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Abstract - The US Department of Energy Office of Fuel Cycle Technologies performed an 
evaluation and screening (E&S) study of nuclear fuel cycle options to help prioritize future 
research and development decisions. Previous work for this E&S study focused on establishing 
equilibrium conditions for analysis examples of 40 nuclear fuel cycle evaluation groups (EGs) and 
evaluating their performance according to a set of 22 standardized metrics. Following the E&S 
study, additional studies are being conducted to assess transitioning from the current US fuel cycle 
to future fuel cycle options identified by the E&S study as being most promising. These studies 
help inform decisions on how to effectively achieve full transition, estimate the length of time 
needed to undergo transition from the current fuel cycle, and evaluate performance of nuclear 
systems and facilities in place during the transition. These studies also help identify any barriers 
to achieve transition. Oak Ridge National Laboratory (ORNL) Fuel Cycle Options Campaign 
team used ORION to analyze the transition pathway from the existing US nuclear fuel cycle—the 
once-through use of low-enriched-uranium (LEU) fuel in thermal-spectrum light water reactors 
(LWRs) —to a new fuel cycle with continuous recycling ofplutonium and uranium in sodium fast 
reactors (SFRs). This paper discusses the analysis of the transition from an LWR to an SFR fleet 
using ORION, highlights the role of lifetime extensions of existing LWRs to aid transition, and 
discusses how a slight delay in SFR deployment can actually reduce the time to achieve an 
equilibrium fuel cycle.

I. INTRODUCTION

The United States (US) Department of Energy (DOE) 
Office of Fuel Cycle Technologies has performed an 
evaluation and screening (E&S) study of future fuel cycle 
options.1 More than 4,000 fuel cycle options were 
categorized into 40 evaluation groups (EGs) based on 
characteristics such as the fuel cycle type (once-through, 
limited recycle, continuous recycle), fuel resource 
(uranium and/or thorium), neutron spectrum (fast, 
intermediate, thermal), and need for enrichment. A total of 
9 high-level evaluation criteria with 22 metrics were used 
in the E&S study to determine the most promising fuel 
cycles. The study initially focused on the fuel cycle 
performance at equilibrium. The use of transition analysis 
helps determine a pathway from the existing US nuclear

fuel cycle (once-through thermal-spectrum light water 
reactors [LWRs] using low-enriched uranium [LEU]) to 
those identified as the most promising from the E&S study. 
Transition studies help to inform decisions on how to 
effectively achieve full transition, estimate the length of 
time needed to undergo transition from the current fuel 
cycle, evaluate the performance of the nuclear systems and 
facilities in place during the transition, and characterize the 
barriers and robustness of the transition pathway.

The fuel cycle analysis tool chosen by Oak Ridge 
National Laboratory (OrNL) is ORION2, which is 
developed and maintained by the National Nuclear 
Laboratory (NNL) in the United Kingdom. ORION has the 
capability to model both in-reactor irradiation of the fuel 
and decay after discharge. This is necessary to simulate all 
of the important nuclide production and destruction routes
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required to calculate accurate spent fuel compositions and 
associated metrics (e.g., decay heat, radioactivity, 
economics). ORNL initially benchmarked ORION models 
for an LWR fleet with once-through use of LEU and a 
sodium fast reactor (SFR) fleet with continuous recycle of 
plutonium (Pu), each at equilibrium, against analytical 
solutions available from Fuel Cycle Data Packages3 
(FCDPs). These FCDPs were prepared during the initial 
stages of the E&S study. The fuel cycle using SFRs with 
Pu recycle was identified as one of the most promising fuel 
cycle options during the E&S study. Once confidence in 
the individual ORION models for LWR and SFR fleets was 
obtained, the transition was modeled. This paper presents 
and discusses results from this transition study, as well as 
lessons learned during the fuel cycle simulation and 
analysis. Conclusions from the work include (1) 
highlighting the role of lifetime extensions of existing 
LWRs to aid transition and (2) discussion of how a slight 
delay in SFR deployment can actually reduce the time to 
achieve an equilibrium fuel cycle.

II. GENERATION OF CROSS SECTION
LIBRARIES WITH SCALE FOR USE IN ORION

ORION is able to simulate the full range of nuclear- 
related facilities (storage buffers, fabrication and 
enrichment plants, reprocessing facilities, and reactors). It 
can track over 2500 nuclides and can model decay and in
reactor irradiation. ORION’s ability to track the full 
isotopic mass flow between fuel cycle “objects” (with or 
without decay), including storage buffers makes it possible 
to model all important nuclide production and destruction 
routes that are imperative when calculating accurate spent 
fuel compositions and associated metrics (e.g., decay heat, 
radioactivity, proliferation resistance, and economics).

Prior to an ORION analysis, detailed lattice physics 
calculations are completed. Codes such as CASMO and 
ECCO-ERANOS, as shown in Reference 4, and SCALE5 
can be used to generate either burnup-dependent cross 
section libraries (for in-line depletion analysis in the 
“MPR” mode in ORION), or “recipes” (tabulated isotopics 
for a given fuel irradiation, used as “transfer coefficients” 
in ORION) for each reactor and fuel type used. The ability 
to use cross sections makes it possible to accurately model 
the irradiation behavior of a reactor and to estimate any 
feedback effects on new fuel compositions in a true 
dynamic sense. The recipe approach to modeling spent fuel 
from a reactor is to calculate the inventories for a given 
fresh fuel composition beforehand and enter these 
inventories directly into the fuel cycle model. Although 
this approach is suitable for modeling fuel cycles with a 
fixed input composition (e.g., once-through uranium 
dioxide [UO2] fuel cycle models and simple single recycle 
scenarios) or fuel cycles already at equilibrium, it is 
difficult to accurately model more complex scenarios 
involving multi-reuse fuel and isotopic changes that occur

during transition and on the approach to equilibrium.
Although ORION includes some sample reactor- 

specific burnup-dependent cross sections, ORNL has 
recently collaborated with NNL to couple SCALE and 
ORION, producing additional burnup-dependent cross 
section libraries that are specific to the fuel cycle options 
of interest. These steps enabled the development of 
reactor-specific burnup-dependent cross sections for 
multiple reactor types with multiple initial fuel 
enrichments. They were tested and benchmarked between 
ORION and original depletion results from SCALE. The 
introduction of this new capability therefore ensures 
fidelity between any design work or inventory calculations 
completed with SCALE and a resulting fuel cycle 
assessment using ORION.

III. BENCHMARKING FUEL CYCLE MODELS

It was important to verify ORION fuel cycle models 
for LWRs and SFRs to gain confidence in the results. The 
LWR and SFR equilibrium cycle results were compared to 
the mass flows presented in the FCDPs, which had simply 
been calculated with inventory codes.

Due to limited space, the results are summarized here 
from the LWR benchmarking exercise. The results from 
the equilibrium LWR model were within 0.1% agreement 
with the analytical results. ORION uses the enrichment, 
fuel residence time, and power generation to determine the 
fuel demand for the core and its lumped mass output. 
Therefore, the results showed that there was no effect on 
the lumped fuel material flow rates if the cross section 
libraries were changed. However, the cross section libraries 
determine the output of the individual isotopes from the 
reactor fleet after each cycle and will therefore have a 
primary impact on activity and decay heat metrics, but they 
will not have an effect on lumped mass flow rates.

Fig. 1 shows the ORION model for an SFR fleet 
(defined in the E&S study as EG23) at equilibrium, 
considered one of the most promising fuel cycle options 
from the E&S study.

Fig. 1. SFR Fleet
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For the SFR benchmarking exercise, the fuel in the 
SFR driver and blanket were modeled separately in order 
to correctly account for the mass flows through the two 
sections of the core. This ORION model (shown in Fig. 1 
for conceptual reference) was set up with recipes instead of 
cross section libraries to account for the discharged 
isotopic masses. This allowed the model to stay consistent 
with the analyses being performed using various other fuel 
cycle codes at other national laboratories in the US. These 
recipes were obtained from Idaho National Laboratory 
(INL). The model starts with a natural uranium (NU) 
buffer feeding into both a UO2 fuel fabrication facility for 
the SFR blanket fuel and a mixed oxide (MOX) fuel 
fabrication facility for the SFR driver fuel. NU is fed as a 
carrier material into the MOX facility only for the first 
year. In all subsequent iterations, recovered uranium (RU) 
is transferred to the MOX facility to act as the carrier, and 
plutonium (Pu) discharged from the core is transferred to 
the MOX fabrication plant as the fissile material. The 
remaining RU is transferred to the UO2 fabrication facility, 
and the NU buffer provides any makeup feed needed for 
the UO2 facility. An external fissile source feeds Pu into the 
fuel cycle just for the first year to start the reactor fleet, but 
after the first year, the Pu discharged from the SFRs is 
sufficient to fuel the fleet. Each fuel fabrication facility has 
a “tails” and “fuel fabrication loss” stream, but the tails 
stream is zero for the UO2 fabrication facility since 0.711 
wt% 235U is used in the SFR blanket fuel. Each reactor 
discharges fuel into their corresponding cooling facilities 
after 1-year cycles. From these cooling facilities, the spent 
fuel moves to a reprocessing facility where 99% of the U 
and Pu are recovered. There is a 1% loss in all materials 
entering the reprocessing facility due to reprocessing and 
separations losses. All minor actinides (MAs) and fission 
products (FPs) are separated and stored separately. The RU 
and Pu then feed back into the fuel fabrication facilities as 
described earlier.

An additional capability was added in ORION so that 
the U stream from the NU buffer to the UO2 fuel 
fabrication facility for the SFR blanket fuel had priority 
over the U stream from the NU buffer to the MOX fuel 
fabrication facility for the SFR driver fuel. This ensured 
that all RU was first used to produce the MOX fuel, and 
any remaining RU was diverted to the UO2 fuel fabrication 
facility with any makeup feed provided by the NU buffer. 
This prioritization of reactors and facilities in ORION is 
useful in determining which streams get priority.

The results from ORION have been summarized in 
Table I. The rounding of values possibly causes the slight 
differences observed when comparing the results from 
ORION to the FCDP6 results. Therefore, analytical 
calculations were performed using equations in Reference 
7, and the values were provided in the FCDP. These 
analytical results are provided in Table I. The ORION 
results are in excellent agreement with the analytical 
results for the same set of input parameters. The

differences between most of the values are all less than 
0.1%. However, the MA mass is ~14% higher in ORION 
than in the analytical results. This difference could be due 
to the type of materials assigned to the MA bin and 
requires further investigation.

TABLE I

Comparison of ORION Results with Analytical and FCDP 
Results

Material flow
(Units: tons) Equilibrium SFR results

Analytical results 
based on ORION

ORION input parameters FCDP5

Mass of fuel charged 1258.7 1258.8 1257.4

Mass of U charged 1096.3 1096.5 1095.2

Mass of Pu charged 162.4 162.4 162.2

Mass of fuel 
discharged

1258.3 1258.8 1257.4

Mass of U discharged 997.1 997.7 N/A

Recovered U (99%) 987.1 987.7 987.1

Mass of Pu discharged 165.7 165.8 N/A

Recovered Pu (99%) 164.0 164.1 163.1

Total MA 
(Np + Am + Cm)

1.7 1.5 N/A

Recovered MA (99%) 1.7 1.5 1.5

Total FP 93.8 93.8 N/A

Recovered FP (99%) 92.8 92.9 93.1

Fabrication loss 2.5 2.5 2.5

Reprocessing & 
separations loss

12.6 12.6 12.6

NU feed 111.3 111.3 110.6

IV TRANSITION ANALYSIS

The next step was to conduct the transition analysis, 
which begins with the LWR fleet in EG01 transitioning to 
the SFR fleet specified in EG23. The transition analysis 
involved coupling the equilibrium base cases, EG01 and 
EG23, which were previously modeled and benchmarked. 
Fig. 2 shows the ORION model for this transition scenario 
where 100 LWRs are gradually decommissioned and SFRs 
are brought online to meet the electric demand.

In this transition model, the individual models for the 
LWR fleet and the SFR fleet did not change from the 
equilibrium cases: however, the thermal efficiency of the 
SFR plant was reduced from 40% to 33.33% to be 
consistent with the assumptions from the E&S activity, and 
the total electric demand was lowered from 100 GWe-year
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to 90 GWe-year for the transition analysis, as required by 
the specification of the transition analysis (allowing for 
capacity factors). The cooling time for LWR used nuclear 
fuel (UNF) is 5 years and for the SFR UNF is 1 year. Fuel 
fabrication time for the LWRs is 2 years and for the SFRs 
is 1 year. The recipes for the LWR fleet and the SFR fleet 
were obtained from Argonne National Laboratory (ANL) 
and INL to ensure the ability to compare transition analysis 
results with other laboratories using different fuel cycle 
codes.

Fuel Cooling]

[Drive^pen^uell

[LWR fuel reprocessing plant]

Fig. 2. ORION model of transition from EG01 to EG23.

Transition is modeled in ORION by adding a 
reprocessing plant for LWR UNF from which 99% of the 
RU and recovered Pu are sent to the RU and Pu storage 
facilities and eventually to the SFR fuel fabrication 
facilities. The transition is achieved in ORION by 
specifying a condition within the “Dynamic reactor 
control,” where the Boolean condition for the SFR unit 
builds is “TRUE” if the Pu in storage is greater than x tons, 
i.e. there is enough Pu to build a new reactor. This amount 
can be set to any number so that the Pu in storage does not 
become zero at any point during the simulation. This Pu in 
storage comes from reprocessed LWR UNF produced after 
2015 and reprocessed SFR fuel from the newly 
commissioned SFR fleet. It is assumed that no legacy fuel 
from the LWR UNF prior to 2015 is used in the transition.

IV.A. Base Case

In the specifications for the base case, the LWR fleet is 
retired at a rate of 5 GWe/year starting in 2030. In other 
words, 5 LWRs are to be decommissioned every year from 
2030 onwards until all the LWRs are retired. Since the 
LWRs have a cycle length of 18 months, ORION can only

decommission LWRs at the end of a given cycle and will 
not decommission a reactor halfway through a cycle. 
Therefore, the decommissioning profile for the base case 
was modified in ORION to reflect the average 
decommissioning profile of 5 GWe/year from 2030 to 
2050. In 2030 for the first 18 months, 5 GWe/cycle is 
decommissioned, then 10 GWe/cycle for the next 18 
months followed by 5 GWe/cycle and then 10 GWe/cycle 
until all the LWRs have been decommissioned. This 
decommissioning pattern ensured that the overall profile 
followed a similar decommission rate as that specified in 
the transition scenario specifications. The transition 
scenario assumptions state that SFRs are first deployed in 
2040, which means that there is a decade when the 
electricity generated from the LWR fleet drops from 90 
GWe to about 45 GWe before the SFRs come online. This 
void in electricity generation can be avoided if:

(1) the legacy LWRs are replaced with new LWRs 
that come online for a few years,

(2) the current legacy fleet’s lifetime is extended so 
that they overlap with the SFR commissioning 
profile in order to avoid a deficiency in electricity 
generation, or

(3) after 2030, an external source of RU and Pu is 
injected into the system to allow for SFR 
deployment.

For the base case, this deficiency in electricity 
generation is unavoidable due to availability gaps of SFRs 
and/or material (Pu/RU) to fuel them. Therefore, SFRs 
cannot produce 90 GWe-year by 2100.

Fig. 3 shows that after 60 years, the first generation of 
SFRs is decommissioned due to the facility lifetime; these 
SFRs need to be replaced. Since the base case is not 
achievable without a considerable shortfall in electricity, 
the transition analysis focused on cases that would allow 
SFRs to transition successfully while maintaining the 
overall electricity generation at 90 GWe-year. Two such 
cases were produced and analyzed, and they are discussed 
below: (a) LWRs are decommissioned in 2055 with SFRs 
built as soon as sufficient Pu and RU becomes available, 
and (b) LWRs are decommissioned in 2051 and the SFRs 
have a ramped energy profile to control their builds in a 
ramped manner. Since the base case is unable to achieve a 
full effective transition, no further results are shown.

□ LWR Electricity Generated □SFR Electricity Generated

Fig. 3. LWR and SFR electricity generated.
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IVB. LWRs Decommissioning between 2055 and 2064 
with SFRs Built As Soon As Sufficient Pu and RU Becomes 

Available

In the first case, the LWRs are decommissioned very 
rapidly starting in 2055 and are fully decommissioned by 
2064. The SFRs begin deployment in 2055 and meet the 90 
GWe-year electric demand by 2066. This means that a 
successful transition requires lifetime extension of 20-25 
years (from initial operating life of 60 years) for about 50 
LWRs from 2030. SFRs are brought online when Pu in 
storage is sufficient to construct new SFRs. LWRs are 
decommissioned when SFRs come online so that the total 
electricity generated is ~90 GWe.

During transition, electricity generation can fluctuate 
because the cycle times are 18 months for LWRs and 12 
months for SFRs. Therefore, the total electricity generated 
will fluctuate due to the mismatching cycle times of LWRs, 
where LWRs are decommissioned at a different rate and 
time than when the SFRs are commissioned. Fig. 6 shows 
the total electricity generation from both LWRs and SFRs. 
In this figure, the large spike in electricity generation is 
caused by the mismatching cycle times of LWRs and 
SFRs. The LWR electricity generation is 45 GWe for time 
steps 2055.5, 2056, and 2056.5, and 17.1 GWe for time 
steps 2057, 2057.5, and 2058. The electricity generation 
stays constant for three 6-month time steps because the 
cycle length is 18 months. The SFR electricity generation 
is 45 GWe for time steps 2055.5 and 2056, and 73.8 GWe 
for time step 2056.5 and 2057. The electricity generation 
stays constant for only two time steps because the cycle 
length is 12 months. An overlap in electricity generation 
occurs in 2056.5 because the LWR fleet is waiting for the 
cycle to complete before it decommissions the next set of 
reactors but the SFR fleet has completed the previous cycle 
and is producing electricity from new SFRs. In reality, 
adjusting startup dates would smoothen these spikes.

Fig. 4 also shows that when the first generation of 
SFRs is decommissioned (after 80 years), it is possible to 
produce less than 90 GWe-year when the cores discharged 
from the first generation are being cooled and new fuel is 
being refabricated. There is not enough Pu in storage to 
build and replace the first set of SFRs that were 
decommissioned. However, once the fuel from the 
discharged cores have been cooled and refabricated, the 
electricity generation returns to 90 GWe-year, and the 
SFRs reach equilibrium after three years.

Fig. 5 shows the fuel loaded in the LWR and SFR 
cores with oscillations again caused by the reactor-specific 
cycle times. Since the time step is 6 months, there is zero 
fuel being loaded at the 6 and 12 month steps for the 
LWRs, and for the 6 month time step for the SFRs. A spike 
at the beginning in 2015 in the LWR fuel loading reflects 
all of the LWRs coming online at the beginning of the 
simulation. The LWRs then reach equilibrium, and SFRs 
start to be commissioned in 2055. There is a large spike in

the SFR fuel loaded after 80 years of operation (SFR 
facility lifetime) because a new replacement fleet is needed 
as the first generation of SFRs retires. The results in Fig. 5 
also show the size and number of fuel fabrication plants 
required for the LWR and SFR fleets. This fuel fabrication 
capacity is nearly constant for the LWR fleet, however, for 
the SFR fleet, the fuel fabrication capacity needs to be 
doubled for only a couple of time steps around 2135. This 
is not an ideal scenario because it requires constructing 
more fuel fabrication facilities to allow for this large fuel 
demand for only a few years.

□ LWR Electricity Generated □ SFR Electricity Generated

2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115 2125 2135 2145

Fig. 4. LWR and SFR electricity generated.
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Fig. 5. LWR and SFR fuel loaded.

Fig. 6 shows the LWR and SFR UNF reprocessed at 
each time step. The total UNF reprocessed each year can 
be calculated by adding the UNF reprocessed at two 6 
month time steps. The reprocessing demand is set to 3,000 
tons of heavy metal (tHM). The output streams from the 
reprocessing plant (RU+Pu) will be 1% less than 3,000 
tHM in order to account for the 1% reprocessing and 
separations loss. The reprocessing rate is constant at each 
time step from 2030 to about 2045, when there is enough 
LWR UNF in the cooled storage facility to feed into the 
reprocessing facility. After 2045, the LWR UNF cooled 
storage facility waits for more cooled fuel from the 
decommissioned LWRs or discharged LWR fuel after each 
cycle before sending the UNF to the reprocessing facility. 
Therefore, no fuel is passed to the reprocessing facility at 
certain time steps. This behavior is similar for the SFR 
UNF reprocessing facility; all SFR UNF is sent to the
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reprocessing facility as soon as it is in cooled storage, so 
the cooled storage facility waits for discharged fuel from 
the SFRs for two time steps (12 month cycle time) before it 
has enough UNF to send to the SFR reprocessing facility. 
The reprocessing capacity is set to a very high value in 
ORION to simulate unlimited SFR reprocessing capacity. 
As mentioned earlier, a spike in reprocessing rate occurs 
around 2135 when the first generation SFRs are 
decommissioned and their fuel is reprocessed to produce 
fuel for second generation SFRs. The results in Fig. 6 also 
show the reprocessing capacity needed for LWR and SFR 
fuel. The large spike around 2135 is not ideal because it is 
difficult to justify building reprocessing plants to 
accommodate the reprocessing capacity required to build a 
large number of SFRs for just a couple of years.

Fig. 6. LWR and SFR UNF reprocessed.

Fig. 7 shows the LWR and SFR UNF undergoing 
cooling in fuel storage, providing insight into the amount 
of cooling storage needed. The cooling times are five years 
for the LWR UNF and one year for the SFR UNF. As a 
result of the core discharge, LWR UNF in cooling storage 
increases when LWRs are decommissioned. SFR UNF in 
cooling storage is fairly steady once the SFRs meet the 90 
GWe-year electric demand. However, the SFR UNF in 
cooling storage increases suddenly after 80 years when the 
first generation of SFRs are decommissioned. This value 
becomes steady when the second generation of SFRs 
comes online.

Fig. 8 shows the available Pu and RU from UNF and 
also the size of material stores needed. Note that in this 
scenario, the available Pu is very high (~800 tons) before it 
decreases in 2055 when the SFRs are starting to come 
online. Therefore, the storage capacity would have to be 
very high during the initial years of the transition before 
the capacity decreases to less than 25% during the 
simulation time for the transition scenario. Pu from the 
LWR UNF builds up from 2030 until 2055. The RU in 
storage decreases when SFRs come online because they 
consume U to produce Pu.

This case shows that if the legacy LWR fleet’s lifetime 
is extended by ~25 years, then it is possible to transition to 
an SFR fleet producing 90 GWe-year by 2066. However, in 
order to achieve this transition, a significant amount of Pu

(~800 tons) has to build up in storage before the SFRs can 
start to come online. It is also possible that when the first 
generation of SFRs retires, the power produced will 
decrease because it takes a couple of years for the fuel 
discharged from the first generation to cool and undergo 
fabrication in order to commission the second generation 
of SFRs. This shortfall in power is temporary and power 
generation returns to 90 GWe-year after the second 
generation of SFRs is commissioned. The next case was 
developed to investigate how to avoid this shortfall in 
electric generation during the decommissioning of the first 
generation of SFRs.

Fig. 7. LWR and SFR UNF in Cooling Storage

Fig. 8. Available Pu and U from UNF.

IVC. LWRs Decommissioned between 2051 and 2070 
with Ramped SFR Commissioning profile

In this case, the SFR commissioning rate was 
gradually ramped up to investigate whether this would lead 
to a smoother transition. This reflects a less aggressive 
deployment approach and would be consistent with 
deploying a new technology such as SFRs. LWR 
decommissioning started in 2051 at a rate of 5 GWe for 18 
months followed by 10 GWe for the next 18 months and 
then by 5 GWe, and the pattern was repeated until all the 
LWRs were decommissioned. At the same time, SFR 
electricity generation was ramped in ORION to simulate 
the ramped addition of SFRs.

This ramping of energy within the SFR fleet profile 
led to a behavior that was not seen in the previous two 
cases. In the first time step, when SFRs come online 
(2051), a certain number of reactors are brought online to
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match the SFR energy demand profile. In the following 
time step, a second set of SFR reactors were brought online 
because there was still enough Pu in storage that could be 
used to build additional SFRs. In the previous two cases, 
SFRs built in the first time step led to net Pu in storage 
going down to nearly zero. It then took two time steps 
(SFR cycle time) for the Pu to build up in storage before it 
could be used to fabricate fuel for the next set of SFRs. In 
this case, there is fuel being charged and discharged every 
time step. However, this fuel is being charged into two sets 
of reactor fleets that come online one time step after the 
other. This method ensures that there is always extra Pu in 
storage to build new SFRs as the SFR energy demand 
profile increases and LWRs are decommissioned.

Fig. 9 shows the electricity generated by both the 
LWRs and SFRs. All LWRs are decommissioned by 2070, 
and the SFRs produce 90 GWe-year of electricity by 2070. 
In the previous case, all the LWRs were decommissioned 
by 2064, and SFRs produced 90 GWe-year of electricity by 
2066; however, this current scenario avoids the shortfall in 
electricity demand when decommissioning the first SFRs.

□ LWR Electricity Generated s>SFR Electricity Generated

2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115 2125 2135 2145 
Year

Fig. 9. LWR and SFR electricity generated.

Fluctuations in the electricity produced again occur 
due to the mismatched cycle times of LWRs and SFRs. In 
reality, this transition can be accomplished if the legacy 
LWR lifetime is extended by 20 years such that they are 
decommissioned from 2050-2070 instead of 2030-2050. 
Once again, the SFR electricity generation dips slightly 
below 90 GWe-year when the first generation of SFRs is 
decommissioned after 60 years in this case. However, this 
time, the slight dip is not due to the lack of Pu in storage to 
build new SFRs. Instead, enough SFRs are brought online 
to fulfill the 90 GWe-year in one time step, but in the 
following time step, there are no SFRs being built, and the 
total electricity generation dips when a set of SFRs is 
decommissioned in that time step. However, in the 
following time step, ORION makes up for the slight 
shortfall in electric generation by building enough SFRs to 
fulfill the 90 GWe-year demand. This behavior continues 
until all the SFRs from the first generation are retired and 
the second generation of SFRs is built. This transition 
scenario shows that when ramping the addition of the 
SFRs, it is possible to avoid the large loss in electricity

generation as seen in the previous case when the first 
generation of SFRs is decommissioned. Overall, the fuel 
demand per year, and corresponding fuel fabrication plant 
capacities, do not increase above the earlier scenario.

Fig. 10 shows that the LWR fuel loaded in the LWR 
fleet spikes in 2015 because all the LWRs are brought 
online in 2015 when the simulation begins. The fuel loaded 
in LWRs decreases as they are being decommissioned, and 
the fuel loaded in SFRs increases as they are 
commissioned. The fuel loading rate plateaus when all the 
SFRs are brought online to replace the LWRs, but then the 
rate fluctuates as the first generation of SFRs is 
decommissioned at the end of their facility lifetime. The 
large spike in fuel loaded in the SFRs is avoided in this 
case, so there is no strain on the fuel fabrication capacities 
due to the transition scenario. The fuel loaded into the 
SFRs is nearly constant after transition is achieved in 2066.

LWR Fuel Loaded ----- SFR Fuel Loaded
10,000 -------------------------------------------------------------------------------------
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Fig. 10. LWR and SFR fuel loaded.

The SFR UNF reprocessed at each time step varies 
according to the amount of fuel discharged from the SFR 
fleet. With a more gradual ramp up of SFRs, there is no 
longer a spike in discharged fuel needing reprocessing in 
2110. Once again in this case, the large spike in the SFR 
reprocessing capacity is avoided. Therefore, there is no 
need to build a large number of additional reprocessing 
plants to accommodate a large reprocessing capacity for a 
short period of time.

Fig. 11. LWR and SFR UNF reprocessed.

Fig. 12 shows the LWR and SFR UNF in cooling 
storage. The LWR UNF remains constant until 2051 when 
all the LWRs are decommissioned. The additional fuel
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from the LWR core discharge is sent to the cooling facility 
and increases the UNF in the cooling storage facility. 
However, after the LWRs are decommissioned, the LWR 
UNF in cooling storage decreases as the cooled fuel is 
moved to another storage facility. The peak for LWR UNF 
is notably less than in the previous scenario due to the 
gradual closure of the LWRs. This reduces the required 
capacity in fuel storage pools.

LWR UNF in Cooling Storage SFR UNF in Cooling Storage

12.000

10,000

6,000

2,000

Fig. 12. LWR and SFR UNF in cooling storage.

Fig. 13 shows the available Pu and U from UNF. The 
Pu from UNF reaches ~700 tons before it decreases to 
~100 tons, when SFRs are added in a ramped manner. 
However, once all the SFRs have been commissioned, the 
Pu from UNF increases until the first generation of SFRs is 
decommissioned and the second generation of SFRs is 
commissioned. After all of the second generation SFRs 
have been commissioned, the Pu from UNF continues to 
rise again. However, the opposite behavior is true in the 
case of RU. RU continues to decrease once all the SFRs 
are commissioned because they consume U to produce Pu. 
The Pu from UNF is about 100 tons lower than in the 
previous scenario at its peak, and there remains an excess 
of ~100 tons of Pu once all the LWRs are decommissioned, 
therefore providing further opportunity to optimize the 
scenario without being at risk of depleting the Pu stocks.
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Fig. 13. Available Pu and U from UNF.

This case showed that when ramping up the energy 
profile of the SFRs gradually and with a slight delay, there 
are advantages for transition. It is possible to control the 
number of SFRs being added during the transition, 
ensuring that a large insertion of SFRs is avoided as soon 
as the transition begins. A gradual decommissioning profile

for the LWRs and a gradual commissioning profile for the 
SFRs along with a 20 year lifetime extension for the legacy 
LWRs will ensure full fuel cycle transition by 2070. All the 
cases showed that the transition does not require any 
additional NU since the RU in storage is sufficient to 
fabricate SFR driver and blanket fuel. Benefits include no 
shortfall in electricity, no sudden spike in the fuel 
discharged or fuel loading rates, less LWR UNF cooling 
storage required, and slightly less separated Pu in store. 
The scenario also shows opportunity for further 
improvement, as there is never a shortage of Pu.

VII. ALTERNATE TRANSITION ANALYSIS 
SCENARIO

Work is currently underway within the Fuel Cycle 
Options (FCO) campaign to analyze an alternate transition 
scenario. In this case, with a growth scenario of 1% in 
electricity, it is assumed that any deficit in the electricity 
production to meet the electric demand is met by building 
new LWRs. Such continuous 1% electric growth over the 
entire simulation time is unrealistic. However, for the 
purposes of simplifying the analysis, this continuous 
growth was chosen for the entire simulation period. As 
specified previously, legacy LWRs start retiring in 2030. 
However, only half the LWRs are retired by 2040. Then 
starting from 2060 to 2070, the rest of the LWRs are 
retired. This is done to simulate 60 year lifetimes for 50% 
of the legacy LWRs and 80 year lifetimes for the other 
50%.

New LWRs are brought online as legacy LWRs retire 
to meet the electric loss due to legacy LWR retirement as 
well as the 1% compound growth in the electric demand. 
The simulation begins at equilibrium in 2015, and the 
electric demand is 90 GWe, but each subsequent year sees 
a 1% annual electric growth from the previous year. The 
specifications also indicate cooling time of 5 years, fuel 
fabrication time of 1 year, and the fuel reprocessing time of 
1 year for all LWRs and SFRs. LWR UNF reprocessing 
begins in 2030 with a capacity of 2,000 tHM/yr increasing 
to 3,000 tHM/yr in 2040, while unlimited SFR UNF 
reprocessing begins in 2050. The assumptions state that the 
LWR cycle length was specified to be 1 year with 4.5 
batches for fuel residence time of 4.5 years. This 
assumption was modified for ORION so that with a cycle 
length of 18 months and 3 batches, a fuel residence time of 
4.5 years would still be achieved. The SFR cycle length 
was specified to be 1 year with 6 batches, for a total fuel 
residence time of 6 years.

Since this was a simplified case specified by the FCO 
campaign, the SFR breeder and blanket were not modeled 
separately in ORION, but rather, the SFR fleet was 
modeled as one unit in order to simplify the analysis. The 
SFR has a high breeding ratio of 1.2 to aid transition from 
the LWRs (new and legacy) to the promising future fuel 
cycle with SFRs.
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Fig. 14 shows the electricity generated from legacy 
LWRs, new LWRs and SFRs. New LWRs come online in 
2016 to make up for the growth in electric demand, and 
they are not completely decommissioned until 2223. 
ORION is conservative when performing this transition, 
and Fig. 14 shows that the new LWRs produce just under 
20 GWe after 2197 until they are decommissioned in 2223. 
The total electricity demand for the SFRs is about 10 times 
higher at the end of the simulation time than it was at the 
starting point in 2015.

'Legacy LWR ■^■NewLWR ^™SFR----- Total Electricity Demand

Fig. 14. Electricity generated.

Fig. 15 shows the fuel loaded into the legacy and new 
LWR fleets and the SFR fleet. SFR fuel is loaded at an 
exponential rate to keep up with the retiring LWRs and 
demand growth. Fluctuations in SFR fuel loading are 
caused by large numbers of SFRs coming online to replace 
decommissioned LWRs and SFRs.

Fig. 15. Fuel loaded.

Fig. 16 shows the reprocessed LWR and SFR UNF at 
each time step (6 month time steps). There is an increase in 
LWR UNF reprocessing starting in 2030, whereas, it is 
assumed that all discharged SFR UNF is reprocessed at 
each time step. This is the reason for the growing 
reprocessing capacity for SFR UNF. There is a tremendous 
need to build several reprocessing plants having 1,000 
tHM/yr capacity for SFR UNF as the simulation time 
extends into the early 2200s if the 1% electric growth 
continues.

Fig. 17 shows the LWR and SFR UNF in cooling 
storage. The SFR UNF capacity must increase significantly 
due to the growth curve. The UNF cooling storage capacity 
for legacy LWRs can be ramped down and retired as these

reactors retire. The cooling storage capacity for new LWRs 
must be constant from 2016 to about 2120, and then it 
decreases to about 60-75% before fully decommissioning 
the storage facility in 2228. The small amount of UNF 
from the new LWRs in the cooling storage facility from 
around 2202 to 2228 is not ideal. This suggests that more 
resources are required to keep this facility operational for 
approximately 25 years at less than 50% of its capacity.

Fig. 16. Reprocessed LWR and SFR UNF.

Fig. 17. LWR and SFR UNF in cooling storage.

The available Pu and RU from UNF are shown in Fig.
18.

Fig. 18. Available Pu and RU from UNF.

The available Pu from UNF has a double-hump 
behavior at the beginning of the simulation time. Pu from 
LWR UNF builds until SFRs are commissioned in 2050, 
leading to the first hump. Then new LWRs start to 
decommission and more SFRs come online, leading to the 
second hump. The RU in storage increases rapidly due to 
the LWRs discharging their UNF; however, once they start 
to retire and go offline, the RU from UNF plateaus and
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then decreases as the SFRs dominate the electricity 
generation. The net RU decreases towards the end of the 
simulation period because the SFRs convert RU to Pu. 
Therefore, reducing the breeding ratio of the SFRs is 
important to sustain an SFR fleet so that there is no need to 
use DU or NU as carrier material for the MOX fuel. This 
also avoids net Pu overproduction.

VI. CONCLUSIONS ON TRANSITION ANALYSIS

In order to gain confidence in the use of ORION and 
to ensure that its results match those from previous 
equilibrium analyses, equilibrium results from ORION 
calculations were compared with results from the 
corresponding FCDPs. Excellent agreement was found and 
sensitivity analyses investigating the sources of the small 
deviations found them to be the result of round off errors in 
input specifications. The results also show that the total 
mass flows remain unchanged when enabling decay, or 
they have minimal effects when changing cross section 
libraries. Future studies will examine the effects of decay 
and cross section libraries on particular radionuclides of 
interest. Since confidence in ORION and use of FCDP 
inputs in ORION were demonstrated for EG01 and EG23, 
transition analyses and sensitivities can be assessed with 
confidence that any effects observed are real.

Transition analysis showed that in the base case, with 
LWRs being decommissioned as of 2030 and SFRs being 
deployed in 2040, there was not enough time to complete 
the transition to SFRs by the end of the century and still 
meet the 90 GWe-year demand. This transition to SFRs can 
be accomplished if (1) new LWRs are built to replace the 
legacy LWRs if SFRs cannot meet the electricity demand,
(2) LWR lifetimes are extended to 80 years (as is being 
pursued in the US DOE LWR Sustainability Program), or
(3) legacy LWR UNF discharged prior to 2015 is 
reprocessed to provide initial SFR fuel. The alternate cases 
studied showed that ramping up the initial SFR builds as 
the LWRs are being decommissioned helps with a 
smoother transition. Transition can also be achieved very 
quickly if the available Pu from UNF increases to a very 
large amount until there is enough to build a large number 
of SFRs at once. However, this case was not ideal because 
when the first generation of SFRs was decommissioned 
after reaching its lifetime, there was not enough Pu to build 
the second generation of SFRs all at once. This caused a 
drop in electricity generation for a couple of years during 
which time the discharged SFR core inventory had enough 
time to cool and be refabricated to commission the second 
generation of SFRs. This scenario can be avoided by the 
ramped addition of SFRs.

An alternate transition scenario for EG23 with 1% 
electric growth showed that the addition of new LWRs 
delayed the transition to a full SFR. This is because the 
newly constructed LWRs operate for 80 years and do not 
undergo forced retirements. The 1% electric demand

growth required a large number of SFRs to be built, which 
would require a tremendous amount of storage and cooling 
facilities. The large number of SFRs also caused the net 
RU in storage to decrease such that additional U would 
have to be supplied as carrier material from depleted U or 
mined NU. The results from the transition studies show 
that the lifetime extension from 60 to 80 years is consistent 
with the LWR sustainability program in the US. The size of 
the facilities required for sustaining the transition scenario 
is consistent with international experience in this area. This 
work also allows for the opportunity to develop and 
strengthen US. skill base through the involvement of the 
next generation fuel cycle analysts including those at 
universities. This study also provides the opportunity to 
collaborate internationally on transition scenarios for other 
nations. Future work will focus on transition analysis from 
the current fleet to two-stage systems where these new 
LWRs are fueled by MOX fuel instead of UOX fuel.
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