFP, ARO

	Peak Linear Heat Generation Rate (kW/m)
	Cycle Max, HFP, ARO

	Peak Rod Burnup (GWd/MTU)
	Cycle Max, HFP, ARO

	Maximum HFP Boron Concentration (ppm)
	Cycle Max, HFP, ARO

	Minimum Refuelling Boron Concentration (ppm)
	BOC

	Most Positive MTC at HZP (pcm/K)
	BOC, HZP

	Most Positive MTC at multiple power levels (pcm/K)
	BOC, startup

	Most Positive MTC at HFP (pcm/K)
	Cycle Max, HFP, ARO

	Most Negative MTC at HFP (pcm/K)
	EOC, HFP, ARO

	Minimum HFP Shutdown Margin
	N-1, HFP

	Minimum HZP Shutdown Margin
	N-1, HZP




The enthalpy rise hot channel factor (F∆H) is defined as the ratio of the maximum integrated fuel rod power to the average fuel rod power. The design limit is imposed by the fuel assembly design specifications [20]. The limit aids in ensuring that the design basis for the critical heat flux (CHF) is not violated during normal, transient, or accident conditions. 
The heat flux hot channel factor (FQ or FQ(z)) is the maximum local heat flux ratio in the hot channel to the average fuel rod heat flux, i.e. gives a measure of power peaking in the core. The FQ is imposed to ensure that the integrity of the fuel design criteria is maintained during operation or during accident conditions [21].
The dynamic behaviour of a reactor during transient, power manoeuvres or accident conditions is described by reactivity coefficients. Reactivity coefficients represent the change in reactivity caused by a change in a reactor parameter, such as power, moderator density, fuel temperature, or boron concentration [22]. These coefficients are core exposure dependent, and as such, they are calculated at multiple exposure points during the cycle lifetime. The state at which reactivity coefficients are evaluated is chosen to ensure that the design conditions or assumptions made in a particular transient or accident analysis remain within acceptable limits [23]. When analysing the safety of a design relative to transient conditions, reactivity coefficients are evaluated under the most limiting conditions such as all rods out (ARO), hot full power (HFP), hot zero power (HZP), beginning of cycle (BOC) or end of cycle (EOC). 
Safety analysis (e.g., parameters such as shutdown margin or core re-criticality with RCCA ejection) for a core that is loaded with burnable poisons, such as , has to be performed at BOC, EOC, and most reactive point in the cycle which is associated with the limiting F∆H. In those loading patterns, the limiting F∆H occurs later in the cycle when the burnable poison depletes and there is a reactivity swing due to increase in neutron multiplication. 
The shutdown margin (SDM) is the instantaneous amount of reactivity by which a reactor is subcritical or would be subcritical from its present condition, assuming all rod cluster control assemblies (RCCAs) are fully inserted with the highest reactivity worth RCCA assumed stuck out of the core [24]. Typically, a minimum of 1 per cent shutdown margin is required up to 473.15 K for a PWR [25]. However, in other literature, a conservative 3 percent shutdown margin requirement has been reported[26].  
III. MATERIALS AND METHODS
[bookmark: _Hlk163055725]III.A.    Core Parameters (Particle Swarm Optimisation)
The amount of thermal energy to be produced by the core is an important consideration during core design. The core thermal output is influenced by many parameters, such as the number of fuel assemblies and their dimensions, active core height, equivalent core diameter, power density, and pressure [27]. These parameters require optimisation to achieve the desired equilibrium cycle length and rated thermal energy output. To achieve this, various optimisation methods are used. In this work, Particle Swarm Optimisation (PSO) was used.
Particle Swarm Optimisation (PSO) method was first introduced by James Kennedy and Russell Eberhart in 1995. It is widely used in solving design optimisation problems because of its competitive running time [28] [29]. The aim of PSO is to find an optimal solution out of an array of possible solutions (referred to as particles). Particles traverse a search space to find an optimal solution. Each particle in the search space has a definite position and a velocity at each time step. A potential solution to the optimisation problem is represented by the position of the particle. The direction moved and the distance covered by the particle in the search space is represented by velocity. Equations 3 and 4 show the position and the particle velocity respectively.

		(3)
		(4)
Where  is the particle position,  is particle velocity,   is best individual position,   is best swarm position,  is inertia weighting constant, are cognitive and social parameters,  are random numbers between 0 and 1, and  are the current and next iteration. 
In this work, a Python-based PSO code was developed to provide optimisation of power density (PDE), number of fuel assemblies, and active core height. The relationship between these parameters was evaluated using Equation 5.
				(5)
Where   is the power density in kW/l,  is projected thermal power in kW,   is the number of fuel assemblies,   is the fuel assembly height, and  is the fuel assembly pitch.
Fuel assembly height and number of fuel assemblies defined the boundaries for the search space. Because of it competitive run time and accuracy, a swarm population of 5,000 with 150 iterations was sufficient for global convergence of the swarm. Increasing the swarm population had less effect on the solution. The parameters that were used for the PSO case are presented in Table 2.
	Table 2 Particle Swarm Optimisation parameters

	Parameter
	Value
	Boundary/Constraint Conditions 

	Power Density (kW/l)
	PSO Search 
	Objective Function (Minimal)

	Fuel Assembly Height (cm)
	PSO Search
	350 – 370 

	Number of Fuel Assemblies 
	PSO Search
	80 - 90 

	Thermal Power (MWth)
	1,430
	Fixed 

	Fuel Assembly Pitch (cm)
	21.504
	Fixed

	Core Equivalent Diameter (cm)
	>226
	Constraint

	Height/Equivalent Diameter Ratio
	>1.0
	Constraint

	Swarm Population
	5,000
	-

	Number of iterations
	150
	-


III.B.  Design Criteria 
Table 3 presents the design criteria for the borated and boron-free SMR cores. The conditions in the design criteria are imposed by the fuel assembly manufacturer and the core should be designed to operate within the set design limits. Nominal and off-nominal core calculations should be performed in the context of the design criteria.  
	[bookmark: _Hlk173316291]Table 3 Design criteria for the core
	

	Parameter
	Limiting Value

	Hot Channel Factor Enthalpy Rise (F∆H)
	1.7

	Heat Flux Hot Channel Factor (FQ)
	2.6

	Peak Pin Exposure
	62 MWd/kg

	HZP Boron Concentration (ppm)
	< 1,700   

	Reactivity Coefficients (pcm/K)
	< 0 

	Shutdown Margin (pcm)
	> 3000

	Cycle length (months)
	18

	Thermal Power (MWth)
	1,430


III.C. Fuel Assembly Parameters
Table 4 presents the fuel assembly geometry and design parameters that were used in designing the borated and boron-free cores. The standard 17 × 17 Westinghouse fuel assembly type was used in the design. Each fuel assembly comprised 24 guide tubes and one instrumentation thimble at the centre. The fuel material used was  with other fuel rods loaded with gadolinium oxide  as a burnable absorber.
	Table 4 Fuel assembly geometry and core design parameters

	[bookmark: _Hlk157422558]Parameter
	Value

	Fuel rod lattice arrangement 
	17 x 17

	Active fuel length (cm)
	365.76

	Fuel radius (cm)
	0.47498

	Natural Zr clad radius (cm)
	0.513

	Fuel pin pitch (cm)
	1.26

	Fuel enrichment (wt%)
	3.0 - 6.0

	Gadolinium oxide
	8.0 %

	Fuel density (g/cm3)
	10.289

	Average power density (kW/l)
	95

	Pressure (MPa)
	15.5

	Fuel temperature (K)
	850

	Moderator temperature (K)
	600


IV.D. Core Design Codes 
The core design process, and calculation of various nominal and off-nominal parameters was performed using Studsvik Scandpower codes, CASMO4, CASMO-4E, CMSlink and SIMULATE-3.
CASMO4 is a multigroup two-dimensional transport code for burnup calculations of  BWR and PWR fuel assemblies or simple pin cells. The code handles geometries consisting of cylindrical fuel rods of varying composition in a square pitch array with various fuel rod compositions and burnable absorbers (e.g., gadolinium, erbium), Integral Fuel Burnable Absorber  (IFBA), burnable absorber rods, cluster control rods, in-core instrument channels, water gaps, and cruciform control rods in the regions separating fuel assemblies. [30].
CASMO-4E is an extended version of the lattice physics code CASMO-4, which has additional, optional capabilities beyond the base version. Some of these capabilities offer extensive functionality beyond the standard CASMO-4, e.g., the MxN model, which can perform entire core 2D transport theory calculations. Reflector/baffle calculations and simple fuel storage rack calculations can also be performed. Both CASMO-4 and CASMO-4e utilise the ENDF/B- VI library[31].
CMS-LINK is a linking code that processes CASMO-4/4E Card Image files into a binary formatted nuclear data library for SIMULATE-3, S3K and XIMAGE use. The code is used to generate cross-section data from the CASMO output files for use in SIMULATE [32].
SIMULATE-3 is an advanced two-group nodal code used for analysing BWRs and PWR reactors. The code uses the QPANDA neutronics, which employs fourth-order polynomial representations of the intranodal flux distribution for fast and thermal groups [33].
[bookmark: _Hlk175049091]The interplay between codes is based on each code’s functionality and contribution to the entire system of codes. The fuel assembly model results from CASMO4 are used in CMSlink to generate various branched cross-section matrix. The fuel assembly models from CASMO4 are then used for core loading in Simulate-3 with specific cross-section data, generated by CMSlink. 
III.E. CASMO4 Model for Fuel Assemblies
[bookmark: _Hlk175047501][bookmark: _Hlk175048191][bookmark: _Hlk175048029]Two sets of fuel assemblies were modelled using CASMO4 in accordance with the parameters provided in Table 4 and the design criteria in Table 3. Fuel assembly boundary conditions were modelled using the default option. In CASMO4, the default is defined by an infinite fuel assembly in the z-direction with reflective boundary in x, y direction. The first set of fuel assemblies was modelled with the coolant/moderator containing 800 ppm of boric acid, and the second set was modelled with the coolant containing 2.0 ppm of boric acid. It is important to note that CASMO4 does not perform critical boron search in its calculations. The other parameters were kept constant for both sets of fuel assemblies. Table 5 shows fuel enrichments and densities used in modelling fuel assemblies dopped with  and those free of . Both sets of fuel assemblies, whether borated or boron-free, used the parameters presented in Table 5 respectively. 
[bookmark: _Hlk175048311]The coolant containing 2.0 ppm, and not 0 ppm of boric acid was used in the fuel assembly models as the available university version of CMSlink cannot produce cross-section data for fuel assemblies modelled with the coolant containing 0 ppm of boric acid. The lowest concentration of boric acid for which cross-section data can be generated by CMSlink is 2.0 ppm. Thus, in this work a coolant containing 2.0 ppm boric acid was used to model boron free fuel assemblies. A comparison of the criticality curve as a function of burnup for 0 ppm and 2.0 ppm boric acid concentration in the coolant is presented in Section IV.
	Table 5 Fuel assembly enrichments and densities for clean and  dopped fuel pins for the borated and boron-free cores

	Type-ID
	Enr’ of U235 (%)
	Density of U235 (g/cm3)
	Number of BA
	Conc’ of BA 
(%)
	Enr’ of Carrier
(%)
	Density of BA
(g/cm3)

	Fuel Assemblies used in the Initial Cycle 

	E05 (BV/BF)
	3.0
	10.28929
	-
	-
	-
	-

	E06 (BV/BF)
	3.6
	10.28929
	-
	-
	-
	-

	E07 (BV/BF)
	4.8
	10.28929
	-
	-
	-
	-

	EG*08 (BV/BF)
	4.2
	10.28929
	16
	8
	3.76
	10.16329

	EG*09 (BV/BF)
	4.5
	10.28929
	16
	8
	2.70
	10.04929

	Fuel Assemblies used in Transition Cycles to Equilibrium

	EXX**/E07 (BV/BF)
	4.8
	10.28929
	-
	-
	-
	-

	EGXX** (BV/BF)
	6.0
	10.28929
	16
	8
	3.6
	10.10329

	Burnable Absorber Free Fuel Assembly Surrogates for  Doped Fuel Assemblies

	4.2 - BF/BV
	4.2
	10.28929
	-
	-
	-
	-

	4.5 - BF/BV
	4.5
	10.28929
	-
	-
	-
	-

	6.0 - BF/BV
	6.0
	10.28929
	-
	-
	-
	-


* G denotes doping 
** XX refers, cycle number for transition to equilibrium cycle

Figure 1 shows two fuel assembly layouts (a), and (b). The layout (a) is clean and has no  fuel pins, whereas layout (b) shows the distribution of   dopped fuel pins. The fuel assembly contained 16 fuel pins dopped with 8% .
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Figure 1 Lattice layout of fuel pins, type (a) fuel assemblies without Gd2O3, and type (b) fuel assemblies with  Gd2O3 dopped fuel pins.
III.F.   Core Design 
The core design and analysis of various nominal and off-nominal parameters were performed using SIMULATE-3. The parameters presented in Table 4 and results from the PSO case were used in the core design process. The core was designed to have 89 fuel assemblies with an active core height of 365.76 cm, an equivalent core diameter of 228.91 and a height to diameter (H/D) ratio of 1.6.
III.G. Core Loading and Layout
The core was loaded with 89 fuel assemblies. Figure 2 shows the equilibrium Out-in loading pattern that was used. Fresh fuel was loaded in the periphery of the core with more gadolinium-dopped fuel assemblies around the corners of the core. Twice and thrice burned fuel assemblies were loaded in a checkerboard pattern towards the centre of the core. A three-batch loading pattern was adopted where fuel assemblies would be in the core for three cycles. At any equilibrium cycle, there would be 32 fresh fuel assemblies, 32 twice burned, 24 thrice burned, and one centre fuel assembly obtained from the four times burned fuel batch with the lowest exposure. An equilibrium cycle is reached when the cycle length and power distribution converge to a value that does not change with subsequent shuffling and depleting of the core using the loading pattern adopted.  
[image: ]
Figure 2 Equilibrium core loading for gadolinium dopped (EG) and clean (E) fuel assemblies from cycles 12, 13, 14, and 15.
Figure 3 shows the CASMO-4E MxN-generated core layout. Fuel assemblies are surrounded by a reflector (baffle). The space between baffle and the barrel is filled with water that functions as a coolant and moderator. The barrel is complemented by four reflector pads. 
   [image: ]     Figure 3 Core layout of fuel assemblies, baffle, heavy reflector, and pads.
III.H. Rod Cluster Control Assemblies
The core was designed to have 37 Silver-Indium-Cadmium (Ag-In-Cd) rod cluster control assemblies (RCCAs) divided into six (6) groups. The first four banks (A, B, C, D) are regulating rods, and banks (SA, SB) are shutdown rods. The shutdown banks are always in a withdrawn position during reactor operation. Figure 4 shows the layout of RCCAs.
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Figure 4 Layout and rod cluster control assembly positions.
[bookmark: _Hlk158118566]III.I. Design Strategy and Process
As stated in Section I, most boron-free SMR designs available in literature, have lower thermal power output compared to the design presented in this paper. Their nominal and off-nominal characteristics may not be adequate for reference and validation of the boron-free design under consideration. Because of this challenge, a design strategy was adopted that sought to address the lack of a reference core. The strategy involved designing a borated variant of the target boron-free core design using Simulate-3 code. Both the borated variant and the target boron-free core had the same number of fuel assemblies, used the same fuel assemblies in terms of enrichments and the amount of  doping. The only difference was the concentration of boric acid used in the coolant during assembly modelling. The design approach is described in steps 1 and 2 below.  
     
Step-1 – A core that utilises boron for reactivity control was designed and utilised 37 RCCA. This core is designated as the borated variant and identified as BV37RCCA. The BV37RCCA core was designed to use the 1st set of fuel assemblies that were modelled with 800 ppm boron concentration in the coolant. 
Step-2 – Design of a boron-free core. This was achieved by modifying the design in Step-1 (BV37RCCA). Boron was removed from the core while keeping the other parameters constant. The removal of boric acid from the core was achieved by using the 2nd set of fuel assemblies that were modelled with 2.0 ppm of boric acid in the coolant. This core is designated as the boron-free core and identified as BF37RCCA. 
In modelling the boron-free core using Simulate-3, the boric acid concentration in the coolant was set to 0 ppm in the input script. The nominal and off-nominal calculations for the boron-free core were performed with the keff  iteration card, not the boron iteration card used in the borated case. 
Further, from the design criteria presented in Table 3, only the hot channel factor enthalpy rise (F∆H), and the heat flux hot channel factor (FQ) limits were applied in the design process. The values obtained for the fuel assembly discharge burnup and peak pin burnup will be fine-tuned to achieve criteria limits in the next steps of the design process.




 
IV. RESULTS
VI.A. Particle Swarm Optimisation
Figure 5 shows the PSO plot for the power density, number of fuel assemblies, and fuel assembly height. The PDE, number of fuel assemblies and fuel height were found to be 95.16 kW/l, 89.05, and 364.91 cm. These results were fine-tuned to acceptable values suitable for the core loading configuration that was adopted.  The PDE was fine-tuned from 95.16 kW/l to 95 kW/l, the number of fuel assemblies was fine-tuned from 89.05 to 89, and the fuel assembly length from 364.91 cm to the standard 365.76 cm, respectively. These fine-tuned parameters were used as input for the fuel assembly model in Casmo4 and core model in Simulate-3. The thermal power output of for these fine-tuned parameters was found to be 1,429.51 MWth compared to the 1,430 MWth that was projected in the PSO optimisation problem.   
[image: ]
Figure 5 Power density, number of fuel assembly, and fuel height particle swarm optimisation 3D plot.
VI.B. Fuel Assembly Models  
Figure 6 compares criticality as a function of burnup for fuel assemblies that were modelled with the coolant containing boric acid concentrations of 0, 2, and 800 ppm. The graph shows an overlap in data sets for the 0 ppm and 2 ppm boric acid concentration curves, with a 9.6 pcm  reactivity difference between the curves. This shows that the 2.0 ppm threshold for producing cross-section data using CMS-link is sufficient to represent a 0-ppm boron-free fuel assembly model. It can also be observed that removing boric acid from the fuel assembly model shifts the criticality curve by about 3,678 pcm. This amounts to a fuel assembly boron worth of about 4.6 pcm/ppm.



Figure 6 A Comparison of criticality with burnup for fuel assemblies modelled with 0 ppm, 2 ppm and 800 ppm.



Figure 7 shows criticality curves for the different fuel assemblies (the 1st set of fuel assemblies) that were used in the core design for the borated variant BV37RCCA. The fuel enrichment of the various assemblies was determined based on the target cycle length, power peaking, and power distribution within the core. The procedure applied for fuel enrichment choice and core design is presented in reference [34]. As can be observed from the curves, the fuel assemblies that were dopped with  have a hold-down on excess reactivity. However, the rate at which the  depletes in different fuel assemblies is a function of the average fuel assembly enrichment. Fuel assemblies that are dopped with  have a slightly short burnup compared to clean assemblies. This is due to residual amounts of  that are present in the fuel at the end of the fuel depletion process. Residual reactivity hold-down is due to the self-shielding of . The reactivity hold-down for fuel assemblies with enrichments of 4.2, 4.5, and 6.0 were determined to be 11,760 pcm of 22,913 pcm, 11,137 pcm of 23,815 pcm, and 8,867 pcm, of 26,987 pcm respectively. 


Figure 7 Criticality as a function of burnup for fuel assemblies used in the borated core (BV37RCCA).
The effect of boric acid removal from the coolant in the fuel assembly models can be observed in Figure 8. The Figure shows criticality curves for fuel assemblies (the 2nd set of fuel assemblies) that were used in the boron-free core BF37RCCA design. The  reactivity hold-down for fuel assemblies with enrichment of 4.2, 4.5, and 6.0 was determined to be 11,697 pcm of 27,956 pcm, 11,080 pcm of 28,560 pcm, and 8,829 pcm, 30,665 pcm respectively. 


Figure 8 Criticality as a function of burnup for fuel assemblies used in the boron-free core (BF37RCCA).





Borated fuel assemblies with enrichments of 4.2, 4.5, and 6.0 were found to have   reactivity hold-down efficiencies of 0.33, 0.47 and 0.51, whereas boron-free assemblies were found to have efficiencies of 0.28, 0.39, and 0.42. The high reactivity hold-down efficiency for the borated fuel assemblies is due to the presence of boron, which reduces criticality, thus decreasing the criticality margin between the dopped fuel assemblies and clean assemblies, thus increasing the percentage of hold down.
Figure 9 compares the criticality curves for borated and boron-free fuel assemblies. Fuel assemblies modelled with boric acid in the coolant have a shorter burnup compared to the boron-free fuel assemblies. The short burnup of borated fuel assemblies is caused by the boron concentration being kept constant throughout depletion. No boron iteration is accounted for during the CASMO4 depletion. However, the SIMULATE-3 core model accounts for boron iteration when using borated fuel assemblies and cross-section data generated by CMSlink.   


Figure 9 Effect of boron removal on reactivity hold-down due to . 
VI.C. Core Loading and Equilibrium Cycle (Nominal Calculations)

Figure 10 compares the F∆H values for the BV37RCCA and the BF37RCCA cores from the initial loading (first cycle) to the equilibrium cycle. As observed, equilibrium cycles were achieved for both the reference core BV36RCCA and the boron-free core BF37RCCA. The most limiting F∆H during transition from the initial loading to equilibrium was found to be 1.754 for the BV37RCCA and 1.638 for the BF37RCCA. The equilibrium F∆H was found to be 1.524 and 1.57 for the BV37RCCA and BF37RCCA, respectively. The 1.754 F∆H values for the BV37RCCA transition cycle was observed to be above the design limit of 1.7 but within the 5% uncertainty. The implication of exceeding the design limit on FΔH is increased probability for critical heat flux (CHF). In order to ascertain the safety of the reactor with respect to the 1.754 F∆H value, another safety limit (heat flux hot channel factor (FQ)) was assessed. The FQ was found to be 1.878 which was below the design limit of 2.6. This showed that the BV37RCCA complied with the CHF limit. Adherence to design limits with respect to F∆H and FQ ensures that core power distribution does not violet local conditions in the fuel rods and coolant channels [19]. This guarantees core integrity at any location during normal operations, anticipated operational occurrences (AOOs), and postulated accidents. The F∆H and FQ values for the BV37RCCA core were within acceptable limits and as such, it qualified to be used as a reference for the boron-free core.
The equilibrium cycle length for the BV37RCCA and the BF37RCCA were determined to be 511.8 and 512.5 EFPDs (effective full power days) and burnup of 17.867 and 17.89 MWd/Kg, respectively. 
The nominal and off-nominal results presented in this work are based on the equilibrium cycles of 511.8 and 512.5 EFPDs.


Figure 10 Comparison of F∆H for BV37RCCA and BF37RCCA with transition from initial loading to equilibrium cycles.  
IV.D. Power Distribution

[bookmark: _Hlk175049164]Figure 11 shows the radial power distribution highlighting the fuel assembly average burnup (2EXP), relative power fraction (2RPF), and pin power density (2PIN). As can be observed, fuel assemblies near the centre of the core have high exposure compared to those between the centre and the periphery of the core. Burnup decreases towards the periphery of the core depending on the respective fuel cycle. However, fuel assemblies around the corners of the core show an increase in burnup and pin power. These fuel assemblies are close to the barrel and reflector pads that reflect fast neutrons back into the core. The reflected fast neutrons eventually get thermalised and contribute to increased fuel burnup in these corner regions [34]. There is agreement in the 2EXP, 2RPF, and 2PIN values for the BF37RCCA and reference BV37RCCA. The 2EXP from the thrice burned fuel assembly was 61.21 MWd/Kg and 60.12 MWD/kg for the BV37RCCA and BF37RCCA. Associated average rod burnup for the BV37RCCA and BF37RCCA were determined to be 65.04 MWd/Kg and 65.32 MWd/Kg from the third cycle. The 2EXP for the central fuel assemblies obtained from the fourth cycle of BV37RCCA and BF37RCCA were determined to be 63.44 MWd/Kg and 63.83 MWd/Kg respectively. Their rod burnup was found to be 66.89 MWd/Kg and  67.11 MWd/Kg respectively. These values are above the 62 MWd/kg licensing limit for the standard Westinghouse 17x17 fuel assembly whose specifications are presented in Table 3 but below the accident tolerant fuels (ATF) being considered with enrichments greater than 5% and burnup of 66-68 MWd/kg. In addition,  high burnup fuels with 75 MWd/kg limit are also currently being examined by the nuclear industry and other nuclear regulators like Nuclear Regulatory Commission (NRC) as a near-term viable limit [35] [36] [37]. The expectation is that this proposed limit could provide improved fuel cycle economics and would be viable for near term deployment [38]. 
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Figure 11 Fuel assembly average burnup (2EXP) relative power fraction (2RPF), and pin power density(2PIN) for equilibrium cycles of BV37RCCA and BF37RCCA. 








Figure 12 compares the 3D axil relative power distribution for the BV37RCCA, and BF37RCCA, at BOC, MOC, and EOC. The BF64RCCA core has the same power profile at HFP as the BF37RCCA and is not discussed under this section. At BOC, the relative power of the BV37RCCA, was observed to be skewed towards the top of the core with an axial off-set (A-O) of 0.035 forming a top-centered chopped cosine shape. The relative power for the BF37RCCA is skewed towards the bottom of the core with an A-O of -0.111 forming a bottom-centered chopped cosine shape. 
The observed top-skewed power profile for the BV37RCCA core could be attributed to the difference in coolant temperature, with the bottom part of the core being at a lower temperature and the top part being at a higher temperature. Without the presence of boric acid, the bottom part of the core would have had increased power resulting from increased thermalisation of neutrons due to higher coolant density. However, due to the presence of boric acid, the effect of having more thermal neutrons is suppressed by increased absorption in the coolant. This causes reduced fission and power, thus the observed lower power profile in the bottom part of the core. The opposite happens in the top part of the core where the temperature is slightly higher, and the coolant density is reduced. This manifests in the top of the core having a higher power profile. 
The opposite of the BV37RCCA core is observed for the BF37RCCA core. The power profile is skewed towards the bottom of the core. As indicated, in the foregoing discussion of the BV37RCCA, the bottom part of the core is at a lower temperature compared to the top part of the core. As such, the bottom part of the core has a higher coolant density which causes increased thermalisation of neutrons and leads to increased fission and power compared to the top part which has a higher temperature and a lower coolant density. 

At MOC, and EOC the relative power profile for both the BV37RCCA, and BF37RCCA show a plateau around the core center with two maxima, one towards the lower end of the core and the other towards the upper end of the core. At MOC the BV37RCCA showed an A-O of -0.024, and at EOC an A-O of -0.026. The BF37RCCA showed an A-O of -0.002 at MOC, and at EOC an A-O of 0.011. The plateau observed in the center of the core is a result of increased fuel burnup in the center of the core.  



Figure 12 3D relative power distribution comparison at HFP for BV37RCCA, and BF37RCCA at BOC, MOC, and EOC









VI.E. Rod Cluster Control Assembly Analysis
Figure 13 compares the criticality of the borated variant BV37RCCA and boron-free BF37RCCA cores as a function of cumulative number of steps for insertion of RCCAs. The comparison was made at the beginning of cycle (BOC), middle of cycle (MOC) and end of cycle (EOC). The Figure shows that the borated variant BV37RCCA with 37 RCCAs could be shut down at BOC, MOC, and EOC. However, for the boron-free core BF37RCCA with 37 RCCAs, the core could only be shut down at MOC and EOC. The reactor could not be shut down at the BOC with all RCCAs inserted in the core. There was still an excess reactivity of 4,401 pcm. 
The core could be shut down at MOC and EOC because the RCCAs had enough worth over the core reduced reactivity due to fuel depletion and build-up of fission products of which some are parasitic neutron absorbers. However, at BOC the core had high excess reactivity as the fuel was fresh. In addition, the excess reactivity was greater compared to the worth of the 37 RCCAs and as such the reactor could not be shut down. To address this problem, the number of RCCAs was increased from 37 to 64, and the boron-free reactor core was able to shut down at BOC. The boron free core with 64 RCCAs was denoted as BF64RCCA. The behaviour of the core with respect to the most reactive RCCA stuck is analysed later in the paper.  
In addition, it can also be observed that for the borated variant BV37RCCA, the cumulative RCCA position curves at BOC, MOC, and EOC are clustered, whereas the curves for the boron-free core BF37RCCA are spread apart. The clustering of the curves is due to the presence of boron, whose excess reactivity hold-down effect lowers the kinf  value. The higher the boron concentration, the lower the cumulative RCCA worth curve. This is consistent with what was observed in the comparison of boric acid concentration for 0, 2, and 800 ppm under Figure 6. The reduction in boric acid concentration relative to burnup is observed through an upward shift of the curves at MOC and EOC. However, the opposite is observed for the boron-free core BF37RCCA. The cumulative rod worth curves shift downwards with burnup, and the EOC curves for the BV37RCCA and BF37RCCA converge. The convergence is due to the reduction of boric acid concentrations to 10 ppm for the BV37RCCA core, which is close to the 0 ppm of the BF37RCCA. This was further amplified through a comparison of the EOC keff values for the BV37RCCA and BF37RCCA which were found to be 1.05441 and 1.0534, respectively. 



Figure 13 Comparison of criticality vs cumulative number of steps for RCCA insertion for the borated core (BV37-RCCA) and the boron-free core (BF37-RCCA) 







The problem of the BF37RCCA reactor core not being able to shut down, as observed in Figure 13, was resolved by increasing the number of RCCAs from 37 to 64. The layout of the 64 RCCA is presented in Figure 14. 
Figure 15 compares the criticality of BF37RCCA and BF64RCCA as a function of cumulative number of steps for RCCA insertion. Each RCCA step has a length of  1.62 cm. The addition of 27 RCCAs provided an additional - 6,148 pcm worth, which was enough to counteract the excess positive reactivity present with all rods in (ARI). Each RCCA had an average worth of 227.7 pcm at BOC. The 64 RCCAs provided an additional 1,747 pcm negative reactivity below the critical value with ARI. The BF64RCCA core is taken as the boron-free core for further analysis and comparison with the borated variant BV37RCCA for the rest of this work. 
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Figure 14 Layout and rod cluster control assembly positions.



Figure 15. Comparison of criticality vs cumulative number of steps for RCCA insertion for the initial boron-free (BV37-RCCA) and the RCCA increased boron-free core (BF64-RCCA) 
VI.F. Reactivity Coefficients (Nominal Calculations) 
Table 6 compares the various reactivity coefficients for the BV37RCCA, BF37RCCA, and BF64RCCA at hot zero power (HZP) for BOC. As reported in literature [39], removing soluble boron from the core makes the moderator temperature coefficient (MTC) more negative. Both the BF37RCCA and BF64RCCA had the same MTC value at BOC. However, the uniform doppler coefficient (UDP) becomes less negative, and the isothermal temperature coefficient (ITC) becomes more negative. 




	Table 6. Beginning of cycle (BOC) hot zero power (HZP) reactivity coefficients for an All-Rods-Out condition

	Parameter
	Borated Core
BV37RCCA
	Boron Free
BF37RCCA
	Boron Free
BF64RCCA

	ARO – MTC (pcm/K)
	-3.76       
	-22.67
	-22.67

	ARO – UDC (pcm/K)
	-1.68   
	-1.48
	-1.48

	ARO – ITC (pcm/K)
	-5.45 
	-24.15
	-24.15

	ARO – BOR (pcm/ppm)
	-5.83
	-
	-




Table 7 shows the ARO condition with the most reactive RCCA inserted at HZP, BOC. This data is required for startup testing of the core. As can be observed, the MTC for the BV37RCCA becomes more negative, whereas that of the BF37RCCA and BF64RCCA becomes less negative. A comparison of the MTC for BF37RCCA and the BF64RCCA shows that with an increase in the number of RCCA, the MTC becomes less negative. However, the core would still be safe to operate in the event of an accident where the most reactive RCCA dropped as the MTC, UDC and ITC were still found to be negative. It would be of concern if the coefficients became positive with the drop in the most reactive RCCA.
	Table 7. Beginning of cycle (BOC) hot zero power (HZP) reactivity coefficients for an All-Rods-Out with most reactive rod in condition

	Parameter
	BV37RCCA
	BF37RCCA
	BF64RCCA

	Bank D-in MTC (pcm/K)
	-9.03 
	-7.19
	-6.64

	Bank D-in UDC (pcm/K)
	-1.67
	-1.79
	-1.73

	Bank D-in ITC (pcm/K)
	-10.71
	-8.98
	-8.38

	Bank D-in BOR (pcm/ppm)
	-5.81
	-
	-








Table 8 shows CZP conditions with respect to RCCA ejection at BOC, EOC, and at the burnup when Gd2O3 depletes in the core. The burnup at which Gd2O3 depleted was preferred against MOC for analysis as it provided a higher potential for core re-criticality with a RCCA ejection. This burnup was found to be 15.5 MWd/Kg. Analyses were performed to determine if re-criticality of the BF64RCCA core at CZP would occur under an All-Rod-In minus one (ARI-1) condition. One RCCA (most reactive) from each of the 6 Banks was used for the analysis. Two cases were used for RCCA ejection analysis - the first case considered suppression of the emergency boron injection (EBI) with each RCCA ejection analysis, and the second considered unsuppressed EBI for each RCCA ejection. 
As can be observed from Table 8, at BOC, ejection of each RCCA with suppressed EBI, resulted in re-criticality of the core. However, the core remained in a subcritical condition for the case where the EBI was not suppressed (ARI-1 + EBI). At a burnup of 15.5 MWd/Kg, ejection of RCCAs (9, 9) and (8, 8) from control rod Banks 4, and 6 with EBI suppressed, resulted in re-criticality of the core. The rest of the RCCAs from Banks 1, 2, 3, and 5 remained in a subcritical condition. For the unsuppressed EBI, ejection of the RCCAs (9, 9) and (8, 8) resulted in the core remaining in a subcritical condition like the other RCCAs. At EOC, only the RCCA (9, 9) caused re-criticality of the core for the case of EBI suppression. However, for the unsuppressed EBI case, all the core remained in a subcritical condition for each of the RCCA ejection.
The boric acid concentration of the EBI system was determined to be 2,451 ppm giving a negative worth of 14,240 pcm considering the -5.81 pcm/ppm boron coefficient for the borated variant. It can also be observed from Table 8 that the most reactive RCCA was RCCA (9, 9) from Bank 4 followed by RCCA (8, 8) from Bank number 6. The most reactive RCCA (9, 9) at BOC inserted the highest  positive reactivity of 9,725 pcm from the ARI Keff   of 0.98297  to the ARI-1 Keff  of 1.0957. However, EBI suppression system had enough worth to counteract this positive reactivity insertion. 
If RCCAs were to be used to overcome re-criticality of the core, with the highest reactivity insertion of 9,725 pcm at BOC with the EBI suppressed, an addition of 43 RCCAs would be required. However, the remaining spaces on the BF64RCCA core would be 24 excluding the center fuel assembly.   The additional 24 RCCAs would give an average worth of 5,464.8 pcm and the remaining 4,260.2 pcm would still require the EBI system. This entails the core would be loaded  with a total of 88 RCCAs. The downside of this would be a compromise on pressure vessel integrity. As such, the BF64RCCA core with 64 RCCAs would be preferable compared to one that would utilise 88 RCCAs. 
Despite the BF64RCCA core being boron free for duty operation, an independent EBI system (tanks) is proposed in the design to assure cold shutdown of the core. This requirement of having an independent means for assuring shutdown is highlighted in references [40], [41] as: ‘The control of the core reactivity shall be accomplished by means of at least two independent and diverse systems for the shutdown’. This is amplified in reference [42]; that two independent control systems of different designs should be provided, and that each system should have the capability to control the rate of reactivity response from planned normal power manoeuvres. One of the systems must be capable of reliably controlling anticipated operational occurrences. In addition, one of the systems must be capable of holding the reactor core subcritical under cold conditions. 



	Table 8  Cold Zero Power (CZP) Core Criticality with respect to a RCCA ejection for the BF64RCCA Core

	Bank
(No.)/RCCA


	BOC
	At Keff for Limiting F∆H (15.5 MWd/Kg)
	EOC

	
	ARI (Keff) 0.9829
	ARI (Keff) 0.9755
	ARI (Keff) 0.9620

	
	ARI-1
(Keff )
	EBI
(ppm)
	ARI-1 + EBI
(Keff )
	ARI-1
(Keff )
	EBI
(ppm)
	ARI-1 + EBI
(Keff )
	ARI-1
(Keff )
	EBI
(ppm)
	ARI-1 + EBI
(Keff )

	1 (7,7)
	1.0793
	2,451
	0.8981
	0.9879
	0
	-
	0.9733
	0
	-

	2 (9,7)
	1.0789
	2,451
	0.8929
	0.9934
	0
	-
	0.9796
	0
	-

	3 (9,6)
	1.0652
	2,451
	0.8884
	0.9782
	0
	-
	0.9646
	0
	-

	4 (9,9)
	1.0957
	2,451
	0.9039
	1.0153
	2,451
	0.8735
	1.0034
	2,451
	0.892

	5 (8,6)
	1.0658
	2,451
	0.8773
	0.9785
	0
	-
	0.9648
	0
	-

	6 (8,8)
	1.0908
	2,451
	0.9030
	1.0041
	2,451
	0.8861
	0.9898
	0
	-



VI.G. Shutdown Margin (Off-Nominal Calculations) 
The shutdown margin calculation and applied criteria for BV37RCCA, BF37RCCA and BF64RCCA cores are presented in Table 9. The shutdown margin was calculated at HZP for BOC, 15.5 MWd/Kg, and EOC. The CZP behaviour of the core is presented in the preceding section. A 10 per cent uncertainty is applied on available RCCA to account for engineering uncertainty on RCCA design. The shutdown margin for the BF37RCCA had a deficit of 2,738.5 pcm at BOC, indicating that the reactor core did not have enough rod worth to shut down the reactor and to keep it in shutdown condition. The keff  at BOC for BV37RCCA, BF37RCCA and BF64RCCA with all control rods inserted (ARI) was found to be 0.90622, 1.046226, and 0.98253.










	Table 9 Comparison of shutdown margins for different numbers of RCCAs for the borated and boron-free cores 

	 
	Parameter
	BOC
	At Keff for Limiting F∆H
(15.5 MWd/Kg)
	EOC

	 
	 
	BV37RCCA
(pcm)
	BF37RCCA
(pcm)
	BF64RCCA
(pcm)
	BV37RCCA
(pcm)
	BF37RCCA
(pcm)
	BF64RCCA
(pcm)
	BV37RCCA
(pcm)
	BF37RCCA
(pcm)
	BF64RCCA
(pcm)

	1.
	Control Rod Assembly Worth (pcm)

	a.
	Total Available RCCA Worth
	10,232
 
	9,753
	15,933
	11,019
	10,956
	17,820
	11,061

	11,066
	18,271

	b.
	ARI reactivity above criticality 
	0
	4,401.36
	0
	0
	0
	0
	0
	0
	0

	c.
	Worst Rod Stuck Out
	2,330
	2,236
	2,733
	2,726
	2,680
	3,176
	2,875
	2,806
	4,244

	d.
	10 % engineering uncertainty (1σ)
	1,023.2
	975.3
	1593.3
	1,101.9
	1,095.6
	1,782
	1,106.1
	1,106.6
	1,827.1

	f.
	Subtotal 
(a-b-c-d)
	6,878.8
	 2,737.34
	11,606.7 
	7,191 
	7,180 
	12,862
	7,079.9
	7,153.5
	12,199.9

	2
	Power

	a.
	Power Defect
	1,357.32
	1,875.83
	1,875.83
	2,290.32
	2,415.23
	2,415.23
	2,454.25
	2,502.45
	2,502.45

	c.
	Subtotal 
	1,357.32
	1,875.83
	1,875.83
	2,290.32
	2,415.23
	2,415.23
	2,454.25
	2,502.45
	2,502.45

	3.
	Worth Balance

	a.
	Required Shutdown Margin
	3,000
	3,000
	3,000
	3,000
	3,000
	3,000
	3,000
	3,000
	3,000

	4.
	Gross Margin (1f-2c)
	5,521.48
	261.51
	9,730.87
	4,900.68
	4,764.77
	10,446.77
	4,625.65
	4,651.05
	9,697.45

	5.
	Net Margin to Shutdown 
Margin (4-3a)
	2,521.48
	-2,738.5
	6,730.87
	1,900.68
	1,764.77
	7,446.77
	1,625.65
	1,651.05
	6,697.45




Figure 16 shows a comparison of the MTC as a function of temperature for BV37RCCA and BF64RCCA. The MTC curve for the BF64RCCA core shifts to lower values compared to the MTC for the BV37RCCA. For both variants, the MTC curves at EOC are close because of the boron concentration values that are close to each other. At EOC, the boron concentration for the BV37RCCA is 10 ppm, whereas that of the BF64RCCA is 0 ppm.






Figure 17 also shows the same trend as observed in the case of Figure 16, where the curves for the BF64RCCA power defect shift to lower values. This shows that the removal of boron makes the power defect more negative. This is consistent with the discussion on the MTC, UDC, and ITC being more negative with removal of boron. In the same way,  the combined MTC and UDC feedback effects, which are summed up in the power defect, also show a more negative defect. This implies the RCCA should have enough worth to be able to counteract the power and isothermal defects. 


Figure 16 Comparison of the MTC as a function of temperature for BV37RCCA and the BF64RCCA




 Figure 17 Comparison of the Power Defect as a function of power for BV37RCCA and the BF64RCCA










V. [bookmark: _Hlk168675360]CONCLUSIONS
[bookmark: _Hlk174984646]A 1,429.51 MWth boron-free small modular reactor core has been designed. The boron-free SMR was designed to address the disadvantages associated with the use of boric acid for reactivity control during duty operations of a reactor. Further, this piece of work is part of a broad pursuit to address challenges faced by industry in the quest to understand the effects of boric acid removal from a core duty operation. A myriad of assertions associated with boron free SMRs that are usually highlighted in literature without enough data have been analysed, and data has been provided. In the design process of the boron-free SMR, design limits imposed by the fuel assembly manufacturer were adhered to. All parameters were within design limits. 
A design strategy was adopted where a borated variant of the target boron-free SMR was first designed and used as a reference core for the target boron-free SMR design. Equilibrium cycles were achieved for both the reference core (BV36RCCA) and the target boron-free core (BF64RCCA). The most limiting FΔH during the transition from the initial loading to equilibrium was found to be 1.693 for the BV37RCCA and 1.754 for the BF64RCCA. The equilibrium FΔH was obtained to be 1.513 and 1.623 for the BV37RCCA and BF64RCCA, respectively. These values were found to be below the design limit of 1.7.
The removal of boron made reactivity coefficients more negative. The MTC for the BF64RCCA (boron-free) was found to be about -22.67 pcm/K compared to -3.64 pcm/K for the BV37RCCA (borated variant). The excess shutdown for the BF64RCCA at HZP was found to be 6,697 pcm at EOC. Despite having a high negative MTC, the reactor had enough excess reactivity to overcome the isothermal power defect during startup. A negative MTC is desirable as it makes the core self-regulating. However, further studies are required to understand how the reactor would behave under anticipated operational occurrences (AOOs) and postulated accidents (PAs) conditions, such as those that cause a drop in the inlet coolant temperature.
Further, removal of boric acid from the core caused the core to lose its capability to shut down at BOC.  It is imperative to ensure that a boron-free core has enough RCCA worth to shut down the reactor at every state point during operation. The reactor’s capability to shut down should be guaranteed despite reactivity balance between burnable poisons and RCCA. This is because RCCAs are variable, whereas burnable poisons are typically fixed and cannot be varied to shut down the reactor. Thus, the number of RCCAs and the absorber material used are important for reactivity control and reactor shutdown. The most limiting state point for reactor shutdown was observed to be the BOC, due to high excess reactivity compared to other state points.
[bookmark: _Hlk175049594]A conservative analysis of the BF64RCCA core with respect to ARI-1 condition at CZP showed that a return to power of the core could occur. To avert this, the number of RCCAs needed to be increased from 64 to 88. However, this number of RCCA would compromise the integrity of the pressure vessel. In addition, availability of space for RCCA drive mechanism would also be of concern. In light of these concerns, despite the core being boron free in terms of duty operations, an emergency boron injection system (tanks) would be maintained to assure cold shutdown of the core.     
The next steps in the design process will involve finetuning fuel enrichment, burnable poison loading, and fuel assembly discharge burnup through improved fuel loading. Fuel management that removes the need for fuel assemblies from the fourth cycle will be adopted. Further, stability analysis of the reactor as a response to various dynamic conditions (e.g. control rod movement, cold leg injection) will also be carried out. 
It is evident from the results obtained that changes in different safety coefficients due to boric acid removal can potentially alter operational limits set for a variant borated system. This understanding is important in defining regulatory criteria for SMRs that seek to operate free of boric acid. Further, depending on the design configuration, the need for EBI system to guarantee CZP shutdown with respect to RCCA ejection may be justified as it would be need for postulated accidents and not duty operation.    
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