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Abstract
Nuclear reactors provide a reliable, low-emission source of baseload energy.
However, the generation of radioactive spent nuclear fuel (SNF) is a prominent
obstacle to increased implementation of nuclear power. ReNUclear aims to address the inefficiencies of established nuclear technology by retrofitting existing
generation II and III reactors with a new molten salt breeder reactor (MSBR)
and chemical treatment system to process SNF. This endeavor, titled “Project
ReNU”, will provide a more economically and environmentally sound decommissioning program for nuclear reactors. Dissolving SNF in a high temperature
molten salt allows for more complete fuel consumption than is possible with
existing reactor technology in doing so reduces the half-life of SNF by several
orders of magnitude. Our process will allow for the recovery of uranium and
plutonium dioxides from the SNF which will be formed into new fuel pellets for
existing generation II and III nuclear reactors. By tackling the problem of SNF
storage, Project ReNU and ReNUclear will play a significant role in increasing the profitability, safety, and attractiveness of nuclear power as a source of
low-carbon electricity.
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1

Executive Summary

In October of 2015, Entergy Nuclear Inc. announced their plans to discontinue operations at their Pilgrim Nuclear Generating Station in Plymouth, Massachusetts. One
final reactor refuelling cycle will be executed in 2017, but in 2019 the plant will cease
operations. [3] [1] This will be the second New England nuclear power plant that
Entergy has shut down in this decade, the first being Vermont Yankee Generating
Station. Among the listed reasons for closure where the costs of renovations to the
plant’s safety system, the continued regulatory pressure faced by the nuclear industry,
and drastically decreased revenues due to the current low prices of oil and natural
gas brought about by the fracking boom.
Shutting down the plant, however, does not mean an end to Entergy’s financial obligations. Decommissioning the plant in accordance with it’s original license with the
US government will entail decades of onsite storage of nuclear waste and an indefinite period of offsite containment. In total, the cost to decommission Massachusetts
Pilgrim is expected to top $1.2 billion. Based on trends in the industry and on
Entergy’s post-shutdown decommissioning activities report (PSDAR) submitted for
the Vermont Yankee plant, an alternative plan for decommissioning is suggested in
this report, which will enable the successful termination of the plant’s operating license in under a decade, with significantly lower cost than an expected DECOM or
SAFESTOR strategy.[4]
This novel strategy combines fuel processing technologies such as those currently in
practice in Europe at Arevea Inc., with the molten salt breeder reactor (MSBR)
technology which was extensively studied at Oak Ridge National Labs. The result is
a proposed nuclear reprocessing project, ReNU, which is able to reclaim up to 95%
of the spent nuclear fuel (SNF) in the form of a MOX fuel to be processed into new
reactor fuel. The remainder of the radioactive SNF is burned in a MSBR, encouraging
the conversion of the actinide wastes to their stable, rare-earth fission products which
can be stored safely and will reduce below background levels of radiation within a
few hundred years.
This report details the scope and planned decommissioning steps of the proposed
project "ReNU", as well as a time-line for decommissioning activities and an estimate
of decommissioning costs. An analysis of environmental, health, and safety concerns
outline the planned project’s regulatory feasibility, and a process controls analysis
highlights the inherently safe inputs on process design.
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2

Project Scope

This report suggests an alternative approach to the task of decommissioning nuclear
power plant facilities at the end of their scheduled lifetime, and processing the on-site
repository of SNF which is accumulated during the lifetime of the plant. As a case
study for the new procedure, referred to hereafter as Project ReNU, this report examines the application of this new strategy to the decommissioning of Massachusetts
Pilgrim Nuclear Power Plant. Entergy Nuclear Inc., who own and operate the Pilgrim
plant, announced in October 2015 that Pilgrim will cease operations no later than
2019 due to economic restrictions and non-profitability.[1] In accordance with title 10
of the code of federal regulations 50.82(a)(4)(i), Entergy will then have until 2021,
two years from the plant’s closing, to issue a full Post-Shutdown Decommissioning
Activities Report (PSDAR). While under current legislation the plant’s activities are
limited to the government approved projects SAFSTOR, DECOM, and ENTOMB,
Project ReNU presents an alternative which may surpass the existing methods in
safety, cost, and environmental sustainability.[6]
This report considers all steps involved in decommissioning, including initial research
on the power station, renovations to the existing reactor and auxiliary systems to
support operation of a MSBR, and the actual operation of such a reactor. In addition,
important early-stage company needs have been considered, specifically the research
and development necessary to determine reasonable operating conditions that are not
able to be fully determined by theoretical calculation or literature review.

2.1

Background

Massachusetts Pilgrim Nuclear Generating Station is the only nuclear power plant
currently operating in the state of Massachusetts. With 690 MWe of generating
capacity, Pilgrim supplied approximately 14% of electricity for the state in 2014. The
plant has operated since its construction in 1972, which includes a license extension
from its original NRC-designated lifetime (which would have expired in 2012) to a new
deadline of 2032. However, recent expenses and lost revenues have caused Entergy
Nuclear to announce that the plant will shut down sooner. [3]
When decommissioning begins, it is expected that Pilgrim will have about 2.5 kilotons of SNF onsite, stored in the spent fuel pool which is actively cooled in order to
moderate the natural slow decay of radioactive waste. Each SNF assembly contains
hundreds of small fuel pellets, all encased in a large metal sheath. The pellets are
comprised of enriched uranium oxide, with approximately 4% fissile 235U, 94% inert
238
U, 1.5% of other radioactive transuranic elements such as plutonium, and as little
as 0.5% of actual fission products such as rare earth metals. Despite having a com6

position almost identical to that of the original fuel pellet, the approximately 2% of
non-uranium fuel makes it impossible to use these fuel pellets safely in a traditional
light water nuclear reactor. Factors such as tritium and xenon gas buildup weaken
the structure of the pellets and the metal casings, and neutron poisons in the ceramics
build up and prevent the fuel from sustaining a critical nuclear chain reaction.
The buildup of SNF over time remains one of the chief obstacles in the path of the
nuclear energy industry. It is an expensive waste of fuel, as over 95% of the fissile
and fertile species in the fuel are never actually used to generate energy. In addition,
because there is so much fissile material reamining, the highly radioactive SNF can
remain dangerously radioactive for millenia after the waste is generated. For at least
100 years, the SNF is too radioactive to be interacted with directly, and to decay below
background radiation levels the SNF would have to be stored securely for hundreds
of thousands of years.

2.2

Summary of Existing Decommissioning Strategies

The US government currently recognizes three options for the decommissioning of a
nuclear power plant; projects SAFSTOR, DECON, and ENTOMB. The choice of a
project and development of a decommissioning plan will likely be completed before
the plant is shut down, as decommissioning cost analysis is vital to the decision of
the plant to begin the shutdown process and enter decommissioning.[6]
Project SAFSTOR is the most commonly deployed strategy in recent US history, as
it often has the lowest first cost of decommissioning. Under project SAFSTOR, the
plant is monitored in its shut-off state for up to sixty years while undergoing active
cooling. During these decades, the most radioactive components of the spent fuel
decay into more stable isotopes, making eventual disposal and processing significantly
less costly and hazardous.
Project DECON is currently the quickest available turnaround for a nuclear facility,
involving immediate dismantling of the entire reactor, and shipment of spent fuel to
an independent spent fuel storage facility, or ISFSI. This option can be exceptionally
costly, however it is the most rapid method for a plant owner to successfully terminate
their license. Five to ten years are typically required for DECON activities, and fuel
stored in ISFSI is paid for up-front by the plant owner. Long-term responsibility
for the ISFSI-stored fuel is a point of legal contention, as the US government has
consistently reneged on its agreements to establish a national process for long term
storage and, as such, the ISFSI costs past the date of license closure are typically
paid through legal actions against the country.
Finally, project ENTOMB exists primarily as an emergency consideration and has
7

never been employed within the United States. ENTOMB consists of encasing the
entirety of the fuel stockpile in a radiologically long-lived material such as concrete
cement, and monitored continuously to ensure that heat and radiation flow through
the material are not significantly higher than environmentally allowed. When the fuel
has decayed to below background levels of radiation, the license is terminated and
the owner released from responsibilities of the project.[6]
From recent decommissioning projects such as Vermont Yankee Generating Station
as well as from several economic analyses of the situation at Pilgrim, it appears most
likely that, of the existing options, Entergy will select project SAFSTOR.[4] This
decommissioning method was selected as the method for decommissioning at Yankee
in 2014 due to the long lifetime of the project which Entergy states will allow it to
balance the financial burden with its other efforts. The process described in this report
would pose significant savings for Entergy as well as yielding a final waste material
which is less active and more readily transferred to a long-term storage facility.[5]

3

Process Description

ReNUclear’s proposed decommissioning process combines two novel technologies: the
recovery of recyclable uranium from SNF via molten salt pyroprocessing, and the
operation of a MSBR to decrease the lifetime of the radioactive isotopes present
in the remaining SNF. In the course of operation it will be necessary to remove
neutron poisons through a combination of salt treatment and gas sparging. It will
also be necessary to remove process heat from the reactor in order to encourage
the maximum achievable burn-up rate; the removed heat will be used to generate
electric power which can be used to offset energy costs associated with operating the
MSBR.[7]
In order to process the entire 2.5 kiloton stockpile of SNF at a facility such as Massachusetts Pilgrim within a decade, the processing plant will have an average consumption rate of 1 metric ton of fuel per day.

3.1

Uranium Oxide Recovery

The first step in the process of SNF treatment is to extract the useful uranium for
processing into new nuclear fuel. Fuel assemblies, which are stored in cooling pools
during the reactor’s lifetime, are to be individually removed from storage, pulverized,
and transferred to a loading hopper all with robotic controls existing in the plant. The
mixed assortment of fuel pellets, crushed oxide fuel, and metal scrap is transferred
8

to the MOX recovery reactor as shown in Figure 1. In the reactor, molten lithium
fluoride-sodium fluoride-potassium fluoride (FLiNaK) salt at 600°C dissolves the SNF
oxides, and a sparge of fluorine gas reacts with uranium in the salt mix to form UF6,
which is volatile and is removed in the gaseous outflow to the reclamation reactor.
UF6 + O2

UO2 + 3 F2

In the reclamation reactor, steam and hydrogen gas strip defluorinate the uranium and
plutonium hexafluorides, into their respective oxides as shown below. The hydrogen
fluoride (HF) is reprocessed into hydrogen and fluorine gases in a fluorination reactor
and recycled into the system. The mixed oxide ceramic can be exported to a MOX
fabrication facility. If one metric ton of SNF is processed per day, it will be possible
to reclaim 47kg per hour of MOX powder. This process requires 5kg/hr of fluorine
gas, which is recycled continuously through the system.[5]
UF4 + 2 HF

UF6 + H2
UF4 + 2 H2O

3.2

UO2 + 4 HF

Molten Salt Breeder Reactor

Following UO2 recovery, the remainder of the SNF dissolved in the FLiNaK salt, which
is comprised of other radioactive transuranics and fission products, is transferred to
the MSBR. The reactor is maintained at 650°C with an actinide concentration of 10%,
which allows for operation as a thermal-spectrum breeder. A breeder reactor allows
fertile actinides to absorb neutrons and become fissile, which reduces the half-life of
the material from thousands of years to, in some cases, single hours or days. Maintaining a positive neutron economy encourages this chain reaction, which releases
energy at a rate of over 900 MWth. Table 1 gives the percentage of each element of
atomic numbers from 37 to 65 produced from fission of transuranic elements. Hydrogen, tritium, and other gases are all removed from solution as they are created in the
reactor through the use of a helium/hydrogen sparge.[7]
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Figure 1: Reactor and MOX Recovery Process Flow Diagram
Table 1: Composition of Waste and MSBR at Steady State
Steady State
Elements /ComWaste Composition Removal
Composition
pound
(% mass)
Method
(% mass)
FLiNaK
70%
0%
N/A
Fissile Actinides 10%
0%
N/A
Nb, Mo, Tc, Ru,
Fluorinated to
6%
24.5%
Rh, Sb, Te, I, Cs
Inert Waste
Chlorinated to
Zr, Sn
3%
10.3%
Inert Waste
Rb, Sr, Y, Pd,
3%
12.2%
Vitrification
Ag, Cd, In
Cs, Ba, La, Ce,
Pr, Nd, Pm, Sm, 9%
35.0%
Vitrification
Eu, Gd, Tb
Gas Filtration
Xe, Kr, I, H2,
< 1%
11.5%
and Cryogenic
HT
Distillation
Columns may not add up to 100% due to rounding

3.3

Salt Treatment and Vitrification

As mentioned above, the fission of transuranic elements results in a diverse spectrum
of individual fission products, in well-documented ratios shown in Table 1. Solid rare
10

Figure 2: Salt Treatment Facility Process Flow Diagram
earth and lanthanide fission products will be dissolved in a waste salt and vitrified
for further storage and processing. The advanced process used to accomplish this is
depicted in Figure 2 and described in fuller detail in Section 5.2 of this report.

3.4

Sparging and Cryogenic Distillation

Standard operation of a MSBR produces a number of gaseous fission products including krypton, xenon, iodine, hydrogen (which is then fluoridated by the FLiNaK salt to
produce hydrogen fluoride), and tritium. It is important that these by-products are
removed from the reactor as their neutron absorption spectrum poisons the breeder
reaction. In addition, tritium is a beta emitter with a high permeability through most
metals at high temperatures; if not removed and safely contained, it is likely that tritium will escape the system, posing serious environmental and health concerns.[8]
Based on research conducted by Oak Ridge National Laboratories, a helium/hydrogen
sparge of the molten salt solution followed by cryogenic distillation has been determined to be the most practical method of gaseous fission product removal. As shown
in Figure ??, the purge stream is passed through a charcoal bed adsorber to remove
many of the fission products, followed by a palladium membrane to remove the helium for recycle. The outlet stream from the palladium membrane is then compressed
11

Figure 3: Sparging and Cryogenic Distillation Process Flow Diagram
to 3.7 atm and cooled by three heat exchangers in series before being liquefied and
re-evaporated before entering a distillation column.

3.5

Heat Transfer and Power Generation

An average fission event (the splitting of a transuranic element into two or more
smaller nuclei) releases approximately 200MeV of energy per atom, compared to 4eV
for combustion of a molecule of gasoline. To consume transuranics at the rate required
for SNF treatment of 1 tonne per day, 0.41kg of transuranics will fission per hour. This
energy release averages to 985 Megawatts of thermal energy, which will be transferred
into electricity, process heating, or bled off in the cooling tower. Figure 1 details the
heat removal process from the plant including the molten salt heat loop, the highpressure steam loop and rankine cycle, and the cooling tower processing loop. In
order to remove this large amount of energy–almost 1 gigawatt–the molten salt loop
will circulate at 8.9 kg/s and cool from 600°C to 500°C. The high pressure steam loop
will circulate at 0.5 kg/s, and transfer 500MW to the process heat stream, 120MW
to the electrical generator and 360MW to the cooling tower water loop. The cooling
tower loop will run on a heavy duty cycle of 1.5 kg/s in order to maintain effective
cooling water supply to the steam cycle at all times.
12

4

Research and Development

In the projected ten year plan for Project ReNU’s operational period, the first three
years will be comprised of research and development, followed by the construction and
operation of a pilot plant before the construction of the full sized plant. The primary
aims of the research and development will be material selection, the improvement of
separations processes, and the experimental determination of optimal MSBR operating parameters. For the pilot plant, the separation processes will be the main focus
of iterative design before completing the full scale plant.

4.1

Testing Apparatuses

The three main areas of system compatibility are thermal stability, molten salt stability, and fluorination stability. In the MSBR system, materials such as the metals
used for piping or the ceramics used for insulation, will need to have their thermal
stability verified. For such verification, small box furnaces and larger cell furnaces
with a maximum operating temperature of 1000 °C are required. Component materials will be thermal soaked for varying durations of time and then thermal cycled to
determine the effects of thermal expansion and contraction on the materials.
The second stage of material compatibility testing requires determining the construction materials’ ability to withstand high temperature salt corrosion. Often, salt vapors at high temperatures can permeate materials such as stainless steel and even
advanced ceramics. To test material compatibility, reactor and piping materials will
be sealed in a stainless steel container filled with an inert gas and FLiNaK salt. The
containers will be heated up to operating temperature (650 °C) and held there for
one week, exposing the materials to high temperature salt vapors. After the second
stage of testing, the materials used in operation will be exposed to fluorine, the most
corrosive gas in the system. The metals used to construct the fluorine storage vessels
and the hydrogen fluoride must resist corrosion related to exposure to fluorine compounds. These materials will be sealed in a nickel container with an atmosphere of
50% argon and 50% fluorine gas. Both the second and third stages will be conducted
in a glovebox with an inert atmosphere (< 0.5 ppm H2O and < 10ppm O2).
Smaller scale alternative tests for material compatibility may be carried out. Construction materials may be exposed to ambient and humid air as much as molten
salts and radioactive compounds. If there is reason to suspect a material may lack
structural integrity as a result of external chemical exposure, alternative compatibility tests will be conducted. For example, metals that will also be exposed to ambient
air conditions, including humidity, may require water stability tests. For such a test,
materials would be submerged in baths of deionized water and exposed to ambient
13

air conditions.
Once material compatibility has been established, the radiation resistance of the materials must be determined. Radiation can cause severe cracking along grain boundaries in common metal alloys such as Inconel and stainless steel. To determine the
effectiveness of the materials, they will be irradiated in an experimental Training,
Research, Isotopes, General Atomics (TRIGA) reactor, where they will be exposed
to alpha and beta radiation levels that simulate operating conditions.
Once a material has demonstrated its suitability, the structural integrity of the material must be confirmed to avoid equipment failure due to crack propagation and
creep due to various defects in the metals and ceramics used in the system. First,
the homogeneity of the material must be confirmed so that there are no homogenous
phases that reduce the material strength or resistance to creep. Rockwell hardness
tests will be conducted using a hardness press to confirm that the hardness of the
material is within specification. Four point bend tests will be conducted by creating
modulus of rupture (MOR) bars of the materials and testing them in a four point
flexure test fixture placed in a universal testing machine.

4.2

Analytical Methods

Proper analytical methods are necessary to understand the failure mechanisms of
system materials and guide iterative design efforts. In the laboratory, tested materials
will be prepared for analysis, and then depending on the features that need to be
investigated, will be run through the required analysis tools.
If surface features of the sample are required, either an optical microscope or a scanning electron microscope (SEM) with energy dispersive x-ray spectroscopy (EDX) can
be used to determine the extent of corrosion. For macrofeatures, the optical microscope will be sufficient. EDX analysis may be required if there is phase segregation
within the metals of the system. In cases where weld or braze joints are becoming
brittle, it may be necessary to determine the coefficient of thermal expansion of the
materials. If the coefficient of thermal expansion profile needs to be investigated, the
sample must be machined into the proper dimensions (4 ± 0.5 mm x 4 ± 0.5 mm x
10 ± 0.5 mm). The sample will then be inserted in to a dilatometer and operated
over a temperature range of 25 °C to 1200 °C. If the salts, transuranic compounds, or
actinides demonstrate shifts in phases, exothermic, or endothermic reactions under
specific operating atmospheres, thermogravimetric analysis and/or differential scanning calorimetry (TGA/DSC) may be required. To do this, a small sample of the
material (<20 mg) is placed in a crucible made of a compatible material (e.g. alumina,
platinum) and operated in the temperature range and atmosphere of interest.
14

5

Unit Operations

The MSBR and its associated systems require the use of many reactors, heat exchanges, separations equipment, and other items to handle the demands of the complex processes involved in the pyroprocessing of SNF for decommissioning purposes.
The following sections describe the most important steps and some of the related
auxiliary equipment in as much detail as can be given without pilot scale testing.

5.1

Uranium Oxide Recovery

The SNF discarded by a traditional generation II/III nuclear power station is removed
not because it no longer contains enough fissile or fertile nuclear material to provide
fuel, but because the zinc cladding that surrounds the material has become embrittled
such that continued operation with the fuel rod would be unsafe. Even if the rods can
no longer be used in their embrittled state, it is possible to extract the 238U and 235U
that remains in the fuel rod. Once extracted, the uranium can be oxidized to UO2 ,
pelletized, and packed in to new fuel rods. The extraction and oxidation of uranium
will be accomplished before the rest of the nuclear material in SNF is introduced into
ReNUclear’s MSBR.
Crusher
The SNF is powderized in a mechanical crusher in order to more easily dissolve it in
molten salt. The fuel rod pieces are estimated to be a 1 cm diameter cylinder with 1
mm of Zn cladding surrounding the active fuel. The calculated density of the powder
kg
, approximately 720 liters of material will
is 17.24 cmg 3 . At a loading rate of 41.7 hour
be crushed every hour.
Based on existing technology, a crusher that can handle between 1 and 1.5 tons of
material per day would cost about $4000 dollars.[47]. In a continuous process, the
residence time of the material in the crusher will need to be less than 8 minutes. To
prevent corrosion, this system may need to be plated with a thin coating of nickel.
Fluorinator
After powderization, the crushed SNF is transferred into a fluorination reactor. In
a 90/10 gaseous mixture of nitrogen and fluorine, the uranium oxide in the SNF is
fluorinated, forming gaseous uranium hexafluoride with oxygen gas as a byproduct.
15

Molten FLiNaK salt in the reactor removes the remaining fissile actinides and fission
products and transports them to the MSBR.
UO2 + 3 F2

UF6 + O2

The gas-phase fluorination system from Fluor Technik System GmbH[48] has a diameter of 1.6 m and a length of 2.523 m. The volume of the system is 20.29 m3 . This
allows for half of the volume to be head space to prevent over-pressurization of the
system. The system has a standard operating pressure of 16.17 psig and a standard
operating temperature of 500°C.
The outer shell of the fluorinator will be made of 300 series stainless steel. The
inner lining of the system will be constructed of Hastelloy G30 to prevent corrosion
of the vessel by the molten salt. Hastelloy G30 was selected over stainless steel for
the interior because previous data shows that stainless steel is heavily corroded by
radioactive molten salts. Based on ORNL studies, Hastelloy C276 withstood months
of operating time with minimal observed corrosion. However, significant deposits of
tellurium were noted on the inside of the piping and reactors, denoting a decrease in
system efficiency and tellurium embrittlement. Later in the 1980’s Hastelloy G30 was
invented by Union Carbide. A 1-2% Nb dopant was added to the metal, creating a
niobium rich layer near the surface that prevented crack propagation and inhibited
tellurium depositing.
Oxidator
The gaseous uranium hexafluoride that is passed from the top of the fluorinator
is reacted with hydrogen gas to form aqueous uranium tetrafluoride and hydrogen
fluoride. The uranium tetrafluoride then reacts with the water to form uranium
oxide and hydrogen fluoride. This reaction occurs in a circulating magma vacuum
crystallizer. As the uranium oxide solids form, they settle to the bottom of the tank,
where they are then pumped from the reactor into a storage tank, to later replenish
the uranium dioxide in the attached nuclear reactor. The remaining hydrogen fluoride
is recycled back into the system.
UF4 + 2 HF

UF6 + H2
UF4 + 2 H2O

UO2 + 4 HF

As a result of the fast kinetics of the hydrogenation of uranium hexafluoride and the
cm3
), the required residence
oxygenation of uranium tetrafluoride (k = 1.036 x 1011 mol−s
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time of the uranic material is only five minutes. Therefore, the circulating magma
vacuum crystallizer has an operating length of 1.35 m and a radius of 0.9 m. The
maximum operating volume of the crystallizer is 1.72 L and the total volume of the
reactor is 3.44 L. The system has a standard operating pressure of 12 psig and a
standard operating temperature of 300 °C.
The walls of the crystallizer will be constructed of Hastelloy G30, as the hydrogen
fluoride would heavily corrode common grades of stainless steel. All process equipment and piping extending from the crystallizer will also be constructed of Hastelloy
C to prevent corrosion.

5.2

Salt Treatment

During regular operation of the MSBR, certain fission that have both a wide neutron
absorption profile and long half-life products will begin to build-up within the fuel
salt. As the concentrations of these elements increases, they absorb an increasingly
large number of neutrons, thereby removing energy from the reactor and leading to a
loss of efficiency and, in cases of extreme build-up, reactor instability. Many of these
so-called "neutron-poisons" are formed in the aqueous phase, making their removal
non-trivial. In order to allow for continuous operation of the reactor, these products
must be removed continuously but not in a way that diverts any significant amount
of the fuel salt away from the reactor core. To accomplish this, the fuel salt is treated
on a ten day cycle where ten percent of the total volume of the system is diverted
each day in to a salt treatment loop. This loop is designed to remove most rare-earth
metals, troublesome lanthanides (most notably protactinium), and corrosion products
(most notably nickel).
Fluorinator
The fluorination reactors in the salt treatment loop exist to enable the recovery of
uranium from the salt prior to rare earth removal and waste vitrification. In the presence of fluorine, uranium tetrafluoride will react to form uranium hexafluoride, which
is a gas at the temperatures found within the reactor. This uranium hexafluoride
gas is then removed from these reactors and collected in a separate vessel so that it
can be treated and recycled to the reactor. Simple fluorination reactions are able to
recover approximately 95% of the uranium present. Reactors with a diameter of 6
in. and a height of 5 feet are expected to be able to handle the demands of the salt
treatment process.
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Extractor
After the initial fluorination, the salt mixture is countercurrently contacted in a multistage extraction column with a bismuth stream containing lithium. The lithium
present in the bismuth stream is added at the top of the extraction column. This
bismuth stream is able to extract the uranium and protactinium, as well as zirconium
produced via fission, while leaving rare earth metals in the salt. As discussed above,
these actinide products are grouped together as similar reagents, denoted [ACT].
This bismuth stream will then be treated to allow for maximum uranium recovery,
while the remaining salt (which contains almost no uranium or protactinium) will be
treated extensively to remove the rare earth metals. The extraction column has been
designed to have a diameter of 13 in. and a per-stage height of 22 in. The column
will be packed with 38 in. salt phase packing. The number of stages in this reactor
will be determined using pilot scale data.
[ACT] · FLiNaK + Bi · Li

Bi · Li · [ACT] + FLiNaK

Hydrofluorinator
The bismuth stream exiting the extraction column is contacted with a hydrogen
fluoride-hydrogen mixture in the presence of the waste salt in order to remove the
protactinium, uranium, and zirconium from the bismuth stream. The bismuth stream
exiting the hydrofluorinator will then reenter the extraction column while the waste
salt stream will circulate in a loop consisting of the hydrofluorinator and a protactinium decay tank. As the salt stream exits the hydrofluorinator, it will pass through
a fluorinator reactor where approximately 90% of the uranium will be removed as
uranium hexafluoride. The resulting salt stream, which will consist predominately of
protactinium tetrafluoride will be held in the decay tank.
Bi · Li · [ACT] + 4 HF
UF4 + 2 F2

[ACT]F4 + Bi · Li
UF6 + H2

Protactinium Decay
While protactinium itself is not useful in the reactor, its decay product uranium-233
very much is. In order to recycle as much uranium as possible, the salt stream leaving
the hydrofluorinator is—after fluorination—removed to a a large tank with a valume
of 100 f t3 . In this tank, most of the protactinium decay heat and the produced
uranium is recovered via circulation to the fluorinator. Aside from protactinium,
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zirconium produced by fission and nickel produced by corrosion will accumulate in
this tank since they do not form volatile fluorides in the fluorinator. These materials
are removed by periodic salt discard and vitrification at a rate of approximately 35
in.3
. Every 220 days (equivalent to eight 233Pa half-lives), the salt in the decay tank
day
is removed to a storage tank where a batch fluorination is carried out for removal of
any remaining uranium. After this, the salt is vitrified and discarded.
232
90Th

+ 10n

233
91Pa

233
91Pa
233
92U

+ β−

Uranium Hexafluoride Reduction and Salt Clean-up
In order to recycle the uranium to the reactor, it must be reduced from gaseous uranium hexafluoride to the eutectic liquid uranium tetrafluoride. In order to accomplish
this, it is reacted with hydrogen to produce uranium tetrafluoride and hydrogen fluoride. It is then recombined with the FLiNaK recycle stream. Prior to reintroduction
to the reactor, it is necessary to ensure that the U3+:U4+ ratio is within acceptable
limits so as to be non-corrosive to reactor materials. It is also necessary to ensure that
impurities that could be corrosive, especially bismuth, are minimized. The removal
of impurities is accomplished by passing the salt through a vessel with a diameter of
2 in and a length of 50 ft that is packed with nickel mesh. In this vessel, the salt will
be contacted countercurrently with hydrogen before passing through a porous metal
filter and into the MSBR.
UF4 + 2 HF

UF6 + H2
Rare Earth Extraction System

After exiting the protactinium extraction column, the fuel salt contains negligible
amounts of uranium and protactinium, but contains rare earth metals at concentrations almost equal to the concentrations found in the MSBR. These rare earths are
removed from the carrier salt by countercurrent contact with bismuth in a separate
extractor. The rare earth metals are then transferred to a LiCl carrier salt before being passed through two more extractors where the LiCl is contacted countercurrently
with bismuth containing lithium in different concentrations. This rare earth transfer
method is used to minimize the amount of lithium used in the system since divalent
and trivalent rare earth removal requires differing amounts of reductant.
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The first extractor is a single stage reactor meant to remove the trivalent rare earths
(denoted [RE]+3 below). To accomplish this, bismuth with a 5 mol % loading of
lithium is used. About two percent of the LiCl exiting this reactor is then passed
in to a single-stage extractor meant to remove divalent rare earths (denoted [RE]+2
below). Divalent rare earth removal is accomplished using bismuth with a 50 mol
% loading of lithium. After extraction, the bismuth-lithium-rare earth mixtures are
removed for vitrification.
[RE]+3 + BiLi(5 %Li)

Bi · Li · RE

[RE]+2 + BiLi(50 %Li)

Bi · Li · RE

The fuel salt to bismuth extractor is a six stage column with a diameter of 7.1 in.
The bismuth to LiCl extractor is a six stage column with a diameter of 13 in. The
trivalent and divalent extractors are single stage columns with a diameter of 12.3 in.

5.3

Gas Removal

Although many undesirable fission products are formed in the aqueous phase, others
are formed as dissolved gasses. Although there are fewer products that are formed
in this phase, it is still incredibly important to remove them due to their deleterious
effects on safe and efficient reactor operation. To illustrate the importance of the
removal of these gaseous products, consider the existence of tritium (HT), iodine-135
(135 I), and xenon-135 (135 Xe) (which is a decay product of 135 I). At high temperatures,
tritium is able to permeate most metals, creating the risk of a semi-random leak if it
is not removed. As a mild beta emitter, tritium may pose health and environmental
risks. For its part, 135Xe is one of the most powerful neutron poisons, posing a
significant roadblock to stable and efficient reactor operation.[46] For this reason, it
135
is necessary to remove 135
54Xe, 53I, HT, and other neutron poisons including krypton.
Because they cannot be reliably or adequately removed by the salt treatment method
described in the previous section, their removal will be accomplished by constant
sparging of the fuel salt as it leaves the reactor to transfer heat to the power generation
loop. The sparging gas will be a mixture of helium (He) and hydrogen (H2).
Activated Carbon Filter
In addition to the hydrogen and helium sparging gases, the gas offstream from the
reactor will contain some concentration of tritium, krypton, xenon, iodine, and hydrogen fluoride.[8] Prior to removing the tritium from the hydrogen via cryogenic
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distillation, it is necessary to remove the other fission products, as well as the hydrogen fluoride produced as a consequence of sparging a fluoride based salt with a
gas mixture containing hydrogen. Work done by Oak Ridge National Laboratories
(ORNL) has established the use of an activated carbon adsorber as a reliable method
of the krypton, xenon, and iodine under most temperature and pressure conditions.
Further work by Bahrami et. al. [10] has proven the effectiveness of hydrogen fluoride
removal via activated carbon adsorption. In operating the activated carbon adsorber,
it is important to consider hazards with the adsorption of oxidizing gases at extreme
temperatures. Also important to consider are the ignition hazards due to iodine’s relatively low ignition point. [11] To mitigate these hazards, the operating temperature
of the adsorber must be kept below 190 °C and above 0 °C.[9] Because the adsorption
of hydrogen fluoride is exothermic, the gas stream must be cooled to a temperature
below 130 °C before it reaches the activated carbon filter. A filter with a diameter of
2.5 in and depth of 4 in. is expected to be capable of processing the amount of offgas
that will come from the reactor.
Palladium Membrane
After passing through the activated carbon filter, the offgas stream will consist almost entirely of hydrogen, tritium, and helium. Before separating the hydrogen and
tritium, it is necessary to recover the helium. Work done by Burkhanov et. al.[12] has
shown that a palladium-yttrium alloy consisting of 93 wt% Pd and 7 wt% Y allow for
very high purity separation of hydrogen isotopes from helium gas with high corrosion
resistance. In order to achieve high specific hydrogen permeabilities, the Pd-Y filter
should be operated at 250 °C. To achieve such an operating temperature, an inline
heat exchanger will have to be inserted between the activated carbon and palladium
filters in order to reheat the gas stream. Helium collected in this membrane can later
be recovered and recycled for reuse in the sparging system. It is expected that a
100-micron thick filter will be able to handle the demands of the system.
Cryogenic Distillation
The outlet stream from the palladium membrane is then compressed to 3.7 atm and
cooled by three heat exchangers in series before being liquefied and re-evaporated
before entering a distillation column. In this pressure range, the boiling points of
H2 and HT are approximately 25.8K and 33K, respectively.[49] The output stream
from the liquefier is split into two streams. One of these streams is cooled by a
series of three heat exchangers before being recycled to the hydrogen purge stream.
The second stream passes through four heat exchangers running counter-current to
the reflux stream. This stream exits the final exchanger at approximately room
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temperature before entering a three stage reflux compressor where it is compressed
to 14 atm. This outlet stream then re-enters the array of four series heat exchangers,
this time passing through a series of three expansion turbines. This stream exits the
final heat exchanger as a saturated vapor at approximately 4.5 atm. The saturated
vapor then re-enters the distillation column from the bottom where it boils the liquid
in the reboiler and condenses. This stream passes through one more heat exchanger,
where it flashes to 1.5 atm and enters the distillation column as a saturated liquid.
Based on simulations conducted by Oak Ridge National Laboratories a 100 stage
reactor with a reflux ratio of two should yield a separation ratio of hydrogen to
tritium on the order of 103 . This would allow 99.9% of the hydrogen consumed by
the process to be recycled to the purge stream. In order to allow for variations
in operating conditions and provide a conservative cost estimate, the design of the
cryogenic distillation system assumes a reflux ratio of five. Using a packing material
such as Sulzer CYPlus would result in a distillation column 13 feet tall at a liquid
loading of 1500 mkg
2 hr .[8]
Tritium Storage
To allow for safe storage, the tritium outstream of the distillation column will flow to a
reactor vessel for oxidation. The resulting tritiated water will be stored in steel tanks
enclosed in a larger concrete tank. The outer concrete tank is necessary to prevent a
leak due to tritium’s ability to permeate most metals semi-randomly. All produced
tritiated water would be stored on site for the entire duration of ReNU’s activities.
With a production rate of approximately 455 liters per year, the containment system
will need to have a capacity of approximately 3200 L. This tritiated water will be
stored until the activity of the liquid is less than 1%, which is expected to take
approximately 110 years.[8]
2 T 2O

2 T2 + O2
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Power Generation

During the decommissioning process, the power station will cease to sell net electricity
to the grid. However, once the MSBR is brought on-line the plant will once again be
releasing a large amount of heat. The existing plant infrastructure will be upgraded
during the first year of decommissioning in order to provide cooling to the reactor.
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The existing steam turbines will be operated at a significantly reduced capacity for
the purpose of providing power to the remainder of the decommissioning process.
MSBR Heat Balance
In order to process the 2.5 kilotonnes of SNF stored onsite within a seven to ten year
time frame, project ReNU will process 1 tonne of SNF per day. By mass, 99.0%
of this SNF will be recovered as mixed oxide powder, for reprocessing offsite into
MOX fuel for new reactors. The remainder of the SNF will be fed into the MSBR,
which when operating under critical conditions will therefore react at a rate of 10kg
per day of actinide fission. An average single decay event of 233U releases 200MeV.
Extrapolating to a burn rate of 0.14 gs , 985.0 MW of thermal heat will be released.
While the reaction rate in the MSBR will be primarily controlled by manipulating the
neutron-absorbing ZrH1.6 control rods, the goal of reactor operation is to maximize
the rate of fuel consumption and so the control parameters will be entirely tuned
to maximize for environmental and safety concerns, as opposed to a reactor during
operating lifetime, which also seeks to optimize fuel economy.
Salt Loop Heat Exchanger
kJ
, and so under
The molten salt in the MSBR has heat capacity of CP = 1.11 kg−K
steady state conditions must be able to dump this heat into the cooling salt loop at
a rate Q = 1GW th = ṁCP ∆T . In order to maintain solution the outlet temperature
from the cooling loop must remain above the solubility limit for the molten salts
and the inlet stream at the temperature optimized for maximum reaction rate in
the MSBR. Therefore, the salt temperature drop ∆T across the first heat exchanger
in the power loop (see Figure 1) will be 100°C, from 600°C to 500°C. With this
, which will
specified, the steady state salt pumping rate calculates directly to 8.8 kg
s
be accomplished with a pair of specialized centrifugal pumps, designed at Oak Ridge
National Laboratories to handle the corrosive and irradiating environment of the
MSBR.

Steam Turbine Loop
Pilgrim Nuclear Generating Station currently operates a 690 MWe steam turbine.
The turbine loop will be fundamentally unchanged from its current setup except for
the different boiler/heat exchanger. The turbine will produce electricity at a reduced
maximum capacity of 125 MWe, all of which will be consumed onsite and used to
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supply all of the electrical requirements of the separations systems as well as the new
forced cooling system. In addition, the reactor will generate a substantial amount of
process heat which will be used in the form of high pressure steam throughout the
plant.
Forced Cooling System
The current cooling system at Pilgrim relies on a once-through seawater-based heat
cooler. This system will be modified in the first stages of decommissioning to incorporate an air-based forced cooling system, in order to bleed off thermal energy as
quickly as possible without increasing the contribution of the cooling water stream to
the environment of the Cape Cod watershed. During current operation the cooling
system passes over 500 million liters of sea water per day, with a 3°C temperature rise.
By introducing a forced convection cooling system, this volume can be reduced and
the heat removal rate increased. Allowing an additional 30°C release as convective
cooling, the plant will be able to dissipate 360MWth of energy with only 50 million
liters of water per day at a rate of 500kg per second.

6

Operating Cost and Economic Analysis

The overall viability of the company, as well as the project, is determined by whether
or not the service can be provided at a profit to pay back investors. In order to
determine this, market and financial analysis were carried out and a funding timeline
was created. The following sections report the findings of these analyses.

6.1

Market Analysis

A chief concern regarding nuclear energy is the containment and breakdown of SNF
created during the lifespan of a nuclear reactor. Although many nations process spent
fuel, there is minimal secondary processing in the United States and emerging nuclear
countries such as India and China. The rapid expansion of nuclear plant construction
and the growing stockpiles of nuclear waste create a very strong market. Two major
factors driving demand for SNF processing are public concern over the health and environmental impact of the waste and the security risks associated with ever increasing
quantities of SNF. As a result of the absence of processing capabilities in the United
States, over 67,000 metric tons of SNF is stored, providing a successful long term
business strategy based on high quantities of material and lack of competition from
other businesses and current governmental standards[2].
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Our novel decommissioning method, Project ReNU, seeks to undercut the current
market and gain significant share by decreasing current levels of SNF and doing so for
significantly less than the costs incurred by current plant decommissioning methods.
The revenue for this project will come from charging companies for the removal of
their SNF on a per tonne basis. Since ReNU is one of the only companies in a very
under represented market, the service will be completed at a 30% profit margin.
For project ReNU, the decision of location is specifically linked to the list of nuclear power plants currently undergoing decommissioning or planning to begin the
decommissioning process. For the purposes of this, the Pilgrim Power Plant in Massachusetts is used as a case study, as its owner Entergy Nuclear is transitioning
towards decommissioning and shutting down the plant by the end of 2019[1].

6.2

Business Model

In order to grow and maintain a health business model, the company needs to achieve
profit margins of 30% or higher, with a lower tolerance of 20%. As this is a new market
without many major sources of competition, by pioneering the technology and gaining
a major share of the market, ReNuclear will be able to achieve these greater profit
margins. Considering the current rate for decommissioning a nuclear plant, without
removal of SNF, is around $1 billion dollars based off the current decommissioning
of the Vermont Yankee nuclear plant, and that approximately $31 billion has been
allocated to SNF storage after the halting of the Yucca Mountain Repository, both
options make ReNuclear an extremely viable alternative to the current standard. This
is due to the fact that SNF can be processed on a per tonne basis at a rate of $786,000,
which equates to an annual revenue of $212 million dollars.[13][14][3][15].

6.3

Manpower Requirements and Shift Schedule

In order to completely cover the operations of a fully functioning nuclear reactor, a
significant workforce is required. In total, there will be 250 employees, comprising 150
technicians at a rate of $60,000 per year and 100 engineers at a rate of $90,000 per year.
This equates to a yearly fixed salary cost of $18 million per year. These employees
will operate continuously in four eight-hour shifts in order to achieve uninterrupted
operation of the reactor.
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6.4

Estimated Cost of Production

The financial management of funds for ReNU are being dictated by the necessary
costs related to researching, building, and operating a SNF recycling facility on an
existing nuclear site. From the perspective of a contractor, ReNU will be brought
in to evaluate the best course of action for recycling SNF and provide a financially
competitive alternative to the current decommissioning standards. The following
business model is intended to ensure the financial success of Project ReNU over a ten
year period.
Careful analysis of the requirements of Project ReNU results in a ten year business
plan that requires three years of research and construction followed by seven years
to completely recycle SNF. Due to the three years spent without generating revenue,
the break-even point for profitability occurs at 4.7 years. This shows the profitability
of the project with a net cash flow of $243 million dollars after ten years, which can
sufficiently cover the costs of the next installation.
Fixed Operating Costs
The fixed costs of production for this project include the capital required to research
and develop a novel MSBR, and the financing required for the construction of this
reactor at an existing location. Along with this, the fixed costs will cover the salaries
of 100 engineers at $90,000, and 150 technicians at $60,000. Annually, this totals $18
million dollars in labor. Additionally supervisory roles will compensated at a 25% of
the operation budget, which results in a further $4.5 million. Also included in the
fixed capital is the costs of the ISBL, OSBL, overhead, maintenance, and contingency
funds, which in total results in a total fixed cost of production of $54.34 million
dollars. Of the FCOP, overhead, maintenance, and taxes account for nearly half at a
value of $31.56 million dollars.
Revenue and Raw Material Costs
The variable costs of production consists mainly of consumables, such as chemicals, as
well as varying transportation costs. Owing to the large quantities of unique chemicals
required for the pyroprocessing of SNF, the variable costs come out to $53.5 million
dollars. Due to the high initial cost, and long lifetime of the chemicals used, the
chemicals can be depreciated in the same manner as the process equipment instead
of a consumable. In order to generate revenue, the company will charge to recycle
SNF on a per tonne basis, with a final billing to be done upon completion of service
which may differ from the initial quote.
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Estimated Installed Capital Cost
In order to begin operations, ReNU will seek $150 million dollars in venture capital from nuclear and renewable energy investment, as well as through government
incentive programs.
Investors will receive a 20% return on investment, which requires a return of $180
million to be paid at a discount rate of 11%. These investments will be used to cover
the necessary fixed and variable costs of production. However, in order to recoup the
necessary costs and provided a return, the services will be provided at 143% of the
total cost of production. This equates to a gross profit margin of 30%. In total, it
will cost $107.9 million dollars to process a single plant over a seven year period. To
match the required profit margins, this will be completed at a cost of $212 million
dollars, at a rate of $786,000 per tonne of nuclear material.

6.5

Explanation of Cash Flow

The business model for Project ReNU is based on a cyclic ten year plan wherein the
initial two to three years include research and development, as well as renovations
to the existing processing plant. Therefore, by nature the company has an uneven
cash flow statement with initial outflows of cash until the plant is operational. Once
operational, the plant begins to generate revenue at a high enough profit margin to
cover the costs of the next cycle, as well as payout to investors. The company must
maintain a large revenue stream in order to accommodate the desired profit margins,
as well as the 40% tax rate on revenue.
Cash Flow Statement
The overall cash flow statement is given in detail in Appendix F and shown graphically
in Figure 4. A simple break even analysis was performed and determined that the
break even point for the company is 4.70 years. Typical cash out expenses on a yearly
basis include salary, overhead costs, depreciation, taxes, and payments with interest
which require a large revenue source to cover.
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Figure 4: Project ReNU Cash Flow

Return on Investment, Net Present Value, and Internal Rate of Return
After ten years, the return on the initial investments of $150 million will be 41.33%
at $212 million based on the payouts from the revenue stream. This was determined
from the average cash flow stream of $59.4 MM/year and how much is retained as
earnings after taxes. The ten year net present value of the $114.6 million year was
calculated at discount rate of 11% for future cash flows. Finally, the internal rate of
return was 49.8%, which proves that Project ReNU will be very viable, and worth
the investment. This IRR far exceeds the assumed Weighted Average Cost Capital
of 20%. This is also a significant positive indicator for the value of the investment.

6.6

Funding Timeline

The funding for project ReNU will be carried out over the first five years of the
business model in order to ensure the viability of the product and its ability to return
a profit. Funding in the nuclear industry comes from a number of different sources,
including the government, private equity, mutual funds, and venture capital. Due to
the nature of nuclear power, the federal government is a major contributor to both
the research, and implementation of new forms of energy because this allows them to
monitor the safety of nuclear materials as well as maintain a diversified energy supply.
As a result, the federal government provides a number of grants and incentives for
development of nuclear reactors.
Similarly, there are a number of private equity firms and organizations to help supply
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the initial capital needed to begin the construction of a major project. Most notably
the Breakthrough Energy Coalition, comprised of wealthy individuals seeking clean
energy solutions, provides funding to a number of start-up companies in the energy
field. However the funding from a private source is determined by the risk tolerance
of the lender, which then determines the subsequent pay out for the risk taken. The
amount of risk a lender is willing to take is influenced by the credibility of the project.
These factors were all taken into account while developing the funding timeline for
ReNUclear and Project ReNU.
For the first two years of operation, ReNUclear will seek $120 million dollars in an
initial round of funding from the government, as well as the Breakthrough Energy
Coalition. Project ReNU is a prime candidate for the Office of Nuclear Regulatory
Research Financial Assistance Program, which provides grants for new research being
done with nuclear energy. This money will be used to support the development and
implementation of the MSBR, which will include one year of removal and preparation
of the existing plant infrastructure. Following this first year, a second year will taken
to install the new MSBR on the existing location .
With a viable product to demonstrate to investors, Project ReNU will seek the remaining $60 million dollars required to cover the remaining costs of purchasing materials
and supplementing labor until revenue can be generated. This money will again be
secured through a combination of venture capital and government grants. Through
the Energy Policy Act of the mid 2000s, the government provides tax incentives in
order to ease the expenses that accompany constructing a new reactor. Upon completion of the new reactor, Project ReNU will begin to generate revenue immediately by
recycling SNF. Therefore, after two years without any revenue stream, the company
will begin making money and will break even after 4.7 years of existence. Accounting
for interest rates and taxes, investors will be paid back in full within ten years of their
initial investment[16][17][18][19][20].

7

Regulations and Safety Considerations

Due to the nature of this project, there are a number of regulatory and safety concerns
that must be addressed. Many of the materials used in the pyroprocessing of SNF pose
human health, environmental, and national security risks and are therefore strictly
regulated by the United States government. The US government strictly regulates
the transport and storage of these materials, as well as mandating certain security
measures and worker safety programs[21].
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7.1

Materials

Many of the materials used in the molten salt reactor and its auxiliary systems pose
significant health and environmental hazards. While there are the obvious radiation
hazards, it is also important to recognize the hazards that come with using highly
corrosive materials such as hydrogen fluoride and fluoride salts. Beyond the physical
hazards, it is also worth mentioning the significant governmental regulations placed
on many of the radioactive actinides used in ReNUclear’s MSBR. A few of the most
significant of these chemicals are covered in the sections that follow.
Uranium Oxide (UO2)
Uranium oxide (UO2) comprises the majority of the SNF that will be crushed at the
beginning of Project ReNU’s process. It will be separated from the rest of the material
in the crushed SNF prior to reaching the molten salt breeder reactor, meaning that
large quantities of pure UO2 will be used daily. Uranium oxide is both toxic and
radioactive, decaying by alpha emissions as well as gamma radiation. All operators
should wear all proper personal protective equipment, and all necessary actions must
be taken to comply with ALARA (As Low As Reasonably Achievable) requirements.
Uranium oxide is highly toxic by inhalation. High-efficiency particulate filters must
be used on any emergency respirator. In case of suspected leakage of material, all
personnel must evacuate the area and radiological response teams must be contacted
for remediation and cleanup. All SNF will remain in reactor pools or wet/dry cask
storage until being robotically moved to be used in the MSBR as usable fuel.
Plutonium Oxide (PuO2)
Plutonium oxide (PuO2) is part of the reprocessed nuclear fuel, or MOX, that will
be stored for reconstitution into fuel pellets for generation II/III reactors. Plutonium
oxide is both toxic and radioactive, decaying by alpha emissions as well as gamma
radiation. All operators should wear all proper personal protective equipment, and
all necessary actions must be taken to comply with ALARA (As Low As Reasonably
Achievable) requirements. Plutonium oxide is toxic by inhalation. High-efficiency
particulate filters must be used on any emergency respirator. In case of suspected
leakage of material, all personnel must evacuate the area and radiological response
teams must be contacted for remediation and cleanup. All reprocessed nuclear fuel
will be stored in the same manner as SNF, until it can be used as fuel for the primary
reactor, or transported to another light water reactor.
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FLiNaK (LiF NaF KF Eutectic)
FLiNaK is a molten salt mixture of LiF, NaF, and KF. This molten salt combination
will be used to dissolve the SNF, and allow a lower melting point than LiF. Fluoride
salts are toxic, and all operates should wear protective goggles, gloves, and lab coat,
and use a dust respirator. Fluoride salts are a skin irritant that can be absorbed
through the skin. Fluoride salts are also toxic through inhalation, and proper ventilation should be used. Since fluoride is corrosive to equipment, the system should be
regularly inspected for damage.
Hydrogen Fluoride (HF)
Hydrogen fluoride is extremely reactive and will be used in the separation of usable
fuel from the reaction poisoning elements that will be reacted within the MSBR. HF
is highly toxic, and all operators should wear protective goggles, gloves, and lab coat,
and use respirators. Hydrogen fluoride is extremely caustic and will corrode many
metals, including stainless steels 304 and 316. For this reason, all system components
in contact with HF will have to be made from Hastelloy® G30, a highly corrosionresistant alloy with a high nickel and chromium content.
Fluorine Gas (F2)
Fluorine gas is an extremely reactive gas and will be used in the separation of usable
fuel from the reaction poisoning elements that will be reacted within the MSBR. F2
is highly toxic, and in case of accidental release, all operators should use respirators
and leave the area. Fluorine gas is extremely caustic and will cause immediate skin
burns upon contact with skin, and can quickly cause blindness.
Hydrogen Gas (H2)
Hydrogen gas is used in the defluorination process to help reprocess the uranium and
plutonium fluorides back into oxides and hydrofluoric gas. Small amounts of hydrogen
gas are also generated through operation of the breeder reactor, and sparging and
cryogenic distillation will be used to remove these reactor poisons. Hydrogen gas is
highly flammable, and detectors will be used to prevent any explosions.
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Other Gaseous Releases
Xenon, iodine, krypton, and tritium gas are also released as part of the nuclear
reaction. These gases are relatively inert and are removed through sparging and
cryogenic distillation. Tritium needs to be carefully monitored, as it is a beta emitter
and can escape through porous metals. This process should remove these gases and
keep the level of tritium at a minimum.
Neodymium (and Other Rare-Earth Metals Lanthanides)
Neodymium and other lanthanides will be generated as waste products of the MSBR.
These elements will be slightly radioactive, but with separation and storage these
inerts will be harmless. The main danger of these metals is flammability in particle
form. However, this is not an issue since the system will be extremely air-tight to
prevent the release of any radioactive substances/particles.

7.2

Transportation

Shipping containers will be used to transport the MSBR to the reactor location.
The price of a shipping container depends on size, quality, and location. For a good
quality, used 40-foot shipping container near a port, the container would cost between
$2000 and $4000. Transporting shipping containers is very cheap, and shipping costs
would be negligible. Since the equipment would not be used before being started
in a permanent location, the shipment of the system would not be subject to heavy
regulation. Since fluoride salts are toxic materials that are being transported in a
large quantity, they must be properly identified on the vehicle. For example, in NJ,
PA, and RI, lithium fluoride is a right-to-know chemical. In the United States, lithium
fluoride is a hazard class 6.1, packing class III. [23][22].

7.3

Security

The high energy density of nuclear compounds and their potentially harmful applications compels the U.S. government to impose strict regulations on the commissioning
of nuclear power plants, the transportation of nuclear fuel and exposed components,
the security of the plants, and the disposal of the SNF. As nuclear reactors can pose a
significant health and environmental hazard if improperly operated, the construction
and licensing of nuclear power plants are heavily vetted. To eliminate unnecessary
hurdles in the complicated nuclear regulatory process, the licensing process compa32

nies follow has been streamlined into one regulatory process, known as Part 52 [21].
Part 52 ensures that nuclear reactors are not built until the paperwork to start the
reactor has been approved. This combined process allows for the specifications of the
reactor design to be checked after completion, as well as maintaining communication
with the public.
Once the nuclear plant has been approved for commission, safe transportation of nuclear fuel becomes the greatest priority, as the process of transporting nuclear compounds is also highly regulated. Three types of transportation casks exist for moving
nuclear materials. Type A packages are smaller, briefcase sized storage containers
used to contain and ship nuclear materials used for medical purposes. Type B flasks
are large, cylindrical storage containers used to transport highly nuclear fuel/waste
by road/rail. These vessels typically weigh 100 tonnes, with 10 inch thick steel walls
[22]. Type B transportation flasks must be approved by the NRC. Under some of
the listed regulations, Type B flasks must be able to survive a 30 foot fall, as well as
spend 30 minutes within a 800 degree C fire. Some of the more rigorous testing has
involved hitting the flask with a 100 mph train, as well as shooting it with "a device
30 times more powerful than a typical anti-tank weapon." Type C packages are less
common, but involve a smaller container that in addition to standards for Type A
and B packages, can withstand being dropped from cruising altitude of commercial
airplanes [23].
Once a nuclear power plant is operational, it must be heavily secured, such that
materials may not be stolen and proliferated for weapon production. As a result
of the high risks associated with unregulated proliferated material, nuclear reactors
are the most secure non-government facilities in the United States [24]. One major
company employed to protect nuclear facilities is G4S Regulated Security Solutions.
In 2007, the NRC updated the official nuclear reactor protection regulations, clarifying
the responsibility of a nuclear reactor security force. This agreement also stated
that "aircraft attacks as beyond the reasonable responsibility of a private security
force", and that aerial threats/attacks would be taken care of by the military/air
force [25][24].

7.4

Personal Protection Equipment and Training

There are 4 levels of official OSHA and EPA PPE, ranging from levels A-D. Level
A is the strictest level of protection, and is an airtight suit for maximum chemical,
biological, and nuclear protection. This protection is used in environments immediately dangerous to life and when the user may come into contact with substances
that can be absorbed through the skin. This large suit requires an air tank, providing
the user up to an hour of protection. Level B is very similar, with the exception
33

of being airtight. The level B OSHA standard also has an air tank and mask, but
the facemask/helmet is not sealed to the rest of the suit. Level B is also utilized in
circumstances where the environment is immediately dangerous to life, but for substances that are not hazardous to skin. Level C protective gear utilizes a full body
protection, a mask with a respirator, and a hard hat. Typical fire fighting gear is level
C protection. Level C is only used when airborne contaminates have been measured
and a respirator has been determined to be effective in removing these contaminants.
Level D protection is only used when the environment has no known hazards and the
risk of contacting chemicals in dangerous levels has been eliminated. Scrubs are an
example of level D protection, protecting only against "nuisance contamination".
Scientists, engineers and nuclear operators that work at desks and computers within
the office of the nuclear power plant will not need to wear PPE. When working within
the laboratory area, engineers and technicians will need to wear the appropriate PPE
for the job they are performing. Since the containment structure will only be opened
during refueling, normal operations PPE will only be dependent on the facilities safety
policy, and likely utilize a lab coat, safety glasses, a hard hat, and gloves.
During reactor refueling, the highest level of protection, level A, will need to be used.
This airtight suit will prevent exposure to any potential airborne radioactive particles
that may be present, such as servicing the MSBR crusher. When airborne particles
are unlikely, a level C chemical-resistant inner suit can be used with a particulate filter
mask. In all laboratory dress codes, workers should wear a dosimeter. A film badge
dosimeter is the standard wearable device for preventing an overdose in radiation.
An electronic version is also available, and the site should utilize numerous sensors to
measure radiation in the environment. While level A and B suits could be lead-lined
for radiation protection, this protection only stops alpha and beta particles. High
level radioactivity can only be stopped by large quantities of substances. The means
that exposure to certain environments will have to be limited and processes will have
to be automated[26].
According to OSHA’s regulations on radiation areas, an area has to be classified as a
radiation area if workers receive over 5 millirem (0.05 millisieverts) in an hour or over
100 millirem (1 mSv) in 5 days. 1 mSv per hour constitutes a high radiation area,
equivalent to 9 Sv per year. OSHA’s restrictions in radiation exposure is 12.5 mSv
per 3 months for transportation radioactive substances, and 30 mSv per 3 months
if within a facility. The yearly limit for a worker is 50 mSv, 5 times the limit for
the general public. This limit is reduced for younger workers, with a limit of 5 mSv
per year for anyone under 18, and reduced for workers 22 and under. Since a high
radiation area gives workers their yearly dose in just 50 work hours, maintenance
within these areas would be carefully planned for efficiency and safety[27][28][30].
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7.5

Waste Disposal

At the end of the waste-reducing decommissioning step, all of the wastes and materials
must be transported/stored safely. The largest product created is MOX, the reclaimed
fuel that is now reusable fissile material for a generation II or III reactor. This fuel
will be stored onsite before the main reactor is completely shut down, and transported
in Type B packages to a fuel fabrication plant to be converted into MOX-grade fuel
for Generation II reactors. The MSBR waste will be stored as part of the onsite waste
of the nuclear reactor through vitrification. The salt compound will also have to be
treated as nuclear waste and stored since complete separation of the dissolved nuclear
material is impossible. Finally, the equipment, such as the reactor and separators,
will now be partially corroded and likely be internally radioactive. This means that
the equipment cannot be reused and it must be handled by a facility that specializes
in recycling contaminated metals. Bechtel, one of the largest engineering construction
firms, had been handling both nuclear material and environmental cleanup projects
for over three decades. Bechtel was the lead design behind Yucca Mountain and they
are experienced with nuclear cleanup, having worked at Three-Mile Island. From these
past projects, Bechtel would be able to handle and dispose of the salt compound, the
MSBR waste, and the complete Project ReNU system. According to their website,
Bechtel is experienced with decommissioning and vitrification of nuclear materials.
A cost estimate would be based on the size of the nuclear reactor what was serviced,
as a larger reactor would create a larger amount of nuclear waste[29].

7.6

Process Control

For Project ReNU, the operating temperatures and pressures, as well as compound
concentrations, must be restricted to narrow ranges to ensure efficient and safe processing of SNF. Each subsystem of Project ReNU is fitted with process controls and
safety controls and alarms. Each subsystem is described in full in the following sections.
Uranium Oxide Recovery
Project ReNU begins with the recovery of uranium oxide from the crushed SNF from
the decommissioned nuclear plant. As the SNF pellets are crushed, the SNF powder
is transported to the fluorinator. As the powder is moved, there is a flow sensortransmitter in-line with the pipe. The sensor-transmitter is then attached to a Type
4 alarm, such that drifts and failures in flow rate are detected more readily. If the
flow of SNF powder is too low, the system becomes inefficient, and if it runs high,
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the reactor could become overpressurized. In addition, a valve is located in line with
the process line such that the volume of material in the fluorinator remains at a safe
and efficient level. The alarm is fail-close, as allowing material to continuously flow
into a failing system could cause the fluorinator to rupture.
Four additional Type 4 alarm systems are located in the uranium oxide recovery
subsystem, one system per chemical inlet stream. As a result of the caustic nature
or gross incompatibility of each material in the system, a flow sensor-transmitter
is attached to the inlet of each stream. Each alarm is fail-close to prevent excess
material entering the fluorinator and causing overpressurization.
A redundant control system attached to the fluorination reactor measures the level
of material contained inside. If the level becomes too high, the switch will activate,
sending a signal to the solenoid valve attached to the pump that controls the flow
rate of fluorinated UF6 into the oxidizer vessel, thereby reducing the risk of reactor
overpressurization.
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Figure 5: Uranium Oxide Recovery Control System

MSBR
Once most of the uranium oxide from the SNF has been fluorinated, the remaining
fertile actinides and uranic SNF in the molten salt is transported to the MSBR. The
reactor itself contains a temperature sensor-transmitter, which then relays a signal to
a master PID controller. On the heat exchanger inlet that returns cooled FLiNaK salt
to the MSBR, there is a flow sensor-transmitter that relays a signal to a slave PID
controller. The slave PID controller then relays a signal to the valve on the inlet heat
exchanger pipe. The system regulates the temperature of the MSBR by increasing or
decreasing the flow of cooled FLiNaK salt returned from the heat exchanger.
In addition to the temperature sensor-transmitter, a flow switch is installed in-line
with the inlet flow of the cooled salt back into the MSBR. The switch is attached to
a solenoid valve, which controls the pump that supplies molten salt, actinides, and
remaining uranic SNF to the MSBR. If the flow of material into the MSBR from the
heat exchanger loop is too high, the flow of material from the fluorinator is restricted,
maintaining a safe level of material in the MSBR.
In the MSBR, an actinide content of 10 wt.% is necessary for maximum system
efficiency. To achieve this, an inlet stream of 25 wt.% actinides returning from the
salt treatment loop is required. The composition of the fission product inlet stream is
controlled using an ultrasonic concentration sensor-transmitter, which then feeds into
a master PID controller. In addition, there is a valve located in-line with the outlet
stream of salt from the MSBR to be treated. A flow sensor-transmitter is attached
to the same outlet stream, transmitting flow data to a slave controller. The flow data
and actinides concentration data are received and are translated to either an increase
or decrease in untreated salt into the salt treatment subsystem. A redundant control
to prevent overpressurization of the salt treatment system is implemented on the
outlet stream using a Type 2 fail-open flow switch.
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Figure 6: MSBR Control System

Salt Treatment
Molten salt from the MSBR is transported into the salt treatment subsystem to
remove neutron poisons from the fuel salt. There are seven chemical storage vessels
that are inserted into the process at varying points of the salt treatment. Each pipe
that transfers the chemical into the system has a type 4 alarm system attached to the
stream. As a result of the caustic nature or gross incompatibility of each material in
the system, a flow sensor-transmitter is attached to the inlet of each stream. Each
alarm is fail-close to prevent excess material entering the chemicals’ respective reactors
and causing overpressurization.
The vessel in which UF6 is collected from the subsystem’s fluorinators has a pressure sensor-transmitter. The signal is sent to a master PID controller. The signal
interacts with a signal from the flow sensor-transmitter data of the outlet stream of
the collection vessel in the slave controller. The subsequent transducer then either
controls the in-line valve to accordingly to increase or decrease the flow of UF6 into
the collection vessel to prevent overpressurization.
The vessel in which protactinium decay is encouraged has a level sensor-transmitter.
The signal is then sent to a master PID controller. The signal interacts with a signal
from the flow sensor-transmitter data of the outlet stream of the collection vessel
in the slave controller. The subsequent transducer then either controls the in-line
valve to accordingly increase or decrease the flow of UF6 into the collection vessel
to prevent overpressurization of decaying fissile products. The control system is also
used to ensure the appropriate level of fissile products to minimize the residence time
of the decay products in the vessel.
In terms of material safety, hydrogen fluoride is not only an extremely caustic material,
but also a crucial component to the treatment of the salt system. Therefore, flow
control was established on the hydrofluorinator inlet and outlet streams to fill any
gaps in reactor efficiency or safety.
One final control system that was implemented in the salt treatment subsystem was
the safety instrumented system (SIS) built in-line with the waste salt storage vessel.
A level switch was installed to detect if the level of waste salt is too high in the vessel.
The switch sends a signal to a solenoid valve, which decreases the flow from the
system pump into the vessel to prevent overpressurization and release of radioactive
waste salt.
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Figure 7: Salt Treatment Control System

Gas Treatment
In the process of reclaiming uranium oxide and reducing the half-lives of actinides,
many gaseous species are evolved. The gas is treated in a separate subsystem to
comply with environmental and safety standards. In the subsystem, there are seven
heat exchangers to cool the incoming heated gases so that they may be safely treated.
Each pipe that transfers heat into a subsequent heat exchanger has a type 4 alarm
system attached to the stream. With a temperature sensor-transmitter attached
to the outlet of each heat exchanger, the temperature of the treated gases can be
controlled. Each alarm is fail-open to prevent excessive buildup of pressure and
material in the heat exchangers.
The initial filtration step of the gas treatment subsystem is the charcoal bed. The
operating conditions of the charcoal bed are narrow, as the filter must be within 0°C
and 150°C. In addition, there must be a maximum oxygen content of only 10ppm. As
a result of the temperature condition requirements superceding the oxygen content, a
temperature sensor-transmitter was installed into the charcoal bed system. The signal
from the temperature PID controller is then relayed to a slave flow controller, with flow
sensor-transmitter data relayed from the subsystem air cooler inlet. The associated
transducer then controls the The vessel in which UF6 is collected from the subsystem’s
fluorinators has a level sensor-transmitter. The signal is then sent to a master PID
controller. The signal interacts with a signal from the flow sensor-transmitter data
of the outlet stream of the collection vessel in the slave controller. The subsequent
transducer then either controls the in-line valve to accordingly increase or decrease
the flow of UF6 into the collection vessel to prevent overpressurization.
A high pressure interlock automatic shutdown system was implemented in the compressor of the subsystem. The pressure switch is activated in the case of high pressure
detection, activating the solenoid valve which causes the valve to close, thereby reducing pressure and preventing overpressurization of the unit operation. An additional
high pressure interlock system was implemented in the liquifier of the subsystem. In
a similar system, the pressure switch triggers the solenoid valve in the case of high
pressure detection and cuts off pressure to the liquifier.
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Figure 8: Offgas Treatment Control System

Power and Heat Extraction
To maintain the temperature at which the MSBR operates at maximum efficiency,
heat must be extracted from the system. As with most nuclear power systems, Project
ReNU’s system uses the steam generated from the cooling of molten salt to generate
electricity. In the subsystem, there are three primary safety alarms. The first alarm is
a type 4, fail-open alarm that uses a flow sensor-transmitter to detect if there are abnormalities or failures in the return stream of the subsystem’s condenser. The second
alarm is a type 4, fail-open alarm that uses a flow sensor-transmitter to determine
the operation of the fans in the cooling tower. The third alarm is a type 4, fail-open
alarm that uses a flow sensor-transmitter to check the flow of steam into the liquifier
and reduce the risk of overpressurization of the unit operation.
In addition, to ensure the MSBR is being properly cooled, a temperature sensortransmitter is installed in-line with the outlet of steam from the heat exchanger. The
signal from the master PID temperature controller is transferred to the slave PID flow
controller, along with data from the flow sensor-transmitter installed in-line with the
return stream of FLiNaK salt. The slave controller then increases or decreases the
flow of FLiNaK salt into the system, depending on if the salt needs to be cooled faster
or slower.
Finally, a high pressure interlock automatic shutdown system was implemented in the
turbine of the subsystem. The pressure switch is activated in the case of high pressure detection, activating the solenoid valve which causes the valve to close, thereby
reducing pressure and preventing overpressurization of the unit operation.
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Figure 9: Power and Heat Extraction Control System

8

Conclusion and Recommendations

The work done in this proposal strongly suggests that the processes described in this
report are more environmentally friendly, safer, and more cost-effective than any currently existing methods for the decommissioning of a nuclear power station. Through
combining pyroprocessing with the help of a MSBR, not only is fertile and fissile material recovered for use in existing reactors, but the lifetime of the remaining SNF can
be decreased by several orders of magnitude. Furthermore, molten salt reactors like
the one described in this report are significantly safer than any nuclear reactor that
has been commercialized in the United States. In the unlikely event of a thermal runaway incident, the molten salt plug beneath the reactor would melt, thereby causing
all of the radioactive material in the reactor system to enter a secondary containment
vessel where it would harden without posing a risk to the environment, plant workers,
or the surrounding populations.
While the system detailed in this report is a complete decommissioning solution, it is
believed that some improvements may be possible. Pending the necessary resources,
ReNUclear plans to explore the introduction of an intermediate salt loop to mediate
heat transfer from the main reactor loop to the power generation loop. While this
will slightly decrease efficiency, it may provide an additional layer of safety to the
system. Furthermore, it may be worth investigating more experimental versions of
MSBR’s, such as fast spectrum breeder reactors which could prove to be cheaper and
more efficient.
Based on the details reported in this report, ReNUclear strongly suggests that Entergy Nuclear and the United States Nuclear Regulatory Committee consider the procedures described herein for the decommissioning of Pilgrim Nuclear Power Station.
Furthermore, ReNUclear recommends that the methods and procedures described
above be considered for use as an alternative to existing decommissioning procedures
in all future decommissioning projects.
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Appendix A: Plant Plot
Figure 10: Plant Plot Plan
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Appendix B: Full Process Flow Diagram
(See Next Page)
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Figure 11: Full Process Flow Diagram

13

Appendix C: HAZOP Analysis
Table 2: HAZOP Analysis for MSBR

hline
multicolumn4|l|Vessel: MSBR (E-5)
Intention – Breeder Reactor
Guide Word

Deviation

Cause

Consequences and Actions

P-4 – Separated SNF
Intention – Molten Salt Bath and Fluorinator to MSBR
NO/NONE
Flow
Blockage

LESS

Flow

Blockage,
age

MORE

Flow

Problem
with
separations
process

P-5 – Continuous Cycling Salt Stream (Output)
Intention – MSBR to Pump and Boiler

56

leak-

MSBR will not have enough
material,
low pressure
alarm will trigger. Sensors
should be added to monitor
flow. Lack of flow could
indicate critical problem
with separated nuclear
material.
MSBR will not have enough
material,
low pressure
alarm will trigger. Sensors
should be added to monitor
flow. Lack of flow could
indicate critical problem
with separated nuclear
material.
MSBR will have too much
material and will take
longer to use. If pressure
is too high, vessel leakage
or explosion is possible. A
leak in the feed line would
be an extreme radioactive
hazard. Sensors should be
added to monitor flow.

NO/NONE

Flow

Low temperature, blockage

LESS

Flow

Low temperature, blockage

MORE

Flow

High
temperature,
extra
material

P-7 – Continuous Cycling Salt Stream (Input)
Intention – Boiler to MSBR
NO/NONE
Flow

57

Low temperature, blockage

MSBR will allow material
to circulate, low pressure
alarm will trigger. Sensors
should be added to monitor flow.
Lack of flow
could indicate critical problem with separated nuclear
material. Low temperature
could cause a salt blockage.
MSBR will allow material
to circulate, low pressure
alarm will trigger. Sensors
should be added to monitor flow.
Lack of flow
could indicate critical problem with separated nuclear
material. Low temperature
could cause a salt blockage.
MSBR will have too much
material and will take
longer to use. If pressure
is too high, vessel leakage
or explosion is possible. A
leak in the feed line would
be an extreme radioactive
hazard. Sensors should be
added to monitor flow.

MSBR will not have enough
material,
low pressure
alarm will trigger. Sensors
should be added to monitor
flow. Lack of flow could
indicate critical problem
with separated nuclear
material.

LESS

Flow

Low temperature, blockage

MORE

Flow

High
temperature,
extra
material

MSBR will not have enough
material,
low pressure
alarm will trigger. Sensors
should be added to monitor
flow. Lack of flow could
indicate critical problem
with separated nuclear
material.
MSBR will have too much
material and will take
longer to use. If pressure
is too high, vessel leakage
or explosion is possible. A
leak in the feed line would
be an extreme radioactive
hazard. Sensors should be
added to monitor flow.

Table 3: HAZOP Analysis for Molten Salt Bath
hline
multicolumn4|l|Vessel: Molten Salt Bath and Fluorination (E-3)
Intention – First Stage Separations
Guide Word

Deviation

Cause

P-1 – Powdered SNF
Intention – Robotic SNF Loading System to Molten Salt Bath and Fluorinator
NO/NONE
Flow
Robotic loading
system malfunction, blockage in
feed line

58

C
ti

M
ha
lo
tr
be
La
cr
lo

LESS

Flow

Robotic loading
system malfunction, blockage in
feed line

MORE

Flow

Robotic loading
system malfunction

P-2 – UF6
Intention – Molten Salt Bath and Fluorinator to Uranium Oxide Reclaiming Reactor
NO/NONE
Flow
Separation failure, pipe failure

LESS

Flow

59

Separation failure, pipe failure

M
ha
lo
tr
be
La
cr
lo
M
to
ta
te
ci
hi
pl
in
ex
Se
m

M
pr
pr
Se
to
co
le
in
su
le
M
pr
pr
Se
m
co
le
in
su
le

MORE

Flow

Separation failure, P-4 blockage

M
pr
pr
Se
m
w
P
ti

Flow

Separation failure, pipe failure

LESS

Flow

Separation failure, pipe failure

MORE

Flow

Separation failure, P-4 blockage

M
pr
pr
Se
to
co
le
to
pr
M
pr
pr
Se
m
co
le
to
pr
M
pr
pr
Se
m
w
P
ti

P-4 – Separated SNF
Intention – Molten Salt Bath and Fluorinator to MSBR
NO/NONE

60
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Appendix D: Links to Safety Data Sheets
Table 4: Sources for Safety Data
Material & Link to SDS
Uranium Oxide (UO2 )
Plutonium Oxide (PuO2 )
Lithium Fluoride (LiF)
Sodium Fluoride (NaF)
Potassium Fluoride (KF)
Potassium Chloride (KCl)
Magnesium Chloride (MgCl2)
Hydrogen Fluoride (HF)
Fluorine Gas (F2)
Hydrogen Gas (H2)
Xenon Gas (Xe)
Tritium (HT)
Neodymium (Nd)
Krypton (Kr)
Iodide (I)

15

Sheet
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

Appendix E: Failure Mode Effects Analysis

61

62

Leakage
Leakage

Leakage
Radioactive molten
salt leaking from
molten salt loop
Runaway reaction,
reactor explosion
Turbine stoppage,
possible explosion
Leakage, explosion,
F2 gas release
Runaway reaction,
reactor explosion
Runaway reaction,
reactor explosion
No profits

Over
Pressuring
Molten Salt Loop

Over
Pressuring
Water Loop

Over
Pressuring
Cryogenic Loop

Heat
Exchanger
Corrosion

Electrical Failure

Compressor Failure

Moderator Failure

Failure To Start

Runaway Reaction

Turbine Failure

Over
Pressuring
Reactor

1

10

10

10

10

10

10

10

10

10

10

SEV
10

1

1

4

4

1

1

1

1

Lots of engineering

Molten Salt Plug

Molten Salt Plug

Pressure gauge

N/A

Molten Salt Plug

Corrosion models

Pressure gauge

Pressure gauge

Pressure gauge

Pressure gauge

OCC Current Control
1
Corrosion models

Electrical
4
Failure
Electrical
4
Failure
Engineering 1
failure

Electrical
Failure
Corrosion,
mechanical
failure
High Pressure

Corrosion

High Pressure

High Pressure

High Pressure

High Pressure

Cause
Corrosion

4

1

1

1

4

1

7

1

1

1

1

DET
7

Table 5: Failure Mode Effects Analysis (FMEA)
Consequence
Immediate
evacuation,
costly
cleanup, stopping
reactor
Leakage, explosion

Failure Mode
Leaking From Radioactive Line

4

40

40

10

40

40

280

10

10

10

10

Use automated control
shutoff, far from critical
pressure
Use automated control
shutoff, far from critical
pressure
Use automated control
shutoff, far from critical
pressure, use pressure relief
valve
Use automated control
shutoff, far from critical
pressure
Corrosion models, using
heat exchangers in parallel
to stop using old heat exchangers
Use generators for reactor
electricity
Visual inspection of turbine, operating withing engineered limits
Use automated control
shutoff, far from critical
pressure
Use generators for reactor
electricity
Use generators for reactor
electricity
R& D, small scale testing

RPN Action
70
Use Hastelloy G30
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Appendix F: Cash Flow Statement
(See Next Page)

63

REV

ECONOMIC ANALYSIS

DATE

BY

APVD

REV

DATE

BY

APVD

4.2

A

Plant Location

Daniel Kelly
Pennsylvania

Capital Cost Basis Year 2016
Units
English

Metric

Case Description

Project ReNU

On Stream

270.00 day/yr

Owner's Name

REVENUES AND PRODUCTION COSTS

CAPITAL COSTS

CONSTRUCTION SCHEDULE

$MM/yr
Main product revenue

$

Byproduct revenue
Raw materials cost

$MM

Year

212.28

ISBL Capital Cost

$

6.43

1

$

-

OSBL Capital Cost

$

1.29

2

$

53.58

Engineering Costs

$

2.32

3

Utilities cost

Contingency

$

0.77

4

Consumables cost

Total Fixed Capital Cost $

10.81

5

2.70

7+

VCOP

$

53.58

Salary and overheads

$

18.00

Maintenance

$

1.00

Interest

$

0.89

$

54.34

8,000 hr/yr

6
Working Capital

$

% FC
% WC
% FCOP % VCOP
50.00%
0.00%
0.00%
0.00%
50.00%
0.00%
0.00%
0.00%
0.00%
0.00%
100.00%
100.00%
0.00%
0.00%
100.00%
5.00%
0.00%
0.00%
100.00%
5.00%
0.00%
0.00%
100.00%
5.00%
0.00%
0.00%
100.00%
5.00%

Royalties
FCOP
ECONOMIC ASSUMPTIONS
Cost of equity

30%

Tax rate

40%

Cost of debt

5%

Depreciation method

Double-Decline

Cost of capital

25%

Depreciation period

10

Debt ratio

20%

years

CASH FLOW ANALYSIS
All figures in $MM unless indicated
Project year

Cap Ex

Revenue

CCOP

Gr. Profit

Deprcn

Taxbl Inc

Tax Paid

Cash Flow

1

(62.36)

0.00

0.00

0.00

12.36

0.00

0.00

(62.36)

(49.92)

(49.92)

2

(69.82)

0.00

0.00

0.00

9.82

0.00

0.00

(69.82)

(44.75)

(94.67)

3

0.00

212.00

107.93

104.07

7.79

96.28

38.51

65.56

33.64

(61.03)

4

0.00

212.00

57.02

154.98

6.19

148.79

59.51

95.46

39.21

(21.82)

5

0.00

212.00

57.02

154.98

4.91

150.06

60.02

94.95

31.22

9.40

6

0.00

212.00

57.02

154.98

3.90

151.07

60.43

94.55

24.89

34.29

7

0.00

212.00

57.02

154.98

3.10

151.88

60.75

94.22

19.86

54.15

8

0.00

212.00

57.02

154.98

2.46

152.52

61.01

93.97

15.85

70.00

9

0.00

212.00

57.02

154.98

1.95

153.02

61.21

93.77

12.67

82.67

10

0.00

212.00

57.02

154.98

1.55

153.43

61.37

93.61

10.12

92.79

PV of CF

NPV

ECONOMIC ANALYSIS
Average cash flow
Simple pay-back period

59.4 $MM/yr
4.70

Return on investment (10 yrs)

41.33%

Return on investment (15 yrs)

-

NOTES

NPV

yrs

10 years

114.6 $MM

15 years

-

20 years

NPV to yr

-

1

IRR

10 years

49.8%

$MM

15 years

-

$MM

20 years

-

-49.9 $MM
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Appendix G: Selected Abbreviations

• FCOP — Fixed Costs of Production
• FLiNaK — A salt mixture of LiF, NaF, and KF
• ISBL — Inside Battery Limits
• ISFSI — Independant Spent Fuel Storage Facility
• MOX — Mixed Oxide Fuel
• MSBR — Molten Salt Breeder Reactor
• NRC — United States Nuclear Regulatory Commission
• OSBL — Outside Battery Limits
• OSHA — Occupational Safety and Health Administration
• PID — Proportional, Integral, Derivative controller
• PPE — Personal Protective Equipment
• SNF — Spent Nuclear Fuel
• VCOP — Variable Costs of Production
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