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Abstract: Zirconium dioxide has received particular attention as a fuel matrix because of 

its ability to form a solid solution with transuranic elements, natural radiation stability and 

desirable mechanical properties. However, zirconium dioxide has a lower coefficient of 

thermal conductivity than uranium dioxide and this presents an obstacle to the deployment 

of these fuels in commercial reactors. Here we show that axial doping of a zirconium 

dioxide based fuel with erbium reduces power peaking and fuel temperature. Full core 

simulations of a modified AP1000 core were done using MCNPX 2.7.0. The inert matrix 

fuel contained 15 w/o transuranics at its beginning of life and constituted 28% of the 

assemblies in the core. Axial doping reduced power peaking at startup by more than ~23% 

in the axial direction and reduced the peak to average power within the core from 1.80 to 

1.44. The core was able to remain critical between refueling while running at a simulated 

2000 MWth on an 18 month refueling cycle. The results show that the reactor would 

maintain negative core average reactivity and void coefficients during operation. This type 

of fuel cycle would reduce the overall production of transuranics in a pressurized water 

reactor by 86%. 
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1. Introduction 

The environmental and geopolitical problems that are associated with nuclear power stem in part 

from the accumulation of the transuranics Am, Cm, Np and Pu in used nuclear fuel [1]. By limiting the 

production of these four elements many of the concerns that surround the future development of 

nuclear energy would be significantly reduced. This fact has been known within the nuclear 

engineering community for decades, and several methods for transmuting these transuranics into more 

benign forms have been proposed [2–6]. At present, the only option for recycling any of the 

transuranics is to use commercial reprocessing [7,8] mix plutonium and uranium oxides to produce a 

mixed oxide fuel that can be used in a conventional reactor. However, due to neutron capture in the 

uranium, these fuels also produce transuranics while in the reactor, and are only somewhat effective at 

limiting their production [5,9].  

An alternative to mixed oxide recycle is to entrain the transuranics in a uranium free matrix. The 

thorium fuel cycle is an example of this. Here energy comes from the fission of 233U which is bred in 

by neutron capture in the thorium. However, 233U poses a significant proliferation risk and in practice 
238U would be added to the fuel to dilute it [3,10]. However, the presence of uranium in fuel again 

results in the production of the transuranics that one is trying to get rid of. Another option that has been 

explored is to blend the transuranics into a zirconium dioxide matrix, Figure 1.  

Figure 1. The inert matrix fuel cycle. Spent fuel from a conventional light-water reactor 

would be reprocessed and the transuranics Am, Cm, Np and Pu stripped, and blended with 

a uranium free matrix. The resulting fuel would be placed back into the light-water reactor. 

Because it contains no uranium, the inert matrix fuel form allows for the consumption of 

transuranic waste without any additional production. The inert matrix fuel would also 

reduce the overall amount of uranium in the core. The percentage of the core that is 

uranium dioxide (UOX) or inert matrix fuel (IMF) is a design parameter.  

 

Fuels such as these were originally proposed for burning down stockpiles of weapons  

plutonium [11,12], but can also be for efficient transmutation in light-water reactors [5,9]. The lack of 
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uranium in the fuel allows for theconsumption of transuranics without any additional production, 

hence the term “inert”. Because of its mechanical properties and radiation hardness, zirconium dioxide 

based fuel has received considerable attention in the past decade and have gone through initial testing 

at high flux test facilities with good results [4,13–18]. 

The energy produced by nuclear fuel is expressed in terms of “burnup” which has units of 

MWd/kgIHM, where IMH is the initial heavy metal present in the fuel when it is loaded into the 

reactor. Since the transuranics represent the only heavy metal in an inert matrix fuel, all of this energy 

would come from their consumption. Previous work has shown that a burnup of 750 MWd/kgIHM, 

which corresponds to ~80% transuranic consumption, may present a practical limit for zirconium 

dioxide based fuel [19,20]. However, achieving this level of burnup in a real reactor would require a 

relatively high transuranic content in the fresh fuel if the reactor were to remain critical between 

loadings and recycle its own transuranics. Unfortunately, high transuranic content can result in a high 

power density. This presents a particular problem for a zirconium dioxide based fuel because of the 

material’s low coefficient of thermal conductivity [21,22].  

Past work with uranium dioxide fuels has shown that burnable absorbers can be used to reduce 

power and temperature. Common methods for doing this include the addition of gadolinium and 

erbium oxides to the fuel or the use of a thin zirconium boride coating (e.g. [23,24]) and these poisons 

are often referred to as ‘integral burnable absorbers’ because they are integral to the fuel. In the current 

contribution we show that burnable absorbers can be used with zirconium dioxide based fuel to help 

keep the reactor, and the fuel, within licensable limits.  

2. Methods  

2.1. Overview  

We consider a modified AP1000 [25] pressurized water reactor with both inert matrix and uranium 

dioxide fuels in assemblies in 8 × 8 square lattices. The uranium assemblies help to maintain criticality 

between refuelings while the inert matrix fuels are used to burn the transuranics present in the spent 

uranium fuel. Full core simulations were done using MCNPX 2.7.0 [26], a Monte Carlo radiation 

transport code, to determine the pin and assembly power profiles. The change in isotopic composition 

was determined using the CINDER90 burn card and verified with an in-house collision probability 

code [26].  The results of the Monte Carlo simulations were coupled to a steady state thermal transport 

model to compute peak fuel and cladding temperatures using thermal resistances for the materials and 

the coolant [27]. These temperatures were then fed back into MCNPX to capture thermal effects on 

reactor performance. The simulated reactor core had a power of 2000MWth and ran on a standard 18 

month refueling schedule that would be encountered with current generation light-water reactors.  

2.2. Monte Carlo Simulations and Fuel Composition  

The uranium dioxide fuel was enriched to 5% 235U, burned to 42 MWd/kgIHM, and run through the 

core in three campaigns so that 1/3 would be removed and replaced at refueling every 18 months. Once 

removed, the fuel was allowed to cool for a simulated 5 years. The resulting transuranic vector was 

used as an input for the formulation of the simulated inert matrix fuel, which had 15w/o transuranics at 
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its beginning of life in the core. The inert matrix fuel was run in seven campaigns, so that 1/7 was 

removed every 18 months. The total residence time for the inert matrix assemblies was 10.5 years and 

4.5 years for the uranium dioxide assemblies. Table 1 gives the reactor parameters used in the Monte 

Carlo simulations with Figure 2 showing a 1/8 cross sectional view of the core and the layout of the 

uranium and inert matrix assemblies.  

Table 1. Fuel assembly parameters.  

Parameter Value 

Fuel pin radius 0.396cm 

Pin pitch 1.3 cm 

Pin height 426.7 cm 

Cladding thickness 0.05 cm 

Cladding Zircalloy  

Gap thickness 0.02 cm 

Lattice size 8 pin × 8 pin  

Number of fuel pins per assembly 60 

Number of guide tubes per assembly 4  

Active Core diameter 325 cm 

Uranium fuel density 11g/cm3 

Inert matrix fuel density 5.75 g/cm3 (doped) 

Pressure vessel inner diameter 401.6 cm 

Pressure vessel thickness 20 cm 

Figure 2. Fuel assembly configuration. (left) Schematic of an 8 × 8 fuel assembly with  

60 fuel pins and 4 guide tubes; (right) The assembly layout of the reactor was designed 

with 8-fold symmetry. Here the Ux and Ix represent the xth campaigns of uranium fuel and 

inert matrix fuel assemblies. A center assembly is left empty (moderator region). Each fuel 

assembly is 8 × 8 with 4 control rod guide tubes and 60 fuel pins.  
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Uranium dioxide fuel pins were doped axially with boron oxide and the inert matrix pins with 

erbium oxide. In each case the pins were divided into five axial regions, Figure 3. The concentration of 

boron and erbium was varied in these regions to reduce power peaking. The concentration of boron in 

regions 1 and 5 was 0 w/o, in regions 2 and 4 it was 2.55 × 10−4 w/o, and in region 3 it was  

3.27 × 10−4 w/o boron respectively. The concentration of erbium in the same regions was 0 w/o,  

1.70 × 10−2 w/o, and 2.18 × 10−2 w/o respectively. These concentrations follow the method outlined  

in [23]. Table 3 shows the resulting composition of the uranium and inert matrix fuels at beginning of 

life. Natural boron and erbium were used. 

Figure 3. Axial distribution of burnable absorber in fuel. The uranium dioxide fuel was 

doped with boron and the inert matrix fuel with erbium oxide, both of which absorb 

neutrons and reduce the power output of the pin. Over time, both the born and the erbium 

burn out.  

 

In all simulations the composition of the uranium and inert matrix fuels were equilibrated to reflect 

the isotopes that would be encountered in a real reactor containing fuel at various degrees of burnup. 

This was done by iterating on the fuel composition until the end of life fuel composition in campaign j 

was identical to the beginning of life composition in campaign j + 1 fuel for each fuel form and age of 

fuel, Equation (1): 

MaterialVectorCampaign = j +1(t) = MaterialVectorCampaign = j t + ΔtCampaign( ) (1) 

The fraction of the core that is comprised of inert matrix fuel was chosen under the constraint that 

the core reactivity remain > 1 between refueling, and that the reactor can recycle the transuranics from 

its own spent uranium fuel [19]. The simulated cores have 712, 8 × 8 assemblies, where 516 are 

uranium dioxide fuel. This is equivalent to a 178 assembly core of 16 × 16 assemblies. Additional 

details on the reactor geometry and equilibrated composition of the fuel can be found in the 

supplemental information. 
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2.3. Thermal Transport  

The peak fuel and outer cladding temperatures were determined using a steady state thermal 

transport model: 

q ' = ∆ T

R
 (2) 

where q’ is the linear power density of the fuel W/m; ∆T is the temperature difference between two 

points; and R is the respective resistance. The linear power density was determined using the MCNPX 

simulations. The temperature of the moderator along a coolant channel was determined using 

Newton’s law of cooling and the temperature dependent heat capacity of water. It was assumed that the 

power density of the fuel varied only axially, not radially. Table 2 gives the thermal transport 

parameters that were assumed for the uranium and zirconium dioxide as well as the cladding, gap and 

coolant. Additional details on the equations used in computing the temperature of the fuel and 

moderator can be found in the supplemental information. 

Table 2. Thermal transport parameters.  

Property Location Value Reference 

Thermal conductivity 

Uranium dioxide fuel 2.9 W/m-K [28], SI 

Inert matrix fuel 1.8 W/m-K [29], SI 

Cladding 20.0 W/m-K [27] 

Convective heat transfer coefficient 
Air gap  5,679 W/m2-K  [27]  

Moderator 16,600 W/m2-K SI 

Coolant flow rate Per channel 0.384 kg/sec * 

Temperature Inlet 550 K * 

Notes: * These values are consistent with existing pressurized water reactors and were chosen to keep the 

simulated reactor within operational limits; SI is supplemental information. 

Figure 4 shows the average linear power density immediately at startup after refueling, both with 

and without the addition of burnable absorber along with the axial temperature profile for the hottest 

uranium and inert matrix fuel pins.  

2.4. Reactivity Coefficients  

The reactivity coefficients were computed using static calculations in MCNPX 2.7.0 at various 

times during the simulated 18 month burnup cycle. The fuel, moderator, and void coefficients of 

reactivity were computed at the full core and assembly level using reactor simulations of the full core. 

We used makxs [26] to create a higher resolution MCNPX library with temperature dependent cross 

sections built in 10 K intervals from 300 K to 610 K and in 50 K intervals from 650 K to 2500 K.  

The coefficient of thermal reactivity for the fuel was computed by perturbing the temperature of the 

fuel in the reactor by ±50 K. The coefficients were computed using [30]: 

α fuel = 1

k2

∆ k

∆ Tfuel

 (3) 
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Figure 4. Effect of burnable absorber. The axial power profile and temperatures are shown 

at startup for the beginning of life uranium and hottest inert matrix fuel assemblies. Axial 

grading reduces the power peaking by more than 5% and lowers the inert matrix fuel 

maximum temperature by 200 K.  

 

Fuel reactivity coefficients for all of the fuel assemblies (uranium dioxide and inert matrix) were 

found to be negative both at startup and at the end of cycle before shutting down for refueling. Plots of 

the reactivity coefficients can be found in the supplemental information. 

The core average moderator coefficient of reactivity was computed by modeling the full core for a 

range of core average moderator temperatures. The moderator density was updated to match saturated 

liquid water tables at a pressure of 155 bar. The coefficients were computed using [30]: 

αmod = 1

k2

∆ k

∆ Tmod

 (4) 

Figure 5 shows the core averaged moderator coefficients as a function of the temperature of the 

moderator at the beginning and end of the campaign. The core average void coefficients were 

computed using [30]: 

αvoid = 1

k2

∆ k

∆ xmod

 (5) 

Here x is the core average void fraction, and is computed by decreasing the fluid density uniformly 

within the core. Figure 6 shows the core average void coefficients of reactivity for a set of void 

percentages at the beginning and end of the campaign. At zero void, the beginning of cycle and end of 

cycle void reactivity coefficients were found to be −1.67 × 10−3 (1/K) and −1.58 × 10−3 (1/K), respectively. 

Assembly level reactivity coefficients have been computed and are included in the supplemental 

material.  The errors bars on Figures 5 and 6 were generated from ten simulations, each done with 
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different initial seeds. The error bars then indicate the range about the mean value.  

Figure 5. Moderator Thermal Reactivity Coefficients. The reactivity coefficients of the 

moderator are shown for a range of temperatures at the beginning and end of  

campaign. The reactor coefficients at the beginning and end of campaign are  

−3.77 × 10−4 ± 6.9 × 10−6 (1/K) and −3.27 × 10−4 ± 6.1 × 10−6 (1/K) respectively. 

 

Figure 6. Void Reactivity Coefficients. The reactivity coefficient of a moderator void is 

shown for a range of core averaged voids. At 10% void fraction the reactivity  

coefficients at the beginning and end of campaign are −0.00185 ± 1.3 × 10−5 (1/K) and  

−0.00179 ± 1.1 × 10−5 (1/K) respectively. 

 

3. Results and Discussion 

Figures 7 and 8 show the power and thermal profiles for the hottest uranium and inert matrix fuel 

elements with and without doping. The temperature profiles in Figures 4 and 8 differ because the data 

in Figure 8 correspond to shortly after startup when the xenon and samarium fission products (which 

absorb neutrons) have come to secular equilibrium. The data in Figure 4 are from directly after startup 

and the xenon and samarium have not built up.  
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Figure 7. Axial power profile. The linear power of the hottest 4 assemblies are shown at 

the beginning and end of cycle.  

 

Figure 8. Axial temperature profile. The axial temperatures of the four assemblies in 

Figure 7 at the beginning and end of cycle.  

 

The hottest fuel assemblies are those in the second campaigns since the doping has largely burned 

out by this point. As can be seen, the use of an integral burnable absorber significantly flattens the 
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power and thermal profiles in both the uranium and inert matrix fuels. Peak linear power density in the 

inert matrix fuel was reduced by 23% with a 15% decrease in peak temperature. While zirconium 

dioxide has a melting point of ~2715 °C, in pile testing has shown that fission gas release from 

zirconium dioxide fuels increases significantly with elevated temperatures [15,31], but at the 

temperatures shown it would be more comparable to uranium dioxide fuels. 

The addition of the integral burnable poisons has the beneficial effect of significantly flattening the 

radial power distribution as well. Figure 9 shows a cross sectional view of the average linear power 

density in the core at the assembly level at the beginning of cycle, end of cycle, and the average over 

an 18 month period between refueling. As can be seen in Figure 9d, there is a significant change in the 

linear power density between the hottest and coolest assemblies which is attributable to the high degree 

of transuranic burnout in the inert matrix fuels. Figure 10 shows the time dependent linear power 

density in each campaign and more detail is included in the supplemental material. As can be seen, 

most of the power is derived from the uranium assemblies and the first three campaigns of inert matrix 

fuel. The last four inert matrix fuel campaigns act as net neutron absorbers.  

Figure 9. Radial core power profile. The power distribution within the core assemblies is 

shown for the (a) end of campaign; (b) beginning of campaign; (c) minimum values and  

(d) maximum values.  

(a) (b) 

(c) (d) 
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Figure 10. Assembly level power. The power from each assembly within the core changes 

over the course of the campaign. 

 

A requirement for a licensable reactor in the US is that it maintain negative core average moderator 

and void reactivity coefficients [30]. Figures 5 and 6 showed the core average moderator and void 

reactivity coefficients immediately after starting up and immediately before shutting down to refuel. 

Importantly, these coefficients remain negative between refuelings. It should be pointed out that while 

the assembly level reactivity coefficients are negative for the fuel, they are not uniformly negative for 

the moderator and void at the assembly level. Additional details on reactivity coefficients at the 

assembly level are included in the supplemental material.  

A remarkable feature of the results presented here is the high degree of burnup that is achieved in 

the inert matrix fuel by the time it is removed from the core. The inert matrix fuel experienced a 

burnup of ~780 MWd/kgIHM, which corresponds to an 84% burnout of the transuranics. Noteably, the 

only heavy metal in an inert matrix fuel comes from the transuranics and this degree of burnup would 

be equivalent to burning a uranium dioxide fuel to ~60 MWd/kgIHM. Despite this, the core maintains 

a Keff > 1.008 in between refuelings, Figure 11, and the 8 × 8 fuel assemblies play an important role 

here. The small assemblies allow for a more even distribution of the low reactivity fuel assemblies 

(late stage inert matrix fuel) and a reduction in the power variations across an assembly. Additionally, 

the inert matrix assemblies have a fixed composition at the beginning of their life in the core. Ideally 

the transuranic content of the beginning of life inert matrix fuel assemblies will exactly match the 

transuranic content of the end of life uranium assemblies. This is impossible since the reactor has an 

integer number of assemblies. However, for a fixed core size, reducing the size of the assemblies will 

increase the total number of assemblies and allow for a closer match. 

The cost for the high transuranic depletion is a reduction in core operating power. The simulations 

discussed here were done with a nominal reactor power of 2000 MWth, which is two thirds of that for 

a conventional AP1000. Operation at a higher power would cause an earlier depletion of the uranium 

driver assemblies and the simulated reactor would not be able to operate on an 18 month cycle. The 

power could be increased to a more conventional value if the uranium fuel were enriched beyond 5% 

or if the refueling schedule were increased to a higher frequency than once every 18 months. Both 

possibilities will be the subject of future work. 
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Figure 11. Reactor Criticality. The reactor criticality must be above 1 at the end of the 

campaign. This figure shows the drop in Keff over the campaign. For these simulations  

Keff = 1.008 ± 0.001 at end of cycle.  

 

4. Conclusions 

In the present study we show that integral burnable absorbers can be used in a mixed core running 

both inert matrix and uranium dioxide fuels to keep the fuel temperatures, and reactivity coefficients, 

within allowable limits. Erbium oxide was used with the inert matrix fuel and integral boron oxide 

with the uranium fuel. The integral burnable absorbers were shown to reduce axial power peaking by 

more than 23% and to reduce the peak to average power within the core from 1.80 to 1.44. By the end 

of its life in the core the inert matrix fuel acts as a neutron absorber with 84% of its initial transuranic 

inventory depleted. Importantly, the simulated core remains critical between refueling while running at 

a simulated power of 2000 MWth.  

The axial thermal and power profiles in the fuel can be reduced to acceptable levels with the use of 

an integral burnable absorber and this has the additional benefit of flattening the core power profiles. 

Importantly, the simulations show that the reactivity coefficients in the various fuel types are all 

negative and that the core average moderator and void coefficient are negative as well, which are 

requirements for a commercial power reactor in the US. The results demonstrate that inert matrix fuels 

could be used in conventional pressurized water reactors to achieve significant reductions in the 

overall production transuranics. 
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