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• Small Modular Reactors (SMRs) based on light water reactor technologies (LWR) at high 
Technology Readiness Level (TRL).

• LWR-SMR Vendors looking to build in Canada 

• GEH-Hitachi (BWRX-300), NuScale (iPWR)

• Conventional fuel:  

• NuScale iPWR:  4.05 wt% U-235/U, UO2, Zircaloy-4 clad.

• Can we do better?  Can Alternative/Advanced fuels help?

• Higher burnup, longer fuel lifetime?

• Improved utilization of nuclear fuel resources?

• Improved resilience and toughness?

• Better thermal margins?  Lower peak fuel temperatures?
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• Motivation for Study:

• Long-term nuclear energy sustainability.

• Alternative fuels could enhance performance characteristics (burnup, fuel lifetime).

• Alternative fuels could improve resilience, if pushed to higher burnups.

• Harness other fertile fuels (such as thorium), and consume stockpiles of plutonium found in PWR, 
BWR and PT-HWR fuel.

• Practical Reason for Study:

• Alternative fuels give more flexibility and options from a reactor physics perspective.

• Potential for better performance (with better long-term economics)

• What we are trying to learn:

• What are the performance characteristics?  How are they better than conventional fuel?

• Potential for Uptake:

• Reactor vendors and utilities looking at deploying PWR-SMRs will benefit from this work.

• Supports government policies to ensure long-term nuclear energy sustainability.
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• Objective:  Use Serpent to evaluate alternative fuels for PWR-SMR (~NuScale iPWR)

• Carry out lattice physics calculations – we can infer performance for full-core.

• Enhance performance/safety characteristics (ATF-like, TRISO-like)

• Results could be applicable to iPWR and BWRX-300. 

• Geometry of Fuel Assembly (FA) is same, but fuel materials, cladding, and coatings modified.

• Heterogeneous, multi-clad, multi-region annular fuel design. 

• Tests to Evaluate:  

• Oxides, nitrides, carbides, oxy-carbides, and silicides (higher densities, better conductivity)

• LEU (5 wt% U-235/U), LEU+ (10 wt% U-235/U), HALEU, (19.75 wt% U-235/U),

• (U,Th), (Pu,Th), (Pu,Th,DU)

• PWR-RGPu (~67 wt% Pu-fissile), HWR-RGPu (~72.5 wt% Pu-fissile/Pu)

• Evaluate performance characteristics

• Exit burnup, fuel lifetime, fissile utilization, fuel composition.
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• 160-MWth / 50-MWe (older design)

• 37 FA’s, ~4.324 MWth/FA

• 200-cm height bare core

• ~146.8-cm, effective diameter of bare core

• Nominal design: 4.05 wt% U-235/U UO2

• Other assemblies use fuel elements with 4.55 wt% 
U-235/U UO2 mixed with Gd2O3.

• Burnable neutron absorber (Gd2O3) to reduce boric 
acid requirements to control excess reactivity.

• 12.8 MPa, 258C inlet, 314 C outlet

• Natural circulation drives flow in core

• No pumps needed; chimney effect
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• Modification of the 17×17 fuel assembly used in the 
NuScale iPWR

• Same fuel assembly geometry as NuScale iPWR

• Same outer element diameter (9.5-mm)

• 264 Fuel Elements

• 24 Water Holes / 1 Instrumentation Tube

• 1.26-cm square pitch pin cell

• 21.4-cm square pitch FA, 200-cm height FA

• H2O Moderator/Coolant at ~0.757 g/cm3, (12.8 MPa, 
284 C)

• Geometry/materials inside fuel modified.

• Heterogeneous design.

• Multi-layer.

• Multi-clad
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• Additional coating and barrier regions

• Protection of Zircaloy-4 clad.

• Enhanced resistance to fission products.

• Annular fuel with central void space.

• Potential for “getter material”, MgF2.

• Two fuel annuli – option for duplex fuel.
• Outer annulus vol: ~12,859 cm3 per FA.

• Inner annulus vol:  ~11,118 cm3 per FA

• Different fuels in outer/inner annuli.

• “ATF-like” and “TRISO-like” features

• Can fuel be fabricated?  Yes. Leverages:
• UK AGR Fuel (annular)

• Historical work on Duplex-type fuel.

• ATF-type fuel (coatings)

• CANDU fuel (coatings for pellets)

• Gas-cooled Fast Reactor fuel (annular)

• TRISO fabrication methods.

1.  Outer Clad 
Coating

2.  Main Clad

9.  Inner Void Space
10.  Fission Product 

Getter/Absorber

8.  Inner Fuel Coating

7.  Inner Fuel 
Annulus

6.  Fuel Interface 
Layer

5.  Outer Fuel 
Annulus

4.  Buffer Layer

3.  Inner Clad 
Coating
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• Matrix Materials

• Oxide, Nitride, Carbide, Oxy-Carbide, Silicides

• Potential for higher densities, better conductivity.

• Fuels 

• LEU (5 wt% U-235/U) → Focus for Today

• HALEU (19.75 wt%U-235/U)

• (LEU+,Th), (HALEU,Th); LEU+ (10 wt% U-235/U)

• (Pu,Th), (Pu,Th,DU)

• 7.5 wt% Pu/(Pu+Th)

• 15 wt%, 20 wt%, 30 wt% Pu/(Pu+Th)

• Two types of Plutonium tested:

• HWR-RGPu (~72.5 wt% Pu-fissile/Pu)

• PWR-RGPu (~67 wt% Pu-fissile/Pu)

• Up to 90 test cases.

• Homogeneous and heterogeneous fuel pellets.
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• 3-D Monte Carlo lattice physics calculations of FA.

• Nuclear Data based on ENDF/B-VII.0

• Reflecting boundary conditions.

• 1000 generations (800 active, 200 inactive), 

• 1 million neutron histories/generation

• Statistical uncertainty in kinf  ~± 0.09 mk. 

• Prediction of neutron flux, spectrum, and power distributions, kinf.

• Generate homogenized two-group diffusion data.

• Input buckling (B2) : 

• Bare-core dimensions:  B2 = (2.405/73.4)2 + (/200)2 = 1.317E-3 cm-2. 

• Matching NuScale data for burnup:  B2  = 1.992e-3 cm-2

• 4.05 wt% U-235/U, BU~24 MWd/kg.

• Neutron leakage = kinf – keff

• We can infer full-core behavior from lattice physics results.

𝒌𝒆𝒇𝒇 =

𝝂𝚺𝒇𝟏 + 𝝂𝚺𝒇𝟐
𝚺𝑺(𝟏→𝟐)

(𝑫𝟐𝑩
𝟐 + 𝚺𝑹𝟐)

𝑫𝟏𝑩
𝟐 + 𝚺𝑹𝟏 − 𝚺𝑺(𝟐→𝟏)

𝚺𝑺(𝟏→𝟐)
(𝑫𝟐𝑩

𝟐 + 𝚺𝑹𝟐)

𝑩𝟐 =
𝟐. 𝟒𝟎𝟓

𝑹𝒂

𝟐

+
𝝅

𝑯𝒂

𝟐



UNRESTRICTED / ILLIMITÉE

• B2 = 1.992e-3 cm-2

• Gives keff=1.000 at BU=24 
MWd/kg for NuScale Fuel.

• Fissile utilization:

• ~592 MWd/kg-fissile

• RFU~0.561

• Use this value for all 
subsequent calculations of keff.
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• kinf vs. BU, keff vs. BU, keff vs. Time,  Leakage (kinf-keff) vs. BU, or Time

• 1-Batch Exit Burnup, BU(n=1),  BU when keff =1.000

• 3-Batch Exit Burnup (use linear reactivity model)
• BU(n) = BU(1) x 2n / (n+1).  BU(3) = 1.5 x BU(1)

• Core lifetime = BU(1)/ specific power, or BU(3) / specific power

• Specific power varies from fuel to fuel because of differing initial HM Mass
• Fuel assembly power = 4.324 MW/FA (core average)

• Specific power = 4.324 MW / FA HM mass.

• Fissile Utilization (FU) = BU / initial fissile mass fraction
• A metric that is analogous to uranium utilization

• Relative Fissile Utilization  = FU / 1,054 MWd/kg-fiss,  
• 1,054 MWd/kg = 7.5 MWd/kg / 0.00711 (for large CANDU with NU)

• RFU=1.0 (as good as CANDU)

• Composition of Fuel, variation with burnup / time
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• kinf vs. BU

• FA-001 – Oxide, UO2

• FA-002 – Nitride, UN

• Reduced kinf due to N-14

• FA-003 – Carbide UC

• FA-004 – Oxycarbide

• UC0.395O 1.44 

• FA-005 – Silicide, U3Si2

• All fuel elements use same geometry 
– same multi-layer, multi-clad, 
heterogeneous design.

0.800

0.900

1.000

1.100

1.200

1.300

1.400

1.500

0 10 20 30 40 50 60
k

-i
n

fi
n

it
y

Burnup (MWd/kg)

PWR-SMR 5 wt% U-235/U

FA-001 (UO2)

FA-002 (UN)

FA-003 (UC)

FA-004 (UCO)

FA-005 (U3Si2)



UNRESTRICTED / ILLIMITÉE

• keff vs. Time

• 1-Batch life-time:

• 1,400 to 2,100 days.

• Carbide longer life.

• Nitride comparable, even with 
neutron absorption.

• Oxide, Oxy-carbide, and Silicide 
comparable
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• Leakage vs. Time

• 150 mk to 90 mk

• Very large.

• Large scale PWR ~30 mk

• Comparable for oxides, oxy-
carbides, and silicides

• Lower for carbides.

• Lowest for nitrides (due to 
neutron absorption) 90
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• 1-Batch BU (21 to 31 MWd/kg), Lifetime (4 to 5.6 years), 

• Fissile Utilization (430 to 605 MWd/kg-fiss), and RFU (0.31 to 0.57) – better than NuScale

• Nitride fuel takes a hit on BU – due to neutron absorption in N-14

• Other matrix materials are comparable – similar BU, lifetime, utilization. 

• Oxycarbide (UCO) has best burnup and fissile utilization (30.3 MWd/kg, RFU~0.57)

• However, Carbide fuel (UC)  has the longest lifetime (5.6 years).

Matrix Type
Specific Power 
(kW/kgHM) at 

BOC

Estimate of Initial 
Fissile Content 
(wt%fiss /IHM)

1-Batch 
Burnup 

(MWd/kg)

1-Batch 
Lifetime 
(Days)

1-Batch 
Lifetime 

(Months)

1-Batch 
Lifetime 
(Years)

1-Batch Fissile 
Utilization 

(MWd/kg-fiss)

1-Batch 
RFU**

Oxide 19.800 0.05 30.12 1521.14 50.70 4.17 602.4 0.571

Nitride 14.838 0.05 21.58 1454.30 48.48 3.98 431.6 0.409

Carbide 14.629 0.05 29.98 2049.13 68.30 5.61 599.5 0.568

Oxy-Carbide 18.477 0.05 30.26 1637.83 54.59 4.49 605.3 0.574

Silicide 18.316 0.05 29.37 1603.47 53.45 4.39 587.4 0.557
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• 3-Batch BU (32 to 45 MWd/kg), Lifetime (6 to 8.4 years), 

• Fissile Utilization (647 to 907 MWd/kg-fiss), and RFU (0.61 to 0.86)

• Nitride fuel takes a hit on BU – due to neutron absorption in N-14

• Other matrix materials are comparable – similar BU, lifetime, utilization. 

• Oxycarbide (UCO) has best burnup and fissile utilization (45.5 MWd/kg, RFU~0.86)

• However, Carbide fuel (UC)  has the longest lifetime (8.4 years).

Matrix 
Type

Specific 
Power 

(kW/kgHM) 
at BOC

Estimate of 
Initial Fissile 

Content 
(wt%fissile / 

IHM)

3-Batch 
Burnup 

(MWd/kg)

3-Batch 
Lifetime 
(Days)

3-Batch 
Lifetime 

(Months)

1-of-3 
Batch 
Cycle 

Length 
(Months)

3-Batch 
Lifetime 
(Years)

3-Batch Fissile 
Utilization 

(MWd / kg-fiss)

3-Batch 
RFU**

5 wt% U-235/U in Outer and Inner Annulus

Oxide 19.800 0.05 45.18 2281.70 76.06 25.35 6.25 903.5 0.857

Nitride 14.838 0.05 32.37 2181.45 72.71 24.24 5.98 647.4 0.614

Carbide 14.629 0.05 44.97 3073.70 102.46 34.15 8.42 899.3 0.853

Oxy-
Carbide

18.477 0.05 45.39 2456.75 81.89 27.30 6.73 907.9 0.861

Silicide 18.316 0.05 44.05 2405.20 80.17 26.72 6.59 881.1 0.835
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• Total U drops from 100 wt% U/IHM down to ~94 wt% U/IHM at ~45 MWd/kg.

• Total Pu content increases to ~1.0 to 1.2 wt% Pu/IHM 

• Highest for carbide and nitride fuels
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• Total fissile drops from 5 wt% Fissile/IHM to ~2 to 2.5 wt% Fissile/IHM at ~45 MWd/kg.

• U-Fissile/IHM drops from 5 wt% U-235/IHM to ~1.5 wt% U-235/IHM at ~45 MWd/kg.

• Pu-Fissile/IHM increases to ~0.7 to 0.85 wt% Pu-Fissile/IHM at ~45 MWd/kg.
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• Np+Am+Cm content increases to ~0.06 to 0.10 wt%/IHM at ~45 MWd/kg

• Mostly Np-237, from neutron capture on U-235, U-236

• Pu-Fissile/Pu drops to ~68 wt% to 72 wt% at ~45 MWd/kg.
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• The content of Pu and Minor Actinides (Np, Am, and Cm) has implications for spent fuel storage, 
recycling, and proliferation concerns.

Matrix 
Type

Fuel 
Mass 

IHM (kg)

3-Batch
BU

(MWd/kg)

wt%
Th/IHM

wt%
Pa/IHM

wt%
U/IHM

wt%
Np/IHM

wt%
Pu/IHM

wt%
Am/IHM

wt%
Cm/IHM

wt%
(Np+Am+Cm)/IHM

Oxide 218.387 45.18 4.32E-07 1.057E-07 94.271 6.14E-02 0.980 2.00E-02 5.47E-03 0.087

Nitride 291.420 32.37 4.44E-07 1.054E-07 95.614 4.71E-02 0.981 1.26E-02 2.17E-03 0.062

Carbide 295.574 44.97 5.38E-07 1.550E-07 94.135 6.91E-02 1.123 2.60E-02 6.87E-03 0.102

Oxy-
Carbide

234.015 45.39 4.56E-07 1.161E-07 94.210 6.35E-02 1.014 2.16E-02 5.94E-03 0.091

Silicide 236.081 44.05 4.48E-07 1.139E-07 94.379 6.17E-02 0.987 2.01E-02 5.40E-03 0.087
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• Fissile content in fuel at exit burnup has implications for recycling.
• High enough to be used in PT-HWRs.

• Pu-240/Pu content has implications for weapons proliferation – Pu is not suitable.

Matrix 
Type

Fuel 
Mass 

IHM (kg)

3-Batch
BU

(MWd/kg)

wt% 
Fissile/IHM

wt%
U-Fissile/IHM

wt%
Pu-Fissile/IHM

wt%
U-fissile/U

wt%
Pu-fissile/Pu

FIR
wt%

U-233/IHM
wt%

Pu-240/Pu

Oxide 218.387 45.18 1.931 1.263 0.668 1.340 68.162 0.386 3.79E-07 23.962

Nitride 291.420 32.37 2.907 2.147 0.760 2.245 77.456 0.581 4.92E-07 18.678

Carbide 295.574 44.97 2.182 1.390 0.791 1.477 70.430 0.436 5.13E-07 22.248

Oxy-
Carbide

234.015 45.39 1.976 1.281 0.695 1.359 68.567 0.395 4.05E-07 23.588

Silicide 236.081 44.05 2.018 1.337 0.681 1.416 69.053 0.404 3.93E-07 23.452
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• A multi-clad, multi-region heterogeneous fuel element design concept for use in a 17x17 PWR-
SMR fuel assembly based on the NuScale iPWR design was tested

• Anticipate enhanced resilience, similar to ATF-type fuels, and TRISO-type fuels.

• Fuel performance assessment studies underway at CNL.

• Current and past fabrication methods can be leveraged.

• Implementation of duplex fuel, duplex clad manufacturing, coating methods for fuel pellets and clad (for CANDU, PWR, BWR, AGR, 
Gas-cooled Fast Reactors (GFR), etc.) – work ongoing at other laboratories (Idaho National Laboratory) and private sector companies 
(General Atomics, Westinghouse, NFDC (Japan), and others), previous US-DOE NERI Program.

• Different fuel types, including U, (U,Th) and (Pu,Th) fuels were evaluated. 

• Different fuel matrix materials, including oxides, nitrides, carbides, oxy-carbides, and silicides, 
were evaluated

• Up to 90 test cases evaluated.

• Today, we focused mainly on results from 5 cases, 5 wt% U-235/U,  FA-001 to FA-005.

• Some discussion of other fuels (U,Th), (Pu,Th)
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• Lattice physics calculations carried out to evaluate kinf, keff, neutron leakage, burnup, core life time, and 
spent fuel compositions.

• Many viable options exist to achieve BU comparable or better than reference design of NuScale (~24 
MWd/kg, ~48 months  (1-batch))

• Neutron leakage impact is large (97 to 141 mk) vs. ~30 mk for large PWR.

• SMRs have reduced burnup and fissile utilization, due to neutron leakage.

• ≥ 5 wt% U-235/U suitable.

• ≥ 5 wt% U-235/(U+Th) suitable (not as good as pure uranium for SMR)

• ≥ 15 wt% Pu/(Pu+Th) suitable.

• Carbide fuels most attractive; higher loading density, good conductivity.  

• Nitrides good, if using N-15 enrichment.
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•

Large resonance for 
Pu-240
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Isotope 
Thermal Neutron 

Capture  
(barns) 

Resonance Integral Neutron 
Capture 
(barns) 

Th-232 6.532 84.35 

U-236 4.703 345.6 

U-238 2.414 278.1 

Np-237 144.0 661  

Pu-238* 458 153.6 

Pu-240** 263.6 8103 

Pu-242 16.82 1130 

Am-241 532.0 1305 

Am-243 70.46 1823 

Cm-244 13.35 660 
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