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Abstract – A Micro Modular Reactor (MMR) using Supercritical-CO2 (S-CO2) as 

coolant has been investigated from the neutronics perspective. The MMR is designed 

to be transportable so it can reach the remote areas. The thermal power of the 

reactor is 36.2 MWth. The size of the active core is limited to 1.2 m length and 93.16 

cm width. The size of whole core is 2.8 m length and 166.9 cm width. The reactor 

lifetime design target is 20 years. To maximize the fuel volume fraction in the core, 

high density uranium nitride UN
15 

was used. The PbO/MgO reflector was also 

utilized to improve the neutron economy. The S-CO2 is chosen as the coolant 

because it offers a higher thermal efficiency. In this study, neutronics calculations 

and depletion using McCARD Monte Carlo code has been done to determine the 

lifetime and behavior of the core. Several important safety parameters such as 

Control Rod worth, Doppler reactivity coefficients and coolant void reactivity 

coefficient have also been analyzed.  

 

 

I. INTRODUCTION 

 

Recently, small modular reactors (SMRs) are 

gaining more attention because of their generic 

design features. Particularly after the Fukushima, 

inherently safe SMRs are getting more attention 

compared with conventional large nuclear reactors. 

SMRs can be easily designed to have passive decay 

heat removal to prevent Fukushima-like accidents 

from occurring. They also offer lower capital cost 

and are suitable for developing countries with a 

relatively small electricity grid system. Therefore, 

SMRs can be a potential energy solution in remote or 

isolated areas. 

Usually in a water-cooled SMR, the core size is 

quite small. However, the size of the power 

generation system is large. In this study, supercritical 

CO2 (S-CO2) is chosen as the coolant in order to 

reduce the power generation system size and to make 

the whole nuclear reactor compact. Also, it is already 

well-known that the thermal efficiency of S-CO2 

Brayton power conversion cycle is higher than that 

of water with an efficiency of 40~50% [1,2,3,4,&5]. 

With Micro-Modular Reactor (MMR) is a fast 

spectrum reactor and is designed to be transportable 

as a fully compact nuclear reactor where the reactor 

core, power generation, and safety systems are inside 

the pressure vessel or single module. The MMR has 

a targeted design lifetime of 20 EFPYs (Effective 

Full Power Years). 

The major design concern for compact and fully 

transportable MMRs is the total mass of the whole 

nuclear system. To transport the reactor efficiently, 

the mass of the system should be reduced. Because 

of this challenge, the size of core and the fuel 

loading are limited. Therefore, the life time of core 

and radiation shielding are important factors of 

MMR design and need to be taken into account. 

In this study, UN fuel was used because of its 

high density which allows the fuel volume fraction to 

be maximized. Two types of reflector, PbO and MgO, 

were considered to reduce the neutron leakage. A 

similar reactor design using UN fuel and Pb-based 

reflectors been performed by the authors [6] with a 

bigger reactor power. It shows that the Pb-based 

material is a good reflector. 

The neutronic analyses were all performed by 

using the continuous energy Monte Carlo code 

McCARD [7] with the ENDF/B-VII.0 neutron data 

library. In addition to being able to run on parallel 
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computers, McCARD also has a built-in depletion 

routine, making it possible to use in a stand-alone 

mode for the core depletion analysis. In a Monte 

Carlo depletion calculation, it is important to 

consider as many fission products as possible. In the 

current McCARD depletion calculation, all actinides 

and over 160 fission products are considered, 

ensuring that fission production poisoning is almost 

completely accounted for. 

 

II. REACTOR CONCEPT 

 

The core configuration considered in this study is 

shown in Figure.1. The core consists of 18 fuel 

assemblies, 18 primary control assemblies, one 

secondary control assembly and 24 shielding 

assemblies. The reactor power is set to be 36.2 

MWth. The equivalent active core radius is around 

46.58 cm and the core active height is 120 cm. The 

supercritical CO2 coolant flows into the core with a 

temperature of 655.35 K and flows out from the core 

with the temperature of 823.15 K. The coolant 

pressure is 20 MPa and the average coolant speed 

across the core is about 6.92 m/s. The total weight of 

core is about 21 tons when using MgO reflector and 

about 24 tons when using PbO reflector. 

 

 

Fig. 1: Reactor radial and axial configurations. 

 

 
Fig. 2: Configurations of fuel, reflector, and 

shielding assemblies 

 

Figure 2 shows the configuration of fuel, 

reflector and shield assemblies. These assemblies are 

typical fast reactor hexagonal assemblies. There are 

127 fuel pins in each fuel assembly. The diameter of 

the pin is 1.50 cm and the P/D is 1.13. The cladding 

material is ODS (Oxide Dispersion-strengthened 

Steel) [2]. The thickness of the cladding is 0.05 cm. 

The flat-to-flat distance of the fuel assembly is 

20.105 cm. The volume fraction of the fuel, gap, 

coolant and structure is 52.94%, 1.546%, 30.66%, 

and 14.855%, respectively. The fuel material 

considered in this study is uranium enriched-

mononitride (U
15

N). 

The UN fuel is considered because it has good 

properties as a nuclear fuel such as high melting 

temperature and high thermal conductivity. Another 

reason to use the UN fuel is to increase the fuel 

inventory so that the reactor will have a good 

neutron economy. Since the UN fuel has a high metal 

atom ratio and high density, the fuel inventory can be 

increased significantly compared to using UO2 or 

other metallic fuels. Therefore, UN fuel is one of 

best candidate for MMRs. In this study, the nitride in 

the fuel is enriched so that it contains 100 wt% N-15. 

This enriched nitride fuel will benefit from its lower 

absorption cross section compared to the natural 

nitride, increasing the neutron economy in the 

reactor. Figure 3 shows the comparison of the (n, γ) 

and (n,p) cross sections between N-14 and N-15 

based on ENDF/B-7.0 and JENDL-4.0 

 

 

Fig. 3: Comparison of N-14 and N-15 (n, γ) and 

(n,p) cross section [8] 

 

The radial reflector and the shielding assembly 

have the same configuration. It consists of 91 pins 

with diameter of 1.95 cm and P/D of 1.03 in each 

assembly. The ODS cladding thickness is 0.05 cm. 

The volume fraction of the reflector/shielding, 

coolant, and the structure of assembly is 68.466%, 

13.418%, and 18.115%, respectively. 

PbO and MgO were considered as the reflector 

materials. The Pb (lead) has superior reflector 

performance, however, PbO reflectors are heavier 

than MgO reflectors about 2~3 tons.  

The major shielding material is the conventional 

B4C (Boron Carbide). To reduce the leakage from 
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the core, a modified shield assembly that contains 

B4C and ZrH pins is introduced as shown Figure 2. 

The hydrogen in the ZrH moderates neutrons, 

ensuring that neutrons will be absorbed by B-10 

which has high thermal absorption cross-sections. 

The control absorber material is also B4C (Boron 

Carbide). To reduce the size of core, the primary 

control rod insertion system is designed similar to 

the follower fuel used in the research reactor. The 

reflector and the primary control assembly are in the 

same assembly which can be moved up and down. 

The reflector/control assembly has two material 

zones. The reflector assembly zone is located at the 

bottom, and the primary control assembly zone is 

located above the reflector assembly zone. The 

reflector assemblies will cover the active core during 

normal operation. However, when it is required to 

shut down the reactor, the primary control 

assemblies will be inserted so they now cover the 

active core region. It is noted that empty area under 

the core is required for reflector assembly zones 

when primary control rod assemblies are inserted. 

 

III. RESULTS 

 

The Monte Carlo depletion analyses have been 

performed to evaluate the core life time and some 

safety parameter such as CR worth, Doppler 

coefficient, and coolant void reactivity coefficient 

(CVR). The fuel temperatures used in this analysis 

are 975 K, the temperatures of the cladding and 

coolant are 875 K and 750 K, respectively. These 

temperatures were calculated using a one-

dimensional single channel analysis. The coupled 

neutronic-thermal-hydraulic feedback calculations 

are not considered yet in this study. For the Monte 

Carlo calculations, 50,000 histories and 200 cycles 

were considered for this scoping study, and 

ENDF/B-VII.0 was used as the nuclear library.  

Figure 4 shows the change of the multiplication 

factor during operation. Six types of cores were 

analyzed, each having a different enrichments, 

reflector and shielding materials. The average 

discharged burnup is about 50 GWd/MTHM. 

Relatively high enrichments, near 16.5 w/o (typically 

11~13 w/o), are needed for satisfying 20 EFPYs, 

target lifetime. Higher enrichment is required to 

achieve the target lifetime because the conversion 

ratio of the core is quite low. The conversion ratio is 

about 0.5. This is understandable since the leakage 

of the reactor is high due to its small size.   

As shown in Figure 4, the PbO reflector performs 

better than the MgO reflector. In the MgO case, 

0.5% more fuel enrichment is required to achieve the 

target lifetime, but the total weight of the core is 

reduced by about 2~3 tons. Meanwhile, shielding 

materials don’t affect the lifetime of the core. 

 

 
Fig. 4: Evolution of k-eff during burnup. 

 

A sensitivity test to study the impact of N-14 and 

N-15 in the UN fuel was also investigated. In Figure 

5, it is shown that when N-15 is changed to N-14 (or 

natural), the core lifetime becomes much shorter 

from 20 EFPY to 5 EFPY. This is clearly because of 

the significantly higher (n,p) cross section of N-14. 

 

 

Fig. 5: Impact of the N-14 and N-15 in the UN fuel 

for core. 

 

 
Fig. 6: Radial power distribution when primary 

control assemblies are withdrawn 

 

 
Fig. 7: Radial power distribution when primary 

control assemblies are inserted 
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Figure 6 shows radial power distribution at both 

BOC and EOC when the primary control assemblies 

are withdrawn and Figure 7 show the radial power 

distribution when primary control assemblies are 

inserted. The power peaking factor is about 1.25 and 

1.5 when the primary control assemblies are 

withdrawn and inserted, respectively. The power 

peaking is considered to be high and this issue will 

be addressed further in the future study. 

Table 1 and 2 show Control Rod worth, Doppler 

reactivity coefficient, and Coolant Void Reactivity 

(CVR) of MMR. The control rod worth for both the 

primary and secondary control rod is about 6,800 

pcm. These values are bigger than core initial excess 

reactivity (~6,000 pcm). The Doppler reactivity 

coefficient and CVR are calculated at both BOC and 

EOC. Both Doppler reactivity coefficient and CVR 

are negative. The CVR was calculated by voiding the 

coolant in the whole core region including the 

reflector and shield assemblies. 

 

Table 1: The control rod worth of the core 

Control Assembly Worth [pcm Δk/k] 

Primary 6832.24 ± 16.42 

Secondary 6897.33 ± 16.43 

 

Table 2: Doppler reactivity coefficient and CVR at 

BOC and EOC 

Coefficients At BOC At EOC 

Doppler [ȼ] -0.049±0.004 -0.050±0.004 

CVR 

[m Δk/k] 
-7.471±0.159 -5.557±0.171 

 

Figure 8 shows the neutron spectrum in the active 

core region. The neutron spectrum is really hard due 

to tight hexagonal lattice arrangement and high fuel 

volume fraction. It is also shown that the neutron 

spectrum in the active core region is not affected by 

the reflector and shield materials. 

  

 

Fig. 8: Neutron spectrum in active core region 

Figure 9 shows the neutron spectrum in the 

reflector region. Because Mg is lighter element than 

Pb, the neutron spectrum in the MgO reflector is 

softer than in PbO reflector. The ZrH in the shield 

assemblies also affects the neutron spectrum in the 

reflector region. As shown in Figure 9, there is a 

thermal tail when the ZrH is used in the shield 

assembly. 

 

Fig. 9: Neutron spectrum in the reflector region 

 

 

Fig. 10: Neutron spectrum in the shield region 

 

 

Fig. 11: Neutron leakage from the core with different 

reflector and shield combinations 
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Figure 10 shows the neutron spectrum in the 

shield assembly region. Compared with the only 

B4C-containing shield assembly, the ZrH-B4C-

containing shield assembly has a softer neutron 

spectrum. The MgO reflector is also softens the 

neutron spectrum.  

The softer the neutron spectrum, the more neutrons 

can be absorbed by the B4C in the shielding 

assembly. As shown in Figure 11, the neutron 

leakage from the core is reduced when the MgO 

reflector is used with the combination of ZrH-B4C 

shielding materials. With the ZrH moderation alone, 

the leakage from the core is decreased about 0.65%. 

Additionally, the moderation effect of MgO reflector 

reduces the neutron leakage about 0.2%. 

 

VI. CONCLUSIONS 

 

The neutronic feasibility study of a transportable 

fully compacted MMR has been performed in this 

study. The core is loaded with UN fuel and the 

required enrichment is about 16.5~17.0 w/o. Due to 

small reactor size, N-15 is used to improve the 

neutron economy. The thermal power is 36.2 MWth 

and the lifetime of the core is 20 EFPY. The weight 

of the reactor is about 21~24 tons depending on 

reflector materials. The Doppler reactivity 

coefficient and CVR is also shown to be negative. 

The excess reactivity is quite high about 6000 

pcm. The power peaking factor was also high 

especially when the primary control assemblies are 

inserted. To further reduce the excess reactivity and 

power peaking factor, burnable poison utilization 

will be considered in the future study. If the core 

excess reactivity is reduced, the number of primary 

control assemblies can also be reduced. By doing 

this, the power peaking due to primary control 

assemblies insertion can also be decreased. 

Although the exact neutron leakage from the core 

in term of dose hasn’t been calculated, but it is 

shown that the combination of the MgO reflector and 

ZrH-B4C shielding material can significantly 

improve the neutron shielding by reducing the 

neutron leakage. 
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