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A liquid metal fast reactor (LMFR) design and optimization methodology (DOM) has been developed. The methodology
effectively explores a search space by initially sampling the search space, excluding invalid design samples prior to performing
expensive multiphysics analysis, and then performing local searches of the design space. The design samples are evaluated
using the multiphysics capabilities of the LUPINE LMFR simulation suite. Two studies have been performed to demonstrate
DOM. First, the Westinghouse long-life core lead fast reactor (WLFR) is optimized. This reactor is 950 MWth and fueled with
uranium nitride (UN) fuel which has a natural nitrogen isotopic abundance. The objective of the optimization is the reduction
of the levelized fuel cycle cost (LFCC) while complying with the design constraints. Considering the challenges associated with
using natural nitrogen in nitride fuel, a second study was performed to design a competitive 15N-enriched UN-fueled long-life
core LFR. Based on this design, the cost of the 15N enrichment process necessary to achieve a competitive LFCC was calculated.

1. Introduction

The current fleet of commercial nuclear power plants in the
United States is based solely on light water reactor (LWR)
technology. Advanced reactors are being developed that
can offer improved safety, economics, nuclear fuel utiliza-
tion, and proliferation resistance to meet future energy
needs. The Generation IV International Forum (GIF) evalu-
ated 130 advanced reactor concepts and identified six prom-
ising technologies for the next generation of nuclear power.
Two of the six technologies were liquid metal fast reactors
(LMFRs). These technologies were the sodium fast reactor
(SFR) and the lead fast reactor (LFR). Several LFRs are under
development worldwide, including the Westinghouse lead-
cooled fast reactor in the United States [1], the advanced lead
fast reactor European demonstrator (ALFRED) in Europe [2],
BREST-OD-300 in Russia, and the proliferation-resistant
environmental-friendly accident-tolerant continuable and
economical reactor (PEACER) in the Republic of Korea [3].
This work has been developed to aid in the efficient design
of LFRs.

The design and optimization of reactor cores are key for
improving the economy of the fuel cycle and the safety of the
core. At a basic level, the design of LMFR cores considers
neutronics, thermal hydraulics, structural mechanics, and
economics phenomena. A reactor core design process can
be summarized in three steps. In the first step, the objectives,
constraints, and materials to be used in the technology are
identified. In the second step, the preliminary reactor design
is conceptualized. In the third step, the reactor design is
optimized.

Traditionally, the preliminary design step is done by an
experienced designer. The process requires starting with a
good initial guess. The designer then iterates over the design
trying to improve the economic, thermal hydraulics, struc-
tural mechanic, and safety performances of the core. After
this, depending on the design objectives and nature of the
design process, the designer can decide the strategy, algo-
rithm, and tools to explore an optimized reactor core design.

LWR design is relatively mature and the geometry rarely
changes. Therefore, in LWRs, the predominant style of opti-
mization in core design is a combinatorial optimization
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which is concerned with finding an optimal fuel arrange-
ment. Examples of such a problem include boiling water
reactor (BWR) fuel assembly design and pressurized water
reactor (PWR) fuel core loading design. Such problems fea-
ture a large search space that can grow up to 1031 possible
evaluations. Several approaches for optimizing this problem
are found in the literature. Examples include, but are not
limited to, simulated annealing [4, 5], reinforced learning
[6], Tabu search [7], particle swarm algorithm [8], and
genetic algorithms [9].

Compared to LWRs, LMFR geometry is still unknown,
and a feasible geometry must be searched in the design pro-
cess. The thermal hydraulic-neutronic coupling is weak in
LMFRs. This is due to two factors. First, the liquid metal
in an LMFR is only a coolant (i.e., no moderation as in
LWRs). Second, the axial variation in the liquid metal cool-
ant density in LMFR is small compared to that of water cool-
ant in LWRs. As a result of this weak coupling, the process of
attaining a reliable design is more flexible. Thus, in the pre-
liminary design process for LMFRs, the focus is expected to
be on finding a reliable geometry for the fuel assembly. In
addition, fast reactors have a much larger neutron mean-
free-path and are more tightly coupled than an LWR.
Therefore, it is important to perform the optimization on
a full-core level. In literature, methodologies for the prelim-
inary design of LMFR cores take the style of an iterative
process to attain a fuel assembly design. As an example,
the assembly design and optimization (ADOPT) was devel-
oped to perform LMFR assembly design [10]. ADOPT per-
forms an iterative multiphysics (geometric, neutronic,
structural mechanic, and thermal hydraulic) evaluation of
the assembly design. ADOPT uses objectives and constraints
provided by the user to derive an initial guess. Then, by iter-
ating over the different code modules, an optimized core
geometry is achieved. The methodology in ADOPT focuses
on the design and optimization of reactor cores with the
breed and burn operation strategy.

Another methodology for the design and optimization of
the LMFR core was suggested and implemented in the core
design and optimization (CODOPT) code [11]. CODOPT
iterates between three modules. These are the geometry,
neutronics, and thermal hydraulics modules. The coupling
between the neutronics and thermal hydraulics considers
the variation of material temperature. The code was used
to optimize the M2LFR-1000 LFR core [12].

In this work, a new general-purpose exploratory design
and optimization methodology (DOM) for LMFRs is pro-
posed. The methodology follows the constrained nuclear
design principles [13] and uses a noniterative approach.
DOM is based on two principles. These are the efficient sam-
pling of the search space and performing initial screening on
the samples to identify invalid ones prior to performing the
expensive multiphysics calculations. In the current imple-
mentation of DOM, the core analysis is performed using
the multiphysics simulation suite LUPINE [14]. The physics
accounted for in the analysis are neutronics, thermal
hydraulics, thermal expansion, and fuel cycle cost as sum-
marized in Figure 1. DOM is suggested to replace the pre-
liminary design in the traditional design process and

dispenses with the iterative process between different phys-
ics. The future development of DOM can be improved by
introducing more physics to the analysis, including fuel per-
formance and safety analysis.

DOM was demonstrated through two scenarios. Both
scenarios were searched to achieve a reliable reactor geome-
try and fuel enrichment. In the first scenario, the Westing-
house long-life core LFR (WLFR) was optimized with the
objective of reducing the levelized fuel cycle cost (LFCC).
In the second scenario, 15N-enriched uranium nitride-
(UN-) fueled long-life core LFR is designed. The rationale
behind the second scenario is the realization of the advan-
tages of utilizing 15N in the fuel instead of 14N, as will be
described in Section 6. Based on this new design, the cost
of 15N enrichment process required to make the fuel cycle
economically competitive is calculated.

The paper is organized as follows. A general description
of DOM is presented in Section 2. The WLFR design is pre-
sented in Section 3. The theory and details of applying DOM
to LMFRs design and optimization is presented in Section 4.
In Section 5, the results of the first demonstration scenario
are presented. Section 6 studies the buildup of 14C in the
original WLFR and the new design found by DOM for the
15N-enriched UN-fueled LFR core. The conclusions of this
work are presented in Section 7.

2. The Design and Optimization
Methodology (DOM)

Optimization is the process of finding system inputs which
result in the best outcome(s) of that system. The traditional
and obvious method of investigating a search space is to use
a full factorial design. To do a full factorial design, the search
space is first discretized, and the objective function is evalu-
ated for every possible combination of explanatory variables
on the grid. Depending on the number of explanatory var-
iables and the size of the discretization, the number of
possible cases can grow large, rendering the problem compu-
tationally expensive. Instead of evaluating every combination
of explanatory variables in the space, the computational bur-
den can be alleviated by performing the sampling. Sampling
methods include Monte Carlo (MC) sampling or design of
experiment (DOE) sampling (Latin hypercube sampling
(LHS) is a well-known example of DOE).

DOM is suggested as a methodology for the efficient
exploration of a search space. The methodology achieves
its goal by applying two principles. The first is the efficient
sampling of the search space. The second is the initial iden-
tification of invalid design samples withdrawn from the
search space prior to performing computationally demand-
ing multiphysics analysis. In applying the second principle,
a simplified initial screening method is set up. Design sam-
ples are evaluated using the screening method and rejected
if they violate the design constraints. Design samples that
pass the initial screening are evaluated using the multiphy-
sics analysis. After this, the results from the multiphysics
analysis are compared again against the design constraints.
Cases that violate the constraints are excluded from further
processing. For the rest of the cases, the objective function

2 International Journal of Energy Research



is calculated, and seeds are identified. A seed is a design sam-
ple that is believed to be close to local or global optima. After
this, a local optimization can be used to find an optimized
design. The application of DOM for the design of LMFRs
as used in this work is presented in Section 4.

3. Westinghouse Long-Life Core LFR (WLFR)

Recently, the long-life LMFR design has been recognized as
an economical option for LMFRs operation. A long-life core
can be broadly defined as a 20+ year core that does not shuf-
fle or refuel the reactor core. The long-life core has some
practical and economic advantages. For example, a long
refueling interval does not have reactor refueling outages,
which increases the operational capacity factor. In addition,
with the absence of fuel shuffling, refueling equipment is not
required on the reactor site. From a proliferation point of
view, the reactor vessel is sealed for a very long time, which
results in reduced proliferation risk. On top of this, with the
long-life operation strategy, such reactors can be used in
remote places where other sources of energy can be expen-
sive and/or impractical. Due to these advantages, LMFR
long-life core concept has been suggested with different sizes
and for different purposes [15–17]. Some long-life core con-
cepts are more mature and have been studied extensively.
Examples include the constant axial shape of neutron flux,
nuclide densities, and power shape during life of energy pro-
duction (CANDLE) SFR [18] and the small secure trans-
portable autonomous reactor (SSTAR) LFR [19]. As
mentioned earlier, the WLFR [1] was used to demonstrate
DOM in this work. The WLFR will serve as the reference
core for the DOM optimization. In this section, the WLFR
design description and constraints are presented.

The WLFR is a 950 MWth, modular, medium size, lead-
cooled fast spectrum reactor. The design leverages the bene-
fits of long refueling intervals to achieve economic competi-
tiveness. The reactor core uses UN fuel with natural nitrogen
composition. The selection of UN fuel is based on its supe-
rior neutronic and thermomechanical behavior, in addition
to its compatibility with reactor materials and liquid metal
coolants.

The reactor uses hexagonal fuel assemblies. Due to pres-
sure drop and coolant speed constraints, the WLFR fuel
assemblies were designed with large pins and large pin spac-
ing. Due to the corrosive and erosive nature of liquid lead to

structural material, a soft constraint of 2m/s was imposed
on the lead speed in the WLFR. It should be noted that the
maximum allowed lead coolant speed in the literature ranges
between 2m/s and 3m/s [20]. Due to the large spacing
between the fuel pins, a spacer grid is used to support the
fuel pins, compared to the more tightly packed SFR fuel
assembly designs that use wire wraps for fuel pin spacing.
The clad and structural materials for the reactor are made
of the double-stabilized low-swelling austenitic steel (DS4).
The loose fuel lattice packing does not negatively impact
the neutronic performance of the core because of the large
atomic mass nuclei of lead, which constricts their ability to
moderate fast neutrons. The initial reactor design was opti-
mized using the coupling of the DAKOTA code with the
Argonne National Laboratory (ANL) fast reactor code suite
[1]. The specifications of the WLFR are shown in Table 1.
The design objectives and constraints are presented in
Table 2. The initial fuel assembly design is presented in
Table 3.

A midplane view of the core is shown in Figure 2. The
core is composed of three radial regions with different levels
of 235U enrichment. These regions are referred to as the
inner core, middle core, and outer core which are denoted
as IC, MC, and OC, respectively, in Figure 2. The fuel assem-
blies have a constant axial composition in the fuel region.
The active core is radially surrounded by a ring of reflector
assemblies (denoted as REF) and a ring of shield assemblies
(denoted as RSH). Reactor control is achieved by control
rods and safety rods. The location of the control and safety
rods in the core map is denoted as EMP. The core has a
sixth-core symmetry, which is used in the simulation to
reduce the computational cost. It should be mentioned that
no control rod models were considered in the studies pre-
sented in this work. The control and safety rod locations
were modeled as ducts filled with coolant.

The modeling and simulation of LFRs in this work were
performed using the multiphysics suite LUPINE [14]. More
details will be provided on LUPINE in Section 4.3. The core
was depleted for 25 effective full power years (EFPY). This
cycle length was selected to match the cycle length of the
original WLFR design [1]. Figure 3 shows a beginning-of-
cycle (BOC) and end-of-cycle (EOC) power distribution in
the WLFR sixth-core model active fuel region. The figure
shows that the WLFR power peaking shifts from the periph-
ery of the core towards the center as the core depletes.

Defne objectives
constraints and

reactor materials

Termal
expansion

Economics

Attain a competitive
core design

(seed)

Optimize

Neutronics

Termal
hydraulics

Figure 1: General design process using DOM.
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4. Application of DOM in LMFR Design

For the specific application of DOM in the design of long-
life core LMFRs, the process can be summarized in six steps,
which are presented in Figure 4. A Python program was
written to perform the steps in the DOM design process.
This section contains a detailed description of each step in
this process.

4.1. Sampling the Search Space. The most popular DOE
approach is the LHS. Compared to MC, LHS is known for
a better coverage of the search space for a certain budget
of samples [21]. LHS is a space-filling DOE approach aiming
to generate evenly-spread design samples across a search
space [22]. In the simplest form of performing LHS, assume
that one is interested in sampling p points from a d
-dimensional space. The matrix X = ½x1, x2,⋯xp�T contains

the total samples. Row xi = ½xð1Þi , xð2Þi ⋯ xðdÞi � represents the
ith sample. The LHS algorithm divides each dimension of
the d-dimensional space into p strata with marginal proba-
bility of 1/p on a square grid and samples the design param-
eters such that there is only one sample in each variables bin
(i.e., called Latin hypercube) [23].

As a simple demonstration for the LHS, a two-
dimensional search space can be used. Figure 5 shows five
samples withdrawn from a bivariate search space using
LHS. In this figure, one can notice that the space was sam-

pled with one (and only one) sample in each variable bin.
LHS was used in this work to sample the search space.

For the application of DOM in LMFR design, the param-
eters that constitute the search space were the pin radius (R),
pin pitch-to-diameter (P/D) ratio, fuel height (H), fuel
assembly pitch (PA), and three core zone enrichments. It
should be noted that the P/D ratio sampling in DOM is used
to select the number of fuel pins per assembly.

The LHSs are generated in this work using the Latin
hypercube sampling with multidimensional uniformity
(LHSMDU) package in Python [24, 25]. The LHSMDU-
generated samples are normalized on ζi ∈ ½0, 1�. Assuming that
an explanatory variable X is to be sampled in the domain ½
Xmin, Xmax�, the sample Xi can be calculated according to

Xi = Xmin + ζi Xmax − Xminð Þ: ð1Þ

Once the samples are prepared, the geometric explanatory
variables of a sample will be used to derive other geometric
parameters in the assembly design. The number of fuel pins
per assembly is obtained using the design sample assembly
pitch, fuel pin radius, and the P/D ratio. It is calculated by pop-
ulating fuel channel rings in the fuel assembly in an iterative
process and comparing the diagonal inside the assembly duct
to the span of the fuel channels across the diagonal. A demon-
stration of this process is provided in Figure 6. The clad thick-
ness is calculated using the pin radius using a user-provided
cladding thickness ratio (CTR) [10] which is defined as

CTR =
tclad
2R

: ð2Þ

The CTR utilized in this work is 0.05358 as calculated
from the original design [1]. Similar to the CTR concept, the
assembly duct thickness was calculated using a user-
provided duct thickness ratio (DTR) which is defined as

DTR =
tduct
PA

: ð3Þ

While a more accurate method for calculating the clad
and duct thicknesses in an LMFR can be used, the DTR

Table 3: WLFR assembly design [1].

Parameter Value

Assembly pitch (cm) 16.3

Pitch-to-diameter ratio 1.143

Number of fuel pins per assembly 61

Fuel pellet radius (cm) 0.7524

Fuel pin radius (cm) 0.8485

Fuel pin pitch (cm) 1.8925

Active fuel height (cm) 220

Inner core enrichment (%) 10.3

Middle core enrichment (%) 11.8

Outer core enrichment (%) 13.8

Table 1: WLFR general reactor specifications [1].

Parameter Value

Core power (MWth) 950

Structural and cladding material DS4

Total number of assembly locations 451

Number of fuel assemblies 289

Active fuel height (cm) 220.0

Coolant inlet temperature (K) 693.15

Number of core enrichment regions 3

Cycle length (EFPY) 25

Average coolant velocity (m/s) 1.49

Inner core enrichment (%) 10.3

Middle core enrichment (%) 11.8

Outer core enrichment (%) 13.8

Fuel porosity (%) 15

Table 2: Constraints of the WLFR [1].

Parameter Value

Maximum clad surface temperature (K) 1023

Maximum fuel temperature (K) 1773

Maximum fuel burnup MWd/kgHMð Þ 200

Fuel enrichment (%) <19.9
Coolant speed m/sð Þ (soft constraint) <2
Target refueling interval (years) 10-30

Interassembly gap (cm) 0.4
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and CTR concepts are provided as a means to calculate rea-
sonable values for these design parameters. Finally, the fuel-
cladding gap thickness and interassembly gap were selected
to be 5:13 × 10−3 cm and 0:4 cm, respectively, for all design
samples.

4.2. Initial Thermal-Hydraulic Screening. In the second step
of DOM (as in Figure 4), the method attempts to identify
invalid design samples withdrawn from the search space
and exclude them before being evaluated with the computa-
tionally expensive multiphysics analysis tools. A simplified
thermal-hydraulic model was built and used to perform this
initial screening step. The following is a description of the
screening process.

Based on assumptions of the radial (rp) and axial (rz)
power peaking factors, a hottest fuel channel model is con-

structed for each design sample produced in the sampling
process. The hottest channel model consists of one-
dimensional steady-state axial convection and radial con-
duction solutions from which the fuel pin component tem-
peratures are calculated. If the model shows a violation for
the design constraints, the sample will be excluded from fur-
ther processing. The user can control the number of rejected
designs by adjusting the peaking factors assumed. With this,
the user can control the degree of conservatism in the explo-
ration process.

The power peaking factor is related to the linear power
density as

r = rp × rz =
q°′
qavg′ , ð4Þ

Figure 2: Midplane view of the WEC long-life core LFR.
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where q∘′ and qavg′ are the maximum and average linear
power densities in the core, respectively.

The axial linear power profile for the hottest channel
model is assumed to have a chopped-cosine function shape.

q′ zð Þ = qo′ cos
πz
Lχ

� �
, ð5Þ

where L is the active fuel height and z ∈ ½−L/2, L/2� is the
axial location in the fuel element. χ is the chopped-cosine
factor. To calculate χ, the average linear power density for
the hottest channel is calculated using Equation (5).

qavg,°′ =
1
L

ðL/2
−L/2

q′ zð Þdz = qavg′ × rp: ð6Þ
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Figure 3: (a) BOC and (b) EOC power distribution of WEC long-life core LFR active core region.
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As a result, the converted axial peaking factor can be cal-
culated by solving Equation (7) for χ

rz =
π

2χ sin π/2χð Þ : ð7Þ

The hottest fuel pin is axially divided into K axial zones
as shown in Figure 7. In each axial zone, an energy balance
equation is solved to obtain the zone exit temperature. The
energy balance in an axial zone j is presented in the follow-
ing equation:

_m
ðT j z ′ð Þ
T j,in

Cp Tð ÞdT =
ðz ′
z j,in

q°′ cos
πz
χL

� �
dz, ð8Þ

where z′ ∈ ½zj,in, zj,out�. The axial levels zj,in and zj,out are the
axial elevation of the inlet and outlet of the axial zone j,
respectively. CpðTÞ is the heat capacity of the coolant at tem-
perature T . Given that the core coolant inlet temperature is
known, the energy balance can be used to solve for the cool-
ant temperature along the whole hottest channel model. If

the axial zone height is small enough, Equation (8) can be
reduced to

_mCp T j,in
À ÁðT j z ′ð Þ

T j,in

dT =
ðz ′
z j,in

qo′ cos
πz
χL

� �
dz: ð9Þ

By solving Equation (9) for T jðz′Þ, the coolant tempera-
ture as a function of elevation in zone j can be calculated
according to Equation (10). When z′ = zj,out, Equation (10)
calculates the outlet temperature of zone j.

T j z′
� �

= T j,in +
qo′χL

π _mCp T j,in
À Á × sin

πz′
χL

 !
− sin

πzj,in
χL

� � !
:

ð10Þ

At each axial zone, the zone coolant outlet temperature
is used to calculate the material temperatures radially in
the fuel pin using the steady-state convection and conduc-
tion models. Using Newton’s cooling law, the outer clad sur-
face temperature in zone j can be calculated as follows:

T j,oc = T j,out +
qj′

2πhjroc
, ð11Þ

where hj is the heat transfer coefficient. It is calculated using

hj =
Nuj × k T j,out

À Á
De

, ð12Þ

where kðTÞ is the coolant conductivity and Nu is the Nusselt
number, which can be calculated using the Subbotin-
Ushakov correlation [26, 27].

Nuj = 7:55
P
D

− 20
P
D

� �−13
+

3:67
90 P/Dð Þ2 × Pe0:56+0:19×P/D,

ð13Þ

where the P/D is the pin pitch-to-diameter ratio. It should be
noted that the correlation is valid on 1:0 ≤ P/D ≤ 2:0 [27].
This correlation for the Nusselt number can be used for both
sodium and lead coolants.

A one-dimensional conduction equation is solved in the
cladding to obtain the temperature in the inner cladding sur-
face. The cladding inner surface temperature can be calcu-
lated using the cladding outer surface temperature as

T j,ci = T j,co +
qj′

2πkc
ln

roc
rci

� �
, ð14Þ

where kc is the clad conductivity, rci is cladding inner radius
and rco is the clad outer surface radius. Another one-
dimensional conduction model is developed for the gap

Sample the search space

Identify invalid designs.

Perform multiphysics analysis.

Perform a second screening.

Select seeds in the search space.

Select optimization algorithm and
use the seed as initial guess (Optional).

1

2

3

4

5

6

Figure 4: Steps of using DOM in the process of designing LMFRs.

x1

x2

Figure 5: Example of withdrawing 5 samples from a bivariate
search space using LHS.
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region. From this, the fuel outer surface temperature is cal-
culated using the cladding inner surface temperature as

T j,f r f
À Á

= T j,ic +
qj′

2πhg
ln

ric
rf

 !
, ð15Þ

where hg is gap conductance. Finally, to obtain the fuel cen-
terline temperature, a one-dimensional conduction model is
solved in the fuel region. The centerline temperature can be
calculated using the fuel surface temperature as

T j,f 0ð Þ = T j,f r f
À Á

+
qj′

4πkf
, ð16Þ

where kf is the fuel conductance and rf is the fuel pellet
radius.

It should be noted that the hottest pin model is an
approximate model. It is only used to set a lower limit for
pin design reliability. For this reason, parameters like the
material conductivity can be set to a conservative value with
no need for a detailed model.

The initial thermal-hydraulic screening is used to elimi-
nate designs with obviously high fuel and cladding tempera-
tures. The user can control how many designs pass this
screening process by adjusting the radial and axial peaking
factors.

4.3. Multiphysics Analysis. The multiphysics analysis in this
work was performed using the LMFR Utility for Physics
Informed Nuclear Engineering (LUPINE) multiphysics sim-
ulation code [14, 28]. This code solves coupled neutronics,
thermal hydraulics, and thermal expansion models and can
perform depletion calculations, which enables fuel cycle
analysis. The neutronics solver is based on the finite ele-
ments method (FEM). It employs a general unstructured
mesh to solve the simplified PN multigroup (SPN) neutron
transport equations with arbitrary truncation error N . The
thermal-hydraulic model calculates the coolant temperature
in each assembly at each axial level. Then, using a conduc-
tion model, the radial material temperatures in the fuel pin
are calculated. Based on the average material temperatures,
the thermal expansion model expands the finite volumes
while preserving the material masses. The coupled multi-
physics equations are solved simultaneously using a Picard
iteration. Following the neutronic solution, the thermal
hydraulics and thermal expansion solutions are calculated.
Using the component temperatures and the expanded
material number densities, the cross sections are updated
in preparation for the next iteration. The single physics
solvers are part of the code, and all operations are per-
formed internally within LUPINE.

The depletion model of LUPINE depletes each individ-
ual assembly at each axial level. It uses a Chebyshev rational
approximation method (CRAM) solver to solve the deple-
tion matrix [29]. With these capabilities, LUPINE can accu-
rately calculate nuclide number densities in the core through
the fuel cycle. LUPINE also enables the easy handling of
reactivity coefficient calculation.

Figure 7: Axial discretization of the hottest fuel channel.

(a)

Pinner duct

dcorner to corner

tduct

2
a/2

(b)

Figure 6: Process of calculating the number of pins in a fuel assembly (a) populating rings (b) compare to inner duct diagonal.
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Mesh regions in LUPINE are modeled as smeared mate-
rial regions. This is a standard practice in LMFR modeling,
given the large fast neutrons mean-free path. Cross sections
for LUPINE are generated by the MC2-3 code [30] devel-
oped by Argonne National Laboratory. The energy group
structure used in all simulations is the default 33-group
structure in MC2-3. To support the multiphysics calcula-
tions, microscopic cross sections are generated at four differ-
ent temperatures, and LUPINE interpolates the cross
sections using local temperatures. The fuel temperature is
interpolated with a square-root interpolation.

For the accurate modeling of LMFRs, the straight-
forward approach is to generate a unique cross-section
library for each of the designs being modeled. However, such
a practice would impose a large computational burden on
the design process. Instead, a single microscopic cross-
section library was generated for the reference design, and
this library was used for all designs. Since it is a microscopic
cross-section library, the density and geometric variations
are accounted for by adjusting the number of densities. All
the microscopic cross sections are still a function of temper-
ature. To evaluate the effect of using a single microscopic
cross-section library in the design process, the final opti-
mized core was rerun using the reference cross-section
library and a library generated specifically for the optimized
core. The difference between the two results was less than 30
(pcm), which shows that using a single microscopic cross-
section library is accurate.

In the current implementation of DOM, the multiphysics
methodology only considers neutronics, thermal hydraulics,
and thermal expansion. As a future development, the method-
ology can be enhanced by introducing fuel performance and
shutdown margin in the decision-making process. Addition-
ally, a full safety analysis on the designs found by DOM is nec-
essary to assure the safe operation of the core.

4.4. Post Processing. This subsection describes the last three
steps in the process of designing LMFRs using DOM
(Figure 4).

Once the multiphysics analysis is done for all design
samples that survived the initial thermal-hydraulic screen-
ing, the results are analyzed. The design parameters are
determined and compared to the design constraints. If the
design violates the design constraints, it will be excluded
from further processing. If the design shows compliance
with the constraints, an objective function is determined.
In this work, the objective of the search process was to min-
imize the LFCC. Based on this, LFCC was used as the cost
function.

The LFCC is a quantity that measures the cost of the
nuclear fuel cycle. It includes the cost of extraction of the
ore, conversion, enrichment, fabrication, disposal, and car-
rying costs. It is worth mentioning that LFCC does not
include capital or operation and maintenance (O&M) costs.
In the LFCC analysis of this work, the fuel cycle component
costs used are presented in Table 4. Additional assumptions
used in performing the analysis are presented in Table 5. For
more details on calculating the LFCC, the reader is referred
to Al-Dawood [31].

Once the objective function is calculated for successful
design samples, a seeding process is performed. A seed is
defined as a design sample which is believed to be close to
an optimum (local or global).

The process adopted in this work for seeding the search
space is as follows. All design samples with the same number
of pins per assembly are grouped together. The LFCC for all
design samples in each group is calculated. The design sam-
ple that has the smallest LFCC in each group is selected as a
seed. The seed can then be used as an initial guess to start the
local optimization. The local optimization step is an optional
step that was added to the original work of DOM described
by Al-Dawood [31].

The search algorithm used in the local optimization is
the Nelder-Mead algorithm [22]. The local optimization
uses the same decision variables, thermal-hydraulic screen-
ing, and multiphysics evaluations as the seed designs. The
local optimization is considered an optional step in DOM
because there is an inherent trade-off between the number
of seed evaluations and the effectiveness of the local search.
If the number of seeds is reduced, the local search increases
the overall effectiveness of the search. As the number of
seeds increases, the local search is less effective in helping
the search. Therefore, if the number of seeds is significant,
the local search is not needed.

Table 4: Fuel cycle component costs [1].

Cost type Unit Value

Ore cost $/lb 40

Conversion cost $/kg 10

SWU cost $/kg 70

Fabrication cost $/kgU 500

Decontamination and dismantling
(D&D) rate

$/month 82494

Disposal $/MWe.Hr 1

Table 5: Additional fuel cycle cost component assumptions.

Item Unit Value

Escalation rate % 0

Fabrication escalation rate % 5

Preoperation carrying charges % 6

Carrying charges rate % 2

Property tax rate % 0

Conversion loss % 0.5

Fabrication loss % 0.1

Enrichment loss % 0.5

Feed enrichment % 0.71

Tail enrichment % 0.25

Conversion to enrichment time Days 60

Enrichment to fabrication Days 60

Fabrication to startup Days 120

Capacity factor % 93.5
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5. Optimization of WLFR

DOM is suggested as a methodology for designing and opti-
mizing LMFRs. In this section, the utilization of DOM is
demonstrated. DOM was used to further optimize the
WLFR design. The objective of the optimization was to
reduce the LFCC while complying with the design con-
straints. The multiphysics analysis was performed using
LUPINE. The fuel cycle analysis performed in this work uses
the 2019 nuclear power capacity factor, which is 93.5%.

The domain of the search space is shown in Table 6.
Since the WLFR is an existing design, it can serve as a good
initial guess for the optimization. In addition, the design
search space can be relatively tight because a good initial
guess existed.

In the modeling and simulation for the design samples of
this demonstration study, the EOC is considered to be
reached once the core multiplication factor drops below
the critical eigenvalue, which is considered to be 1.004373.
This value was selected to match the 25 EFPY cycle length
calculated for the original design [1].

From the search space, 1500 samples were generated
using LHS. Of these, 34.5% (518 samples) passed the initial
thermal-hydraulic screening. For each of these, LUPINE
was used to perform the multiphysics simulation. Each
design sample was depleted until the EOC. The simulation
results for each case were then compared to the design con-
straints. From the cases that pass the second screening, one
seed design sample is presented along with the original
design from Westinghouse in Table 7.

An LFCC analysis was performed for the original WLFR
design. It was found that LFCC for this design was $6.98/
MWe.hr. This value is smaller than the LFCC reported for
the original design [1]. The differences are expected to be
due to different methodologies and costs in accounting for
LFCC. The detailed economic model used for the original
WLFR is not known. For example, the values used in
Table 5 were not reported for the original WLFR design
[1]. However, it should be noted that the LFCC cost used
for all the designs presented in this paper is consistent which
qualifies a qualitative comparison between the designs.

The seed design can maintain criticality for 27.6 EFPY
compared to 25 EFPY for the original design. The seed
design achieves a 2.8% reduction in the LFCC, with a value
of $6.79/MWe.hr. This reduction corresponds to about $18
million of savings over the life of the reactor. The maximum

and average burnup in the seed design is 190MWd/kgHM
and 119MWd/kgHM, respectively.

The Nelder-Mead algorithm [22] is then used to perform
local optimization for the seed design. The seed design is
used as an initial guess for the Nelder-Mead algorithm.
The optimized design is also presented in Table 7. The opti-
mized design has an LFCC of $6.69/MWe.hr, which is 4.2%
lower than that of the original design, and it maintains crit-
icality for 28.3 EFPY. This corresponds to a refueling inter-
val of 30.28 years which is slightly longer than the 30 years
requirement considering the capacity factor used in this
paper. The average and maximum burnups in the optimized
design are 123MWd/kgHM and 195MWd/kgHM, respec-
tively. The multiplication factor profile as a function of
depletion time for the original, seed, and optimized designs
is presented in Figure 8. These results demonstrate the
DOM capability to minimize the LFCC.

It should be noted that the improvement on the LFCC
introduced to the WLFR using DOM is relatively small
because the WLFR was already an optimized design. The
strength of DOM is in the design of new cores, where no

Table 7: Comparison of original, seed, and optimized WLFR.

Parameter
Original
design

Seed
design

Optimized
design

Assembly pitch (cm) 16.3 16.25 16.158

Pitch-to-diameter ratio 1.143 1.1296 1.1219

Number of fuel pins per
assembly

61 61 61

Fuel pellet radius (cm) 0.7524 0.7594 0.7613

Fuel pin radius (cm) 0.8485 0.8564 0.8584

Fuel pin pitch (cm) 1.8925 1.8889 1.8795

Active fuel height (cm) 220 220 215.7

Inner core enrichment (%) 10.300 10.084 10.088

Middle core enrichment (%) 11.800 11.264 11.322

Outer core enrichment (%) 13.800 14.552 14.898

Cycle length (EFPYs) 25 27.6 30.28

LFCC (MWe.Hr) 6.98 6.79 6.69

BOC 235U masses (kg)

IC 2232 2227 2195

MC 2331 2267 2245

OC 5224 5612 5662

Core total 9787 10105 10102

BOC 238U masses (kg)

IC 19441 19854 19563

MC 17422 17857 17585

OC 32634 32956 32344

Core total 69496 70667 69493

BOC total core HM masses (kg)

IC 21673 22080 21758

MC 19752 20123 19830

OC 37858 38569 38006

Core total 79284 80772 79595

Table 6: Domain of the search space.

Explanatory variable Range

Assembly pitch (cm) [16.1, 16.3]

Pitch-to-diameter ratio [1.1, 1.3]

Pin radius (cm) [0.6, 0.9]

Active fuel height (cm) [200, 350]

Inner core enrichment (%) [7.21, 11]

Middle core enrichment (%) [11, 12]

Outer core enrichment (%) [12, 15]
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“good” starting guess is available. This will be demonstrated
in the next section.

6. 15N Enrichment Investigation

Uranium nitride fuel is a candidate fuel for fast reactors,
generally, and LFRs, specifically. This fuel offers several
advantages over other types of fast reactor fuels. In compar-
ison with oxide fuel, nitride fuel attains a larger fissile density
which enables nitride fuel to achieve higher burnup. In addi-
tion, nitride fuel has a higher thermal conductivity and bet-
ter compatibility with LMFR coolants. Compared to metallic
fuel, nitride fuel has a higher melting point. Based on this,
the nitride fuel has a potential to offer increased safety and
economic performance.

Despite the advantages that UN offers, there are several
challenges facing the utilization of this fuel. One of these is
the relatively high neutron absorption cross section of 14N
which deteriorates the neutron economy of the core [1].
Additionally, the (n, p) reaction of 14N results in the produc-
tion of 14C, which is a radiotoxic isotope that is characterized
by a long half-life (5730 years) and high mobility in the envi-
ronment. These issues can be alleviated by enriching the UN
composition to >90% in 15N. However, the problem of this
approach is the lack of experience with 15N enrichment tech-
nology on an industrial scale. Thus, there is a large uncer-

tainty in the reported values of the cost of this enrichment
process. Westinghouse reports that the estimated cost of
15N enrichment using centrifuge process is about $35/g
[32], which is considered a very high price. The report also
suggests three isotopic separation technologies as an alterna-
tive for the centrifugal process. These technologies are sum-
marized in Table 8 along with their estimated costs. In a
more recent reference by Wallenius [33], it was highlighted
that the currently used technology for 15N enrichment is
the isotopic exchange method. Wallenius mentioned that
on a laboratory scale of a few kilograms per year, the cost
of enrichment is $100/g of 15N. The source also mentions
that in order to make the 15N enrichment process economi-
cally effective for fast reactor technology, the cost should be
less than $10/g. Since the cost of enriched nitrogen is
unknown, this work will search for a breakeven cost which
will make the cost of an enriched nitrogen core equivalent
to that of the original WLFR core.

An advantage of using 15N compared to 14N in the fuel is
that 15N has a lower absorption cross section compared to
14N. The lower cross section can result in a reduced size core
or reduced 235U enrichment of the fuel, which presents an
economic advantage. For these reasons, we attempted to
explore the design of a 15N-enriched UN-fueled long-life
core LFR.

In this work, a second study is performed to demonstrate
DOM. The objective was to design an economic long-life
core LFR fueled with 15N-enriched UN fuel. The core is
referred to as the enriched nitrogen LFR (ENLFR). The core
configuration used in this study is different from that of the
WLFR. A midplane view of the new configuration for the
15N-enriched core is presented in Figure 9. The domain of
the search space utilized in the search for the ENLFR is pre-
sented in Table 9. This search space is wider than the one
used to optimize the WLFR. This is because DOM is used

1.035

1.030

1.025

1.020

1.015

1.010

1.005

0 5 10 15 20 25

Time (EFPY)

k e
ff

Original
Seed
Optimized

Figure 8: Multiplication factor as a function of depletion time for the optimized core.

Table 8: Isotope separation technologies pricing for 15N
enrichment according to Westinghouse estimates [32].

Technology Cost $/g

Laser isotope separation 0.5-1

Chemical exchange 1.5-2

Ion exchange 1.6
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here to perform a search without having a good initial guess,
which helps in demonstrating the exploratory capability of
DOM. The 15N enrichment was considered to be 93%. The
seed suggested by DOM is also presented in Table 10. No
local optimization was performed in this study.

The multiplication factor profile as a function of deple-
tion time in the ENLFR core is shown in Figure 10. The reac-
tor can maintain criticality for 20.5 EFPYs, but the
maximum burnup in the fuel will slightly exceed the con-
straint of 200MW/kgHM. A cycle length of 20.3 EFPY will
meet the maximum burnup constraint. The LFCC for this
core design break-even with the original design LFCC of
$6.98/MWe.hr occurs at a cost of 15N enrichment of about
$14/g. This cost is at least 40% higher than the reported

Figure 9: 15N-enriched core configuration.

Table 9: Domain of the search space for the ENLFR.

Explanatory variable Range

Pin radius (cm) [0.4, 0.9]

Pitch-to-diameter ratio [1.05, 1.3]

Assembly pitch (cm) [14, 16.5]

Fuel height (cm) [190, 250]

Inner core enrichment (%) [9, 11]

Middle core enrichment (%) [11, 13]

Outer core enrichment (%) [12, 15]
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value in Wallenius [33] for a fast reactor, which means the
ENLFR is competitive at a higher enriched nitrogen cost.
The ENLFR core lasts for a shorter cycle length compared
to the natural nitride-fueled core (i.e., the WLFR). However,
the goal of this design process is to find a core with a com-
petitive fuel cycle cost. In addition, the cycle length of the
ENLFR core is consistent with the cycle length constraint
of the WLFR (as presented in Table 2) [1].

Another advantage of using 15N-enriched UN fuel is a
reduction of 14C buildup in the core. Based on LUPINE sim-
ulation of the WLFR, the EOC 14C mass developed is about
36 kg. Thus, the 14C activity (α) at EOC is

α = 160390Ci: ð17Þ

The buildup of the 14C mass in the core as a function of
depletion time is presented in Figure 11. Based on this, the
specific activity due to 14C in the fuel material is about
2000Ci per metric ton initial heavy metal (MTHM). To
facilitate a comparison, the specific activity of 14C in LWR
spent fuel is less than 2Ci/MTHM [34]. Worth mentioning
is that MC2-3 does not include the 14C isotope cross section

in the library but has the natural carbon cross section. The
carbon isotopes, 12C and 14C, have similar energy-
dependent cross sections, which are small in the fast energy
range. Based on this, a judgment was made to use the 12C
cross section in order to model the neutron absorption in
14C through the simulation. The amount of 14C in the core
at EOC is about 2 kg, which corresponds to about 160Ci/
MTHM. The buildup of 14C isotope mass as a function of
time is presented in Figure 12.

7. Conclusions

This work presented the design and optimization methodol-
ogy (DOM) for LMFRs. The method is based on the effective
sampling of the search space and the identification of invalid
designs through an initial screening before performing mul-
tiphysics analysis. DOM was demonstrated through two
studies. The objective in both studies was to reduce the
LFCC. A 4.2% reduction on LFCC was achieved compared
to the original design. In the second study, DOM was used
to design a long-life core 15N-enriched UN-fueled core
(referred to as the ENLFR) with an economically

Table 10: Seed design for the ENLFR.

Parameter Seed design

Assembly pitch (cm) 16.106

Pitch-to-diameter ratio 1.1781

Number of fuel pins per assembly 91

Fuel pellet radius (cm) 0.5465

Fuel pin radius (cm) 0.6178

Fuel pin pitch (cm) 1.5244

Active fuel height (cm) 205.84

Inner core enrichment (%) 9.5345

Middle core enrichment (%) 12.791

Outer core enrichment (%) 14.259

Cycle length (EFPYs) 20.3
15N enrichment (%) 93.0
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Figure 10: Multiplication factor as a function of time for the 15N
core.
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competitive fuel cycle. It was found that a competitive LFCC
for the ENLFR can be achieved if the 15N enrichment cost is
$14/g or lower.

The paper also calculated the buildup of the 14C in both
the WLFR and the ENLFR core. It was found that the 15N
enrichment process can significantly reduce the buildup of
14C in the core.

Data Availability

The core design data used to support the findings of this
study are available from the corresponding author upon
request.
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