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Abstract

A system dynamics simulation technique is applied to generate a new version of the
CAFCA code to study the mass flow in the nuclear fuel cycle, and the impact of different options
for advanced reactors and fuel recycling facilities on the accumulation of the transuranics (TRU)
inventory. Several aspects of the nuclear fuel cycle are studied for the US and for Brazil. This
includes the impact of advanced nuclear technologies’ introduction, under a prescribed industrial
construction capacity, on uranium resources, the need for uranium enrichment, demand for fuel
reprocessing facilities, and total cost of electricity over the next one hundred years. Introduction
of fuel recycling can reduce the growing demand for uranium, and the long-term need for storage
of radioactive spent fuel. However, the timing of introduction of recycling is important for

proper technology development, and that is reflected in the assessments.

The nuclear fuel cycle is modeled as a high level structure diagram, which provides an
overview of the interconnections among its blocks without showing all the details, and as a
structure-policy diagram which details the decision rules applied to the structure. The high level
structure diagram represents the nuclear fuel cycle; the fleet of thermal and fast reactors; the
separation and reprocessing plants; the waste repository; the spent fuel storage; and the paths for
the fuel and waste mass transfer. In addition, an economic model is added to study different
cases under the same assumptions. The economic model is based on the forecasted need for
advanced reactors and recycling facilities, assuming that all costs are recovered within the

nuclear energy system.



Different recycling technology options are included in the code: (1) Thermal recycling in
LWRs using Combined Non-Fertile and UO, Fuel (CONFU), (2) Recycling of TRU in fertile-
free fast cores of Actinide Burner Reactors (ABR); and (3) Fast recycling of TRU with UO; in
self-sustaining Gas-cooled Fast Reactors (GFR). Case studies for different advanced technology
introduction dates and for distinct TRU depletion rates are examined. In particular, the code is
equipped to simulate the introduction of two recycling technology options with a prescribed

allocation of the TRU supply between them.

The simulation results show that early introduction of the GFR recycling scheme leads to
the most significant reduction in uranium consumption, and enrichment requirements, thus
delaying the depletion date of uranium ore. The GFR technology requires less uranium resources
due to U recycling and near unity fissile conversion ratio. However, in a non-breeding reactor
system, the consumption of U continues to grow, and the TRU needed to start fast reactors will
be growing at a constrained rate. On the other hand, the CONFU recycling scheme keeps the
TRU inventory in the entire system well below other schemes, and guarantees equilibrium
between the generation and consumption of transuranics without investments in fast reactors.
Also, it reduces the TRU sent to the repository for disposal by orders of magnitude. The ABR
scheme does the same but requires the introduction of fast reactors. Nevertheless, the CONFU
and ABR schemes have no significant impact on the amount of uranium resources consumption
or enrichment requirements. CONFU incinerates more TRU than the GFR and ABR schemes

during the simulation period.

Economic analysis indicates that the CONFU technology is more attractive at current
uranium prices, and that fast recycling becomes as attractive as thermal recycling at higher
uranium prices. The results also show that if a nuclear fuel cycle state/reactor state collaboration
with Brazil is started, there will be a significant impact on the U.S. cumulative TRU inventory at
interim storage, enrichment requirements, uranium consumption, and number of advanced fuel
facilities. The results show that a nuclear partnership without the introduction of advanced
nuclear technologies would not have advantages for the U.S. Furthermore, a nuclear
collaboration allows a higher ratio of fast reactors to total installed nuclear electric capacity in
the U.S.
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1 Introduction

1.1. Motivation

In the last decade, many countries had to intensify national discussions about energy, its
source, market, regulatory structure and environmental impact. In 2006, the introduction of the
Global Nuclear Energy Partnership (GNEP) program by the U.S. started an international
discussion on the deployment of advanced nuclear technologies, for both fresh fuel and spent
fuel, among countries to “develop worldwide consensus on enabling expanded use of economical,
carbon-free nuclear energy to meet growing electricity demand” [1]. With the deployment of
advanced technologies, the market for the front- and back-end of the fuel cycle will become
more competitive. In addition, the demand for uranium should increase and, at least until the

deployment of fast reactors, its supply assurance could become an issue.

GNEP assumes that many countries, for different reasons, are going to fulfill their
electricity growth demand by improving their energy supply portfolio focusing on nuclear power.
However, the carbon-free characteristic of nuclear power is not enough to assure the public’s
attitude in support of nuclear power expansion. The public would also want that the new nuclear
plants be environmentally friendly, and that the nuclear waste be treated, the long-term waste is

reduced to a reasonable amount, and stored in a suitable geological repository.

Several options for advanced nuclear technologies are able to reduce the amount of
transuranics inventory, and fulfill the power demand. Applying system dynamics tools to
simulate the nuclear fuel cycle, we will evaluate the repercussion of the deployment of new
technologies on the global energy market. Therefore, a central issue in this study is the
simulation of the nuclear fuel cycle for different scenarios, using an innovative system dynamics
version of the Code for Advanced Fuel Cycles Assessment (CAFCA) [2], for the deployment of
advanced reactors and fuel facilities. Moreover, the impact of the introduction of these
technologies on uranium resources, on SWU requirements, on TRU inventory, on the rate of
construction of reactors and fuel facilities, on the fuel cycle cost, and on the total cost of

electricity over a one hundred years period is evaluated.
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1.2. Review of Previous Work

Efforts have been made to develop flexible tools to simulate the nuclear fuel cycle. Previous
work at MIT addressed three different schemes for recycling spent fuel, to make the nuclear
energy system sustainable from the waste standpoint: [2]

® Thermal recycling in LWRs using Combined Non-Fertile and UO; fuel (CONFU)
technology;

¢ Fast recycling of TRU in fertile-free fast cores of Actinide Burner Reactors (ABR); and

¢ Fast recycling of TRU with UQ; in self-sustaining Gas-cooled Fast Reactors (GFR).

To understand such studies, the Center for Advanced Nuclear Energy Systems (CANES) at
MIT has been developing a code for simulating the deployment of these advanced technologies
for closing the nuclear fuel cycle. CAFCA (Code for Advanced Fuel Cycles Assessment) is
designed to simulate the impact of the introduction of advanced technologies on the nuclear
market, focusing on the rate of construction of reactors and fuel facilities to fulfill the nuclear
power demand, and to keep the TRU inventory below reasonable levels. CAFCA has three
versions developed in the MATLAB simulation environment. The first version was used to
simulate the deployment of two technologies, one thermal (CONFU) and one fast (ABR)
recycling schemes [3]. The second version of CAFCA introduced one more fast recycling
strategy (GFR), and the option for a minimum loading mass factor for advanced treatment
facilities [2]. The last version of CAFCA, released in June 2007, introduced the capability of
tracking the isotopic composition through the fuel cycle in order to assess the radioisotope decay
in the system [4]. The system dynamics version of CAFCA described in this work, i.e. CAFCA-
SD, introduces the capability of simultaneous deployment of up to three recycling technologies,
and the flexibility of using more than one option for TRU depletion.' Moreover, an innovative
modeling strategy, with structure-policy diagrams for the estimation of the mass flow in the
system, is developed. Nevertheless, several nuclear fuel cycle codes are undergoing active
development at the U.S. and other locations. For example, the Commelini-Sicard (COSI) code,
developed by the French Atomic Energy Commision; the Dynamic Analysis of Nuclear Energy
System Strategy (DANESS) code, developed by Argonne National Laboratory, and the
Verifiable Fuel Cycle Simulation code (VISION), which is the United States Department of
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Energy’s (DOE) Advanced Fuel Cycle Initiative’s (AFCI) nuclear fuel cycle systems code, are a

non comprehensive list of few nuclear fuel cycle codes found in reference [5].

The use of system dynamics to model and simulate the nuclear fuel cycle is motivated by the
growing complexity of the system; by the necessity of adding the capability to include policies to
the task of fulfilling the power demand; by the need to inject uncertainty analyses, such as
construction times and transportation delays, in the code; and to have a code that should
facilitate further development using the modular system dynamics tools. Moreover, closing the
nuclear fuel cycle with different technologies towards a sustainable nuclear energy market
introduces the need for a more detailed mass-flow and economics analysis that can be easily
assembled to CAFCA-SD. In addition, the demand for modeling information and material delays,
and the non-linear behavior of the system, increase the complexity of the code, and justify the
use of system dynamics. It is noticeable that VISION and DANESS both employ System

Dynamics as their development language.

In general, for the renaissance of the nuclear energy, the inventory of stored spent fuel should
be kept at reasonable levels and for assuring maximum recovery of energy from the fuel. In
addition, TRU inventories, such as plutonium and minor actinides (primarily neptunium and
americium), should be used as fuel that can be recycled several times, possibly in advanced fuel,
to burn the long-term radioactive elements and to make the system sustainable from the waste
standpoint. Thus, the inventory of TRU elements should be controlled and limited by appropriate
reactors serving as transuranic element burners. The Advanced Fuel Cycle Initiative (AFCI) and
GNEP program focuses in fast reactors for that purpose [6]. Nevertheless, the world is not
expected to eliminate Light Water Reactors (LWRs). Therefore, the system dynamics model of

the nuclear fuel cycle assumes that LWRs operate in conjunction with advanced reactors.

1.3. Scope of the work

To summarize, this work presents a system dynamics model of the nuclear fuel cycle, and
analyzes results from a set of simulations for different scenarios. The mass transferred among
nuclear facilities is tracked during the simulation, and both traditional and advanced technologies

interact. Furthermore, an economic model is applied to estimate the capital costs, the operating
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and maintenance (O&M) cost, the fuel cycle cost, and the total cost of electricity. The impact of
the introduction of advanced technologies on the U.S. nuclear energy market, and on the
Brazilian nuclear energy market, is assessed using the new code CAFCA-SD. The U.S. is the
advanced nuclear country with the largest fleet of reactors. Its electricity market relies on nuclear
power (20% share currently), and advanced reactors and fuel facilities are planned to meet the
electricity demand in the future decades. Moreover, the U.S. will be a fuel cycle state providing
fuel for the reactors states. On the other hand, Brazil is one of the few countries outside the
Organization for Economic Cooperation and Development (OECD) with large economies, so
called BRIC (term used to refer to the combination of Brazil, Russia, India, and China). It is
expected to play an important role in the market in the next few decades [7]. Although the
electric power system in Brazil is hydro dominated, the country has been improving its energy
supply portfolio through nuclear power, and has been investing in R&D facilities. According to
the 2003 MIT study “The Future of Nuclear Power,” Brazil is expected to have a nuclear energy
annual growth of 7.8% until 2050 [8].

The deployment of the three recycling strategies listed in Section 1.1 is examined using
CAFCA-SD. Moreover, the components of a nuclear fuel cycle system are described as a set of
physical and information interconnections, and the behavior of the system over time is
considered to analyze the impact of the introduction of recycling schemes in different dates, and
with different rates of TRU depletion on the nuclear market. Also, the model includes an
economic analysis, which consists of the estimation of the capital cost, O&M costs, cost of the

fuel cycle, and the total cost of electricity.

In the first part of the study, the system is described using structure-policy diagrams. All
significant relationships and variables that describe the behavior of the system are considered. In
addition, the model is implemented using the system dynamics coding platform Vensim". The
code tracks the mass transferred through the system, and applies economics to calculate the cost
of fuel cycle, and the total cost of electricity. Therefore, Chapter 2 presents the modeling strategy
and applications, Chapter 3 presents the recycling strategies, and Chapter 4 describes the

economic model analysis and assumptions.

" The Ventana simulation environment for Windows
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In the second part of the study, the impact of the introduction of advanced technologies on
uranium resources is evaluated. Also, the economic impact of uranium prices on the fuel cycle
cost, and on the total cost of the electricity, is evaluated for the U.S. nuclear market. The
economics of various rates of TRU consumption and the earlier deployment of fast recycling
technologies are evaluated, including the cost of electricity of simultaneous recycling
technologies. Therefore, Chapter 5 and Chapter 6 present the assessment of the U.S. nuclear

market.

In Chapter 6.4, information about the Brazilian nuclear energy market and about the electric
power system in Brazil is presented. Also, the impact of the introduction of advanced
technologies on uranium resources in Brazil considering a sensitivity analysis of uranium prices
is performed. Last, the impact of a U.S and Brazil nuclear partnership in the U.S. nuclear market

is considered. Therefore, Chapter 6.4 presents the assessment of the Brazilian nuclear market.
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2 Modeling Strategy and Implementations

2.1. Introduction

This chapter describes the modeling strategy adopted in this study, and provides an
overview of system dynamics. The model of the nuclear fuel cycle is presented here as a high
level structure diagram, and details of the system are presented as structure-policy diagrams. A
high level structure diagram provides an overview of the model, highlighting interconnections
among blocks of the system, without showing all the details for the computer simulation. A
structure-policy diagram reproduces the structure of the system, and the decision rules applied to

the structure.

2.2. System dynamics overview

System dynamics is a methodology invented at Massachusetts Institute of Technology
(MIT) in the mid-1950s by Jay W. Forrester [9]. In the last sixty years, the technique has been
applied in almost every field, from management, economic, and environmental issues, to
medical, biological, and complex non linear dynamics problems. Moreover, system dynamics
has been used in the public and private sectors for design and strategic energy planning for more

than twenty-five years [10].

System dynamics is a process for modeling and understanding the behavior of complex
“feedback systems” over time. By taking advantage of computer simulation, a set of physical and
information interconnections describes the comportment of the system. The term “feedback
system” refers to a situation where X affects ¥, and Y in turn affects X, through a chain of causes

and effects [11].

The technique is based on nonlinear dynamics and control theories [12]. First, the
dynamics of the system considering feedback interactions that represent self-reinforcing (or self-
correcting) process, stock (states variables), and flow (rates of changes) structures are modeled.
The modeling goal is to identify the system variables which shape the patterns of behavior. Next,
a computer model able to simulate a similar behavior is built. Last, the computer model is used

to test policies designed to change the system’s behavior as desired [10].
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2.3. High level structure diagram

The high level structure diagram of the system is shown in Figure 2-1. The high level

structure diagram represents:
¢ the nuclear fuel cycle;
o the fleet of thermal and fast reactors;
¢ the separation and reprocessing plants;
¢ the waste repository;
¢ the spent fuel storage; and
o the paths for mass transfers.

The nuclear fuel cycle is the sequence of nuclear fuel through a series of different stages,
and it consists of front- and back-ends steps. The front-end stages are mining, milling,
conversion, enrichment, and fuel fabrication. As seen in Figure 2-1, the progression of nuclear
fuel through the front-end takes place in five steps: first, the amount of uranium (U) ore mined is
calculated based on the thermal and fast reactor demand. Next, the amount of “yellowcake,”
processed from mined uranium, which is sold on the market as uranium oxide (U3Og), is
evaluated. Then, uranium oxide is converted to uranium hexafluoride (UFg), which is needed by
commercial uranium enrichment facilities. Following, uranium hexafluoride from mined and
recycled uranium (from separation plants) are sent to enrichment facilities. Last, enriched
uranium is sent to traditional fuel fabrication plants and to CONFU fabrication plants, and
natural or depleted uranium is sent to the self-sustaining GFR. In addition, losses are calculated

at each front-end step, and sent to a radioactive waste disposal site.

The light water reactor (LWR) fleet is fed with UO, batches from traditional fabrication
fuel plants, or from young and old Combined Non-Fertile and UO; fuel (CONFU) (see Chapter 3
for details) batches from FFF fabrication fuel plants. After burning in LWR, UO, spent fuel is
sent, after six years in cooling storage, to the UO, interim storage facility. In addition, young and
old CONFU batches are sent, after six and eighteen years in cooling storage respectively, to the

CONFU interim storage facility.
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Next, spent fuel from the UQ, fuel interim storage is sent to separation plants (SP), where
transuranic elements (TRU) are separated from the uranium, and losses are sent to the waste
repository. Then, TRU available for fuel fabrication feeds FFF fabrication plants and gas-cooled
fast reactors (GFR) fuel fabrication plants. FFF is used to produce young and old CONFU
batches. FFF is also used to produce FFF batches for actinide burner reactors (ABR). Following,
the ABR spent fuel is sent, after six years in cooling storage, to the ABR interim storage

repository, as can be seen in Figure 2-1.

After a short cooling time, ABR and CONFU spent FFF fuel are sent to the FFF
reprocessing plants (RP), and losses at reprocessing plants are sent to the waste repository. Then,
reprocessed TRU is sent to the TRU available for fuel fabrication repository. Next, recycled U is
mixed with TRU for fabrication of U/TRU fuel. After burning in gas-cooled fast reactors, and
sitting for six years in cooling storage, U/TRU spent fuel is sent to the GFR interim storage
facility. At the GFR reprocessing plants, U/TRU is separated from fission products (FP) and sent
back to fuel fabrication. During all processes, losses are calculated waste, and sent to a

radioactive waste disposal site.

2.4. Structure-policy diagrams

Figure 2-1 is a set of connected system blocks. The system-output of one block is the
system-input for another connected block. There are user-outputs, i.e. SWU requirements,
number of advanced fuel facilities, uranium needs, TRU inventory at interim storage, mass
loading factor, incinerated TRU, fuel cycle cost and cost of electricity, which can be accessed
anytime. Therefore, the model is a chain of coupled structure-policy diagrams with feedback
interactions among blocks, as presented in Figure 2-2. Each structure-policy diagram is a single-
input single-output (SISO) system that consists of two subsystems: system-structure and policy-
structure. The first subsystem describes the structure, and the second one defines decision rules.
The complete nuclear fuel cycle, including three recycling schemes, can be simulated by
implementing structure-policy diagrams that relates system-inputs and system-outputs

throughout system’s variables.

The fleet of reactors and facilities are modeled as system-structure diagrams, and the

policy-structure sets decision rules based on the state of the system. As soon as rules are applied,
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and the state of the system changes, information about the new state is fed back to the system-
structure. Then, new decision rules are applied closing the loop inside the block. This behavior

occurs at every time step of the simulation.

Four different structure-policy diagrams are defined. The first one is the LWRs structure-
policy diagram for construction and decommissioning of LWRs. The system-input for this
diagram is the nuclear annual growth rate, and the system-output is the number of LWRs under
commercial operation (the “fleet” of LWRs). However, the number of LWRs starting
commercial operation per year, the number of LWRs decommissioned per year, the number of
decommissioned LWRs, the nuclear power demand, and the installed electric capacity can be
accessed anytime by the user. The second one is the back-end structure-policy diagram for
construction and decommissioning of fast reactors (FR), separation and reprocessing plants. The
system-input for this diagram is the nuclear fuel available for fast reactors, or the mass available
for partitioning. The system-output is the number of fast reactors under commercial operation, or
the number of facilities to treat spent fuel. The following systems are modeled as back-end
structure-policy diagrams: the construction of UQ, separation plants (SP), the construction of
FFF reprocessing plants, the construction of ABRs, the construction of GFR reprocessing plants,

and the construction of GFRs.

The next diagram is the front-end structure-policy diagram. The system-input is the
number of LWR loaded with UO, fuel. The mass transferred through the front-end steps of
fabrication, enrichment, conversion, milling and mining, is calculated based on the fuel loaded in
the LWRs fleet per year. The system-output is the amount of spent fuel discharged per year. The
time lag between uranium mining and U fuel introduction in a reactor is ignored. In reality, this
time lag is of the order of one to two years. Nevertheless, the cumulative UO, spent fuel, the
cumulative natural Uranium needed, and the SWU requirements, as well as the amount of
plutonium, minor actinides, fission products and uranium in the spent fuel can be accessed
anytime by the user. The last diagram is the CONFU technology structure-policy diagram. The
system-input is the TRU available for fuel fabrication, i.e. the separated TRU from separation
plants, and reprocessed TRU from FFF reprocessing plants. Separated TRU is used for
fabrication of young CONFU batches, and reprocessed TRU is used for fabrication of old
CONFU batches. The system-output is the number of LWRs loaded with CONFU batches.
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Figure 2-1 - High level structure diagram of the model
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2.4.1. LWRs structure-policy diagram

The LWRs structure-policy diagram, presented in Figure 2-3, is a power-demand driven
system. The system-input must be the expected nuclear annual growth rate, i.e. the power
demand. The forecasted LWR fleet tb fulfill electricity demand is calculated based on the
system-input, and on the LWR and fast reactors net electrical outputs, as detailed in equation 2.2.
The number of reactors under commercial operation is represented by one stock, or state variable,
and it increases by the construction rate and decreases by the decommissioning rate. The
decommissioning rate changes only due to end of the reactor lifetime. LWRs are built
accordingly to pre set constraints, and only integer numbers of LWRs are built.
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Figure 2-3 - LWRs structure-policy diagram of the system
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The LWRs structure-policy considers the aging distribution of LWRs under commercial
operation. One approach [12] to aging distribution is to make use of coflows structures. Coflows
are system structures that track attributes of various items as they travel through the stock and
flow structures. One assumption behind this approach is that all items in each coflow are
perfectly mixed, and the order in which their attributes change is not relevant compared to the
net change in the stock. Sixty coflow structures capture the aging distribution of the LWR fleet.
The initial condition for each coflow is the number of LWRs with the same age multiplied by the

one year duration pulse function, i.e. the simulation sampling time.
Next, the dynamics of the LWRs structure-policy will be described. First, the nuclear

power demand, Py (), is calculated considering the initial nuclear power demand, F,, and the

nuclear power growth rate, g:

P(t)=P -e*. @2.1)

o

Then, the forecasted LWR fleet, F, "LYR(t), is evaluated as

FLWR(t) — R N (t )_ (F ABR(t )-P ABR(t) ) CEABR +F GFR(t) -F GFR(t) ) CE;FR)

, 2.2
= CF;.WR Y PWR(t ) 22)

where F,pp(?) is the number of ABRs, P,gi(t) is the ABR net electrical output, CF,pgg is the

ABR capacity factor, Fpe(t) is the number of GFRs, Fypg(t) is the GFR net electrical output,

CFp is the GFR capacity factor, CFy, is the LWR capacity factor, and F,y.(f) is the LWR
net electrical output.

Then, the forecasted LWR fleet is compared to the LWR fleet under commercial operation,
FLWR(t). The discrepancy, i.e. the gap, between FELS‘;'R(t ) and FLWR(t) is divided by the LWR fleet

adjustment time, Tpyg(t). The adjustment time is the time constant in which the discrepancy

would be corrected, and it represents the industrial time to accommodate changes in the actual

number of reactors. The correction action causes the shortfall between the inflow and outflow to

diminish, and reduces the net inflow. Therefore, the adjustment for fleet of LWR, AD-{W(I), is

modeled as
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LWR(,) _
ADJ, (1) =Bt )= Fu®)

TLWR

(2.3)

For immediate implementation of changes in the number of reactors under commercial

operation, the LWR fleet adjustment time must be equal zero. T, wr(t) =0 means no lead time for

new plants, and a nonlinear function that performs division except when that division would be

by zero, in which case it returns a pre set argument, is applied. Here, the return value

. LWR . . . : :
is Fegr (1) — F,yr(£) . Also, there is no meaning for negative adjustment in the actual reactor

fleet: LWRs can leave the stock of reactors under commercial operation only by
decommissioning. This limits CAFCA-SD to simulation of constant growing demand for nuclear
power. So, the non integer number of thermal reactors to be build to fulfill power demand, i.e.

. . LWR . ) .
the fractional LWR construction order rate, Rc, (t ), is defined as equal to the maximum

LWR
between zero and the ADJLW,Jt) plus the LWR decommissioning rate, Rpg (t ), at each time

step:
REp" (t)= Maximum{0, ADJ 1, (¢)+ Ry " (1)]. 24
The fractional number of LWRs ordered is modeled as

(1)
— =Ry (1)=Reg"(t), Fiug (25)
where Riy (?) is the integer number of LWR that can be built at every time step, i.e. LWR

fulfilled order rate, and Fypye = Frpyc(t =0) . The Rpg'(2) is defined as

I ye(1)
LWR LWR
t)= , 2.6
Fo TimeStep (26)
where 1, ,x(?) is the integer number of reactors ready to start commercial operation
1,,:(8) = Intege Finrs(£)] . (2.7)
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Next, the LWR fleet, FLWR(t), is modeled as the sum of sixty coflows, F,"""(t), which

are implemented by the use of subscripts (matrices)

60
F, LWR(t ) = ZELWR(I ), 2.8)
i=1
each coflow is modeled as
dFLWR t
zdt ( )___ TgAi(t)_ Rng,- (t), EOLWR’ 2.9)

where Rg"i(t) is the transition LWR construction rate, Rgz‘i(t) is the transition LWR

decommissioning rate, and F,™** = F"* (¢ =0) at each coflow i. Rz ; (2) is modeled as

o )=RF® it =1, 2.10)
RA()=Ro2 @) if i=21060, (2.11)

and RIT,';A,. (t) is modeled as
Ro.()=R + R, (2.12)

where R,%,‘. is the transition rate for LWR. R4y, is a fixed delay with delay time equal to one
year, and R,TA,. is the transition rate for initial number of LWRs. R,T,,,RA,. is modeled as the initial

number of reactors, E{‘WR , multiplied by the one year duration pulse function. The

decommissioned LWR fleet, F, DL,Z? (t ) , is modeled as

dFLWR
”%f(’LRé}”’(t), Freas (2.13)

LWR __ [~LWi
where FDEQ =FDE¢{((1 =O) . Last, the number of LWR starting commercial operation per year,

F 1\If R (t) , is modeled as
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dFy"(t)

= =RV ()= Ope®), FS™,, (2.14)

LWR
F

v o =1 15 WR(l‘ =0) ,and O, (t) is a one year fixed delay applied to the fulfilled order

where

rate.

2.4.2. Back-end structure-policy diagram

The back-end structure-policy diagram, shown in Figure 2-4, is a mass-demand driven
system. The following systems are modeled in back-end structure-policy diagrams: the
construction of UQ, separation plants from spent LWR fuel, the construction of FFF
reprocessing plants, the construction of ABRs, the construction of GFR reprocessing plants, and
the construction of GFRs. The system-input for this diagram must be the nuclear fuel available
for fast reactors, or the mass available for partitioning. The system-output is the number of fast

reactors or separation/reprocessing facilities under commercial operation.
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Figure 2-4 — Back-end structure-policy diagram of the system

The fleet to deplete the mass inventory is forecasted based on the mass inflow, the mass
inventory, the nominal capacity, the plant lifetime, and on user specified instantaneous depletion

time, as detailed in equations 2.18, 2.19, 2.20 and 2.21. The construction rate is calculated
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considering the gap between the actual and forecasted fleet, and the nominal and industrial
capacity for construction of new plants. In addition, only integer numbers of FR or facilities are
built. At the beginning of the simulation, there are no advanced facilities under commercial
operation. For this reason, only one stock is used to represent the fleet of separation and
reprocessing plants, or fast reactors. Also, the aging rate is modeled as a fixed delay with

duration equal to the facilities lifetime.

In the system, the mass inventory is evaluated as the accumulation of material due to the
mass inflow and to the mass utilization rate, i.e. the mass outflow. The mass inflow is a function
of the system-input. The mass utilization rate is a function of the actual fleet and its nominal
capacity. The development of the mass inventory should follow a desired state, and the mass
utilization rate should counteract any disturbance that moves the actual state away from the goal.
The goal is to burn or treat the mass inventory to keep it at a minimum level. In addition, the
instantaneous and cumulative mass loading factor are evaluated. Next, each back-end structure-

policy diagrams will be detailed.

2.4.2.1 UO2 separation plants structure-policy diagram

Initially, the system-input of the UO, separation plants structure-policy diagram is the
amount of UO, spent fuel discharged from LWRs loaded with traditional or CONFU fuel, as

presented in Figure 2-5. The amount of spent fuel discharged per year, SF(t), is modeled as
SF(t)=SFyq (t)+ SFy,, (t)+ SF,, (t), (2.15)

where SF;;, (¢) is the LWR spent fuel discharged per year, SF, (¢) is the young CONFU UO,

‘oung

spent fuel discharged per year, and SF,, (t) is the old CONFU UO; spent fuel discharged per

year (see Chapter 3 for details). The UQ; spent fuel inventory, Sgp (t), is modeled as

9l pirt)-R350), S @16

where Sgp =S,(¢ =0). The UO; spent fuel inflow rate, R,S: (t), is modeled as

R¥(t)=(1-Lg)-SF(), Q2.17)
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where L, is the separation plants losses.
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Figure 2-5 - UO, separation plants structure-policy diagram of the system
: P ;
The forecasted fleet of separation plants, FgST(t), is assumed as

SP

If time t < Dgp: FEST(I)=O, or (2.18)

If time t > Dgp: F (t)=Fpy (O +Fys(0), (2.19)

. : ’ SP
where the number of separation plants permitted from inventory, F,y(), and the number of

. . sp
separation plants permitted from spent fuel rate, Fys(t), are modeled as

FSP (t)_ Ssp(t) __1_

wv\*)= DT, NC,, (2.20)

SF (¢) LT,
SP )= . SP
sus( ) NCsp DT;P (2.21)

where NGy, is the separation plant nominal capacity, LT, is the separation plants lifetime, and

DT, is the instantaneous separation plant depletion time. DT, is the time to deplete the

current mass inventory if there is no change in the net inflow, and if no constraints are applied to
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the shortfall. The default value for DT, is the separation plants lifetime. However, the depletion

time can be changed to alter the rate of adjustment in the mass inventory. Changes in the
instantaneous depletion time imply changes in the number of separation plants under commercial

operation, and changes in the mass loading factor. The introduction date for separation plants,

Dy,, is modeled as the minimum among four introduction dates: introduction date for ABR
technology, D,y ; introduction date for GFR technology, Dgpg; introduction date for CONFU

technology, D onpy: and introduction date for U recycling, D, .

Next, the forecasted LWR fleet, Fgr(t), is compared to the total fleet of separation plant,
Fy, (£). The adjustment for the fleet of separation plants, ADJ, (£), is modeled as

Foer(t)—Fgp(t)

ADIg,(t)= .
sP

(2.23)

where Tgp is the separation plant adjustment time (the same assumptions made for the LWR fleet

adjustment time are applied here). In addition, separation plants can leave the stock of plants

under commercial operation only by decommissioning. So, the fractional SP construction order

rate, Rgg(t) , is defined as equal to the maximum between zero and the minimum between the
adjustment for the fleet of separation plants, ADJsp(t), and the separation plants maximum

construction starting rate, Rf,ﬁx (#), at each time step
R (¢) = Maximum{0, Minimum{ ADJ ,.(¢), RS, (£)]1. (2.24)
The fractional number of SP ordered is modeled as

AFrpclt) _ psr

T = Role) = Reg() Frgag» (2.25)

where Rio(t) is the SP fulfilled order rate, and F,f,‘,';,g =F3, (t=0). The R} (f) is defined

as
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SP (1) = I,()

= , 2.26
TimeStep (2-26)

where I, (t) is the integer number of separation plants ready to start commercial operation
1, (t) = Integef Fon, (D)]. (2.27)

The maximum construction rate, Ry (¢) , is modeled to be the ratio between the nominal

capacity, NCgp , and the industrial capacity, ICgp(t)

Vax = Nléi’zt) . (2.28)

In addition, ICgp(#) is modeled as
If time t < D3 : IC,,(t)=IC”  or (2.29)
If time t > D3 IC,(t)=ICT, (2.30)

P. . . . . . P. .
where / C,s is the initial separation plant industrial capacity, 1 Cfg is the final separation plant
industrial capacity, and Df,” is the date when the industrial capacity changes.

The number of separation plants under commercial operation is represented by one state
variable, Fsp(l‘ ) The fleet of separation plants increases by the separation plants construction
rate, Rgﬁ (), and decreases by the separation plants decommissioning rate, Rg’; (t) Separation
plants are built and stay under commercial operation for a fixed period of time. The only way

that one plant can leave the system is for decommissioning. Therefore, Rgﬁ (£) can not be

negative, i.e. the destruction of a separation plant can not be ordered. The fleet of separation

plants is modeled as

dFp\t
Al st i), v, @3
R}% (t)= Delay[RZ (t), LTy, 1. (2.32)
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R ()=R}p (), (2.33)

where Fy' = Fy,(t =0). The total recycled uranium per year, Ugp(t), is calculated based on the

fleet of separation plants, on the nominal capacity, on the uranium percentage in the UO; spent

fuel , and on the uranium percentage in CONFU batches

F,,(t)-NC n
Uy(D) _Fglt) NGy (B2 .S, (6)+ P/"% S, () + P -SFy (1)), 2.34)

SF(1) o

where NC, is the separation plant nominal capacity, E,U % is the uranium percentage in the
UO; fuel, B is the uranium percentage in the young CONFU fuel, SFy,, (t) is the UO, spent

fuel discharged per year, SF, (t) is the young CONFU spent fuel discharged per year,

oung
SF,, (t) is the old CONFU spent fuel discharged per year, and H,Old is the uranium percentage
in the old CONFU fuel. Consequently, the total separated TRU per year is modeled as

i) = TN (205 (e ) S B+ ) SO, 239

where TRUL, ") is the separated TRU per year, P52 is the minor actinides percentage in the
UO, fuel, Pr* is the plutonium percentage in the UO; fuel, Por™ is the minor actinides
percentage in the young CONFU fuel, P’ is the plutonium percentage in the young CONFU
Juel, Pﬁf is the minor actinides percentage in the old CONFU fuel, and P,,’;’d is the plutonium
percentage in the old CONFU fuel. Next, the spent fuel utilization rate, R,i,’; (t ), is calculated to

- . o . SP
be the minimum between the maximum spent fuel utilization rate due to inventory, Rpg (t ), and

the desired spent fuel utilization rate, Rg}()/ (t ) :

o =MinRop, RoY . (2.36)
Then R EIZ, (t) is modeled as
Ry, =NCy, - Fyp (1), 2.37)
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SP ) .
and the maximum spent fuel utilization rate due to inventory, RpR (t ), is the ratio between

S¢p(t) and the simulation time step:

SP S SP

=—3F 2.38
PR TimeStep (2.38)

Then, the instantaneous mass loading factor, LF,(t), is modeled as

SP
—_ RUR

T pSP »
RDR

LFg (t )

(2.39)

and the cumulative mass loading factor, LFS, (t), is modeled as

dLEZ,(t)

s LF(t). (2.40)

Then, the number of SP starting commercial operation per year, F, ,5” (t ) , is modeled as

dF;" (¢)
dt

=Ry(t)-05, (), FY,, (2.41)

where F,i”o = F,i”(t =0) ,and Oq, (t) is a one year fixed delay applied to the fulfilled order rate.

Finally, the TRU inventory at interim storage, TRU ,, (t), is calculated as

TRUp)= 5. (22 + 22 04 Bl o)+ P+ ) SEw). 28

t
120
The amount of TRU used for the fuel fabrication for each technology is defined by the

ratio of TRU for ABR, for CONFU, and for GFR fuel fabrication, i.e. the first load into the GFR
core. The percentage of TRU for each technology is a user input. TRU plus U from GFR
reprocessing plants is used as fuel for GFRs already under commercial operation due to self-

sustaining properties of the gas-cooled reactors.
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2.4.2.2 Construction of ABRs structure-policy diagram

The system-input of the construction of ABRs structure-policy is the separated TRU
discharged from separation plants, and the reprocessed TRU discharged from FFF reprocessing
plants, as presented in Figure 2-6. The system-output is the ABR fleet. ABRs are built as soon as
there is enough fuel for the first core, and the mass loaded at equilibrium is considered for

calculating the fuel utilization rate.
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PLANTS PLUS TRU MASS EQUILIBRIUM numbers of ABRs
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FORECASTED COMPARE APPLY
NUMBER OF ABRs FORECASTED CONSTRAINTS
PERMITTED FROM # WITH ABR FLEET|  ABR Gap TO THE ABR GAP
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ABR ABR
DEPLETION LIFETIME
TIME

Figure 2-6 — Construction of ABRs structure-policy diagram of the system

First, the TRU available for fuel fabrication per year, TRUp,; (), is modeled as

TRU, 5, (t) = TRUz *(t) + TRUpr (1) , (2.43)

where TRUSy "(f) is the amount of separated TRU per year, and TR Urr2X(t) is the amount of

reprocessed FFF TRU per year. The TRU available for fabrication per year, TRU (1),
should be used for CONFU, ABR and GFR fuel fabrication. Therefore, the amount of TRU

available for ABR fuel fabrication per year, TR U JEH(t), is modeled as

TRU:EH(t) = Play (8) TRU 5, (0), (2.44)
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where the percentage of TRU for ABR fuel fabrication, By (¢) , is modeled as

If time t < D pp: PR ®=0,0r (2.45)
If time t > D,gp: PRo=PL, (2.46)

where P% is an user input defined as the percentage of TRU for ABR fuel after introduction of
technology. The ABR TRU Fuel, S 45z(), is modeled as

Badd) _ o) pien). s, 24

where S, 5, = S,p:(t =0), and the ABR TRU inflow rate is
R =(1-L,,) -TRU IV | (2.48)
and L,,, is the ABR fuel fabrication losses.

Next, the forecasted ABR fleet, Fg;k(t ), is modeled as

Iftime t < Dyge:  FAxX(t)=0, or (2.49)
S ) LT,
met> Do : ABR(() _| DaBr\") |, =2ABR .
Iftime t > Dyge:  Frop ) (CMABR DT (2.50)

where LT,p, is ABR lifetime, CM,,, is the ABR core mass, and DT,,, is the ABR
instantaneous depletion time which has the same definition that DT, . Next, the forecasted ABR

fleet is compared to the current ABR fleet. The adjustment for the ABR fleet, ADJABR(t), is

modeled as

FAR@)—F, (¢
ADJABR(I)=M. 2.51)

TABR

where T,p, is the ABR adjustment time -- the same assumptions made for the LWR fleet

. . . . . ABR .
adjustment time are applied here. The fractional ABR construction order rate, Rc, (t), is

defined as the maximum between zero and the adjustment for the ABR fleet at each time step

R22%(t) = Maximum{0, ADJ . (2)]. (2.52)
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Following, the fractional number of ABR ordered is modeled as

) _ o) miant), i, @59
where Rgg () is the ABR fulfilled order rate, and Fyge =Frguet=0) . The Rpo"() is
defined as

Rﬁgk(t)=% : (2.54)
where 1 ,zx(2) is the integer number of reactors ready to start commercial operation

1,5:(t) = Integef Fr-(D)]. (2.55)

The number of ABR under commercial operation increases by the ABR construction rate

and decreases by the ABR decommissioning rate. The assumptions for the F:g,,(t) are considered

for the fleet of ABRs, which is modeled as

ad) _ ) (), o @59

where F*® =F,,.(t=0). The Rip (t) and RAS(¢) are modeled as

ok =Rk, @.57)
RAZ8(r) = Delay{RAZ(t), LT, ). 2.58)

Next, the ABR TRU utilization rate, Rz (¢), is calculated as the minimum between the
maximum ABR TRU utilization rate due to inventory, Ri®(¢), and the desired ABR TRU

utilization rate, Rax (t):

r: = MINRA, RS, 2.59)
and Ry2%(t) is modeled as
Rggk =EM pp F,px(0)+CM - F, NAB R(t) , (2.60)
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where EM ;. is the ABR mass loaded at equilibrium, and F,™ () is the number of ABRs

starting commercial operation per year. The maximum ABR TRU utilization rate due to

inventory, R::R(t) , is the ratio between the S,z (f) and the time step:

RABR = SABR (t)

"R TimeStep’ (2.61)

Then, the instantaneous ABR mass loading factor, LF ., (t), is modeled as

RABR
LF ,pp (t) = Rlﬁm , (2.62)
DR
and the cumulative ABR mass loading factor, LFA™ (t), is modeled as
dLF2R(¢)
— LE (1), 2.63)

The number of ABR starting commercial operation per year, F 1: oR (t ) , is modeled as

dFy™(e)
dt

=RiN)-0,5®), EL™, (2.64)

where F; ,:,q BRO = F; BR(t =O) ,and O,z () is a one year fixed delay applied to the fulfilled order

rate. Last, the FFF TRU discharged from ABR per year, TRUSE (t), is modeled as
TRU S (¢)= F 5 (8)- TRU S5, (2.65)

where TRU ;¥ is the FFF TRU discharged per ABR per year.

2.4.2.3 Construction of FFF reprocessing plants structure-policy diagram

The system-input of the FFF reprocessing plants structure-policy is the amount of TRU
discharged from the ABR fleet, and TRU from Old and Young CONFU batches discharged from
LWRs, as showed in Figure 2-7. The system-output is the number of FFF reprocessing plants
under commercial operation. Next, the model of the FFF reprocessing plants structure-policy

diagram is detailed.
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Figure 2-7 — Construction of FFF TRU reprocessing plants of the system

First, the amount of FFF TRU available for reprocessing per year, TRU::.(t) , is

modeled as

TRUSE (£) = TRUS5(8) + TRU; 1 () +TRU,,, () (2.66)

where TRU 51, (t) is the ABR FFF TRU discharged from ABR per year after cooling storage,

TRUF

Young

(¢) is the young CONFU FFF TRU discharged from LWR per year after cooling storage,

and TRU:, (t) is the old CONFU FFF TRU discharged from LWR per year, also after cooling

storage. Next, the FFF TRU available for reprocessing, Sgr(t), is modeled as

d
Bsl) _ ()R, S 26

where Sppz = Sper(t =0). The FFF TRU utilization rate, RITT(2), is detailed in equation 2.85.

The FFF TRU inflow rate, R,iFF(t), is modeled as
Ry (6)=TRU . (1) (2.68)
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The forecasted fleet of FFF reprocessing plants, F, E{;I;F(t ) , 1s assumed as

If time t < Dypp: Ff()=0, or (2.69)
If time t > Dy Fret (t)=Fay 0+ Fis @), (2.70)

where the number of FFF reprocessing plants permitted from inventory, F};flp(t) and the

number of FFF reprocessing plants permitted from FFF TRU rate , F, ng(t ), are modeled as

FFFF(t) _ SFFF(t) . 1

wv \)= DT, NC,., , or (2.71)
FFF TRU, IigF (t) LT
F SUS (t )= ’ 2.72)

NGy DTy’

where NCy..is the FFF reprocessing plant nominal capacity, LT is the FFF reprocessing
plants lifetime, and DT, is the instantaneous FFF reprocessing plant target depletion time
which has the same definition that DT, . The introduction date for FFF reprocessing plant,

Dypr, is modeled as the minimum between D, e and Deoyry
Dy = MinimumkD g, Do opr) - (2.73)

Next, the forecasted FFF reprocessing fleet, FégFTF(t), is compared to the total fleet of FFF

reprocessing plant, FFFF(t ). The adjustment for the fleet of FFF reprocessing plants, ADJFFF(t),

is modeled as:

FFF o\
apJ,, (¢) = Lesr O Frer®

, (2.74)
TFFF

where Ty is the FFF reprocessing plant adjustment time, which has the same definition that

the LWR fleet adjustment time. In addition, the fractional FFF RP construction order rate,

FFF(,\ . . . .
0 (t ), is defined as the maximum between zero and the minimum between the adjustment for
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the fleet of FFF RP and the maximum construction starting rate for FFF RP plants, Ry (1) , at

each time step
RET (¢)= Maximum]0, Minimum{ ADJ ., (t), RE" (1)]]1. @.75)

Next, the fractional number of FFF RP ordered is modeled as

FFF
) poze)- Rz, r2z, @79

where R (£) is the FFF RP fulfilled order rate, and FFFRZFQ =FF(t=0). The RIF@) is

defined as

FFF () = )

= , 2.77
Fo TimeStep @1

where I (t) is the integer number of separation plants ready to start commercial operation
I ()= Integet[F,fRiFC(t)] . (2.78)

R} (¢) is modeled to be the ratio between the FFF RP nominal capacity, NCpgy , and the

FFF RP industrial capacity, [Cpps(t)

FFF __ ICFFF

w=Ne @ (2.79)

In addition, /Cpp(f) is modeled as
Iftime t < DI IC,..(t)=IC™  or (2.80)
Iftimet> Dy IC(t)=IC/™, (2.81)

where IC"" is the initial FFF RP industrial capacity, IC;"" is the final FFF RP industrial

capacity, and D] is the date when the industrial capacity changes.
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The fleet of FFF reprocessing plants, FFFF(I), increases by the FFF RP construction
rate, Rg:F (t ), and decreases by the FFF RP decommissioning rate, Rg;F (t) The assumptions

for the F, sp(t ) are considered for the fleet of FFF reprocessing plants, which is modeled as

dFFFF(t) —. pFFF

o =R (6)- Ry (), EFFF, 2.82)
REP(¢)= Delay[REE" (t), LT,y 1. (2.83)
REF()=Ri (), (2.84)

where F/™F =F,.(t=0). Next, the FFF TRU utilization rate, R (t), is calculated as the
minimum between the maximum FFF TRU utilization rate due to inventory, REY' (t), and the

desired FFF TRU utilization rate, Ry (t)
x =MIMRy' Ry, ). (2.85)

Then, RYF(¢) is modeled as

Rng = NCppr* Frpe(t), (2.86)

and the maximum FFF TRU utilization rate due to inventory is the ratio between the S;..(#) and
the simulation time step:

RFFF — S prr (1)

= . 2.87
R TimeStep (2.87)

Then, the instantaneous FFF RP mass loading factor, LF . (t), is modeled as

RFFF
LF gy (t ) = Rtllrl;p_ , (2.88)
DR

and the cumulative FFF RP mass loading factor, LFE, (t), is modeled as
dLFz(t)

— M = LE(r). 2:89)



Then, the number of FFF RP starting commercial operation per year, F ,5 = (t ) , is modeled as

dFy" (1)

7 =RE ()= O @), Fy' s (2.90)

where F,i FFO =F, ,\1; FF(t =0) ,and Opgp () is a one year fixed delay applied to the fulfilled order

FUEL
U,

rate. Finally, the amount of reprocessed FFF TRU per year, TRUggp (2), is modeled as

TRUEE: = (1= L) NCppp Frgp(®), (2.91)

where Ly designates FFF reprocessing losses.

2.4.2.4 Construction of GFRs structure-policy diagram

The system-input for the construction of GFRs structure-policy is the total TRU available
for fuel fabrication per year, TRUy; (f), mixed with recycled U, discharged from separation

plants, as presented in Figure 2-8. The system-output is the number of GFRs under commercial

operation. Next, the model of this subsystem is detailed.
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Figure 2-8 — Construction of GFRs structure-policy diagrams
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Initially, the amount of TRU available for new GFR fuel fabrication per year,
TRUS s (®), is modeled as

TRUgzg (8) = Fgg (8) TRUpy,(1). 2.92)

The percentage of TRU available for new GFR fuel fabrication, ng (#), which is an user input

that defines the ratio of reprocessed or separated TRU for fuel fabrication for each technology, is

modeled as
If time t < Depg: Fm®=0, or 2.93)
If time t > Dgpp: PR ®)=Pr, (2.99)

where I—’GT?: is the percentage of TRU for new GFR fuel after introduction of technology. The
U/TRU available for new GFR fuel fabrication per year, GFR, (), is evaluated as

TRUgzz ()

GFRyp(D) = (1_1'3Umu) ,

(2.95)

where FUTRU is the percentage of recycled U to be mixed with separated TRU for GFR fuel

fabrication. In addition, the total U mixed with TRU for GFR fuel fabrication, Usny(t), and the

remaining recycled U per year after mixing with TRU for GFR fuel fabrication, U ,‘:;M(t) is

evaluated
USiX@®)=PB™ -GFR. (D), (2.96)
Uren®) =Usp(®)—Usng ) ~Ugriei @®), 2.97)

where Ughe,(t)is the total U mixed with reprocessed U/TRU for GFR fuel fabrication. The
GFR U/TRU Fuel inventory is then modeled as the following stock

o) _ g RET(), Sou, @9%)

where Sgrr =Sgrr(t =0), and the GFR U/TRU inflow rate, RCFF (2), is modeled as
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R (6) =01~ Lop)- GFRpyg, 0), (2.99)
and L., defines fuel fabrication losses for new GFRs. Next, the forecasted fleet of new GFRs

that could be fully loaded, Fon (t), is modeled as

If time t < Dggp: Fg;R(t)=0, or (2.100)
Scrr() | LT,
. D.. . FS™®(y)=|2cer | = rr .
If time t > Dgpg: EST ( ) CM,,.) DT, (2.101)

where LT, is GFR lifetime, CM gy is the GFR mass needed for new core, and DTz, is the
GFR instantaneous depletion time which has the same definition that DT, . Next, the fractional

GFR construction order rate, Rggk(t ) , is defined as
RE®(t) = Maximuml0, FSF* (¢)]. (2.102)
Next, the fractional number of GFR ordered, F, FGRTC(t), is modeled as

dFgclt)

" =R (t)-Rig (e), Fncs. (2.103)

where Rpp (¢) is the GFR fulfilled order rate, and Fgye = Frpye(t=0) . The Rpg (t) is

defined as

I ()
Ry ()= —HE — 2.104
ko ) TimeStep’ ( )

where I;zz(?) is the integer number of reactors ready to start commercial operation
;e (t) = Integen F, FGRiRC(t)]. (2.105)

The fleet of GFRs, FGFR(t ), increases by the GFR construction rate and decreases by the GFR

decommissioning rate
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dF.. .\t
_fif}&(l:Rg;f"(t)—RgﬁR(t), F™%, (2.106)

where FC™®=F_,_(t=0). The GFR construction rate, Ry (t), and the GFR decommissioning

rate, Rox"(t), are modeled as
R =RI®, (2.107)
RO™(t)= Dela{RS™(¢), LT, ). (2.108)

Next, the U/TRU utilization rate, Rg,f R (t ) , is modeled as

wr =Ry (2.109)

Where the U/TRU desired utilization rate, R,%R (t), is the fuel mass that must be loaded to start

new GFRs cores, and it is modeled as

RO =CM pp FTH(E) (2.110)
where the number of GFR starting commercial operation per year, F, ,f,; R (t ) , is modeled as

dF™(t)

dt = REM(t)~ Opr() , FSI, @.111)

where F,\?OFR =F13 FR(t =0), and Ogg (¢) is a one year fixed delay applied to the fulfilled order

rate. Finally, the U/TRU discharged from the GFR fleet, GFR(t), is modeled as
GFR,.(t)=F.(t)-(GFR:,+GFR") (2.112)

where GFI%?U is the amount of TRU discharged per year per GFR and GFR, is the U

discharged per year per GFR. Moreover, a six year fixed delay is applied to GFR(f) to take

into account the cooling time.
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2.4.2.5 Construction of GFR reprocessing plants structure-policy diagram

The system-input of the GFR reprocessing plants structure-policy is the amount of
U/TRU discharged from the GFR fleet after cooling storage, as presented in Figure 2-9. The
system-output is the number of GFR U/TRU reprocessing plants under commercial operation.
The reprocessed U/TRU fuel must be mixed with recycled U to be use as fuel in the self-
sustaining Gas-cooled Fast Reactors. Next, the model for the construction of GFRs reprocessing

plants structure-policy diagram is described.
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Figure 2-9 — Construction of GFR U/TRU reprocessing plants structure-policy of the system

First, the GFR U/TRU stock for reprocessing, Sgp(t), is modeled as

dS,p\t

—%() =Ry (t)-Ri(t), Sir 2.113)
where Sgp =Sgp(t=0). The GFR U/TRU inflow rate, Rg{(t ), is modeled as

R™(t)=GFR,.(t) (2.114)

where GFR,,.(t) is the U/TRU discharged from the GFR fleet after cooling storage. Then, the

forecasted fleet of GFR reprocessing plants, F ,g;(t ) , is assumed as
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If time t < Diggg: EX(t)=0, or (2.115)
If time t > Dgpg: Feplt)=Fy 0+ Fs0), (2.116)

where the number of GFR reprocessing plants permitted from inventory, F,f,f,(t), and the

number of GFR reprocessing plants permited from spent GFR fuel rate, Fyys(f), are modeled as

FRP(t)"' SRp(t). 1

- , 11
INV DT, NC, or (2.117)

GRE,(t) LT,
Foplt)=—%—. % 2.118)
® NC, DT,

where NC,,is the GFR reprocessing plant nominal capacity, LTz, is the GFR reprocessing
plants lifetime, and DTy, is the instantaneous GFR reprocessing plant target depletion time,

which has the same definition that DT, .

Next, the forecasted GFR reprocessing fleet, Fg;(t), is compared to the total fleet of

GFR reprocessing plant, FRP(I ), and the adjustment for the fleet of FFF reprocessing plants,

ADJRP(t) , is modeled as

RP _
ADJ(t)= Fesr ()~ Fop0) (2.119)

2-RP

where Tgp is the GFR reprocessing plant adjustment time, which has the same definition that

. . . ) RP .
the LWR fleet adjustment time. The fractional GFR RP construction order rate, Rco(t) , 18
defined as the maximum between zero and the minimum between the adjustment for the fleet of

GFR RP and the maximum construction starting rate for GFR RP plants, Ry, (¢), at each time

step

R (¢) = Maximum[0, Minimum[ADJ ., (t), RS, ()]]. (2.120)
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Next, the fractional number of GFR RP ordered is modeled as

dFy
o) o)), P, @121

where Rig(t) is the GFR RP fulfilled order rate, and Frgyc = Frpyc(t=0). The Reo(®) is
defined as

A G

= ’ 2.122
Fo TimeStep ¢ )

where () is the integer number of separation plants ready to start commercial operation
1. (t) = Integer F v, - (1)]. (2.123)

R}, (£) is modeled to be the ratio between the GFR RP nominal capacity, NCyp , and the GFR

RP industrial capacity, ICyp(2)

IC
WX = NC:E 5 2.124)
In addition, ICpp(f) is modeled as
If time t < DX’ IC,(t)=IC"™ o (2.125)
Iftime t > DY . ICe(t)=IC}", (2.126)

where IC” is the initial GFR RP industrial capacity, IC; is the final GFR RP industrial

capacity, and ng is the date when the industrial capacity changes.

. The fleet of GFR reprocessing plants, FRP(t), increases by the GFR RP construction rate,

Rg: (t ) , and decreases by the GFR RP decommissioning rate, Rg: (t) The assumptions for the

F, Sp(t ) are considered for the fleet of GFRs reprocessing plants, which is modeled as
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dFyplt) _ ore

g w(e)—RIR(E), BX, (2.127)
Rjn(t)= Delay[R5; (1), LT, 1, 2.128)
RE()=RE (), (2.129)

where FJ =F,.(t=0). Next, the GFR U/TRU utilization rate, Rix(t), is calculated as the
minimum between the maximum GFR U/TRU utilization rate due to inventory, R (), and the

desired GFR U/TRU utilization rate, Ry, (t)
x =MINMRz, Rpp). (2.130)
Then RY (¢) is modeled as

Ry, =NCpy - Fpp(D), 2.131)

and the maximum GFR TRU utilization rate due to inventory is the ratio between the S,,(f)and
the simulation time step:

REP = Sgp(2)

= 132
PR TimeStep (2.132)

Then, the instantaneous GFR RP mass loading factor, LF,,(t), is modeled as

RP
—_ RUR

~ pRP
RDR

LF(t) (2.133)

and the cumulative GFR RP mass loading factor, LF5y (t), is modeled as

dLEz;, (1)

—a LF(t). (2.134)

The number of GFR RP starting commercial operation per year, F, ,‘,tp (t ) , is modeled as

dFy"(¢)
dt

=R (t)-O0gs(®), FX*, (2.135)
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where FAI; PO =F ,5 P(t =0) , and O, () is a one year fixed delay applied to the fulfilled order rate.

Finally, the amount of reprocessed GFR U/TRU per year, GFR,.™ (1) , is modeled as

UEL
GFR™=(1-Ly) NCyp- Fpp(t), (2.136)
where Ly, designs GFR reprocessing losses.
2.4.3. Front-end structure-policy diagram
Figure 2-10 presents the block diagram of the front-end structure-policy diagram.
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Figure 2-10 - Front-end structure-policy diagram of the system

The system-input is the number of LWR loaded with traditional UO, fuel. The mass

transferred through the front-end steps of fabrication, enrichment, conversion, milling and

mining, is calculated based on the fuel loaded in the LWRs fleet per year. The sytem-output is

the amount of spent fuel discharged per year. Nevertheless, the cumulative UO, spent fuel, the

cumulative natural uranium consumption, and the SWU requirements can be accessed anytime.
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The CONFU technology structure-policy diagram is detailed in Section 2.4.4. Next, the model

for this diagram is detailed.

First, the total U mass loaded per year for LWR loaded with UO; fuel, M, (1), is

modeled as

M ()= (F L) —F Yl;mi(t )—F, (ftfiVR(t )) LWR> (2.137)

where Fyﬁuw,,l;(t) is the number of LWR loaded with young CONFU fuel, F(;“,ZVR(I‘) is the number

of LWR loaded with old CONFU fuel, and M wwr 1s the U mass loaded per LWR per year. Next,
the mass of enriched uranium for UO; per year, Puoz (1), is modeled as

— MLWR(t)

vo, (1) = -1, (2.138)

where L, defines losses due to the UO, fuel fabrication process. The mass of natural uranium

feeding the enrichment process per year, Fy(t), is calculated as

xLWR LWR
), (2.139)

F, (0= B, [ i

where X,L>WR (¢) is the enrichment of the product for UO,, x;'WR(t) is the enrichment of the tails

for UO,, and X§WR(I) is the enrichment of the feed for UO. The mass of the UO; tails, Ty @),
is modeled as

WR_ (LW
Tyo, (1) = By, (1) (wj, (2.140)
The Separative Work Unit for traditional fuel, SWU ,,,(t), requirements is evaluated as
SWU g (6) = Po, 1)V (xE" )+ Ty, () V(¥ = B, (T) -V (xE"%), (2.141)

where Fy () is the mass rate of natural uranium feed enrichment for traditional fuel per year,
and V(x)is the following value function
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—-X

V(x)=(2-x-1)-1 (1—"-) (2.142)

The U mass feeding the conversion process per year, Mo\(f), and the U mass feeding the

milling process per year, M, () , are evaluated as

__F®
con(®) 1-L)' (2.143)
)=o) (2.144)

A-L,)’
where L, is the Uranium milling process losses, and L, is the Uranium conversion process
losses. In addition, the mining mass rate, M,;;,(2) , is considered as equal to M, () .

The cumulative demand for natural Uranium is represented by one stock, Sy (¢). The
inflow for this stock is the sum of the mining mass rate for traditional fuel, mining mass rate for

young, and mining mass rate for old CONFU fuel fabrication, M, (£)+M :,olxlg(t)'i'M f,ziv(t) .

Sg, is the initial demand at time =0

dsp(t)

2 = My O+ M0+ Miy0), S (2.145)

The stock Sg (#) represents the amount of natural Uranium resources available. The outflow for

this stock is also the sum of the mining mass rate for traditional fuel, young and old CONFU fuel

fabrication. Sg, is the amount of resources available at time? =0

dsg (t)
dt

= (M () + My (O + Myp ), Sg . (2.146)

Then, from mass conservation, the total mass unloaded per year, Mg:(t) , is modeled as

My @) =(Fyya®) = F2¥5 ()~ FLY* ) M . (2.147)

55



The amount of Miner Actinides (S,,,), Uranium (S ), Plutonium (Sp,), and Fissions Products

(Sgp), are modeled as the following stocks:

E’i;:_@ = P22 -M(1), S, . (2.148)
S0 .5,
dSZ(t) = P M (1), S, (2.150)
i%ﬂ = P22 - M(0), Sy, (2.151)

where S =S, (t=0), BY% s the fraction of U in the UO; spent fuel, S, P, =Sp(t=0), P2% s
the fraction of Pu in the UO; spent fuel, Sgp =Sgp(t=0), P-% is the fraction of FP in the UO;
spent fuel, Sy, =Syt =0), and P2 is the fraction of MA in the UQ, spent fuel. The amount
of UO; Spent Fuel SF, (r) available for separation is modeled as the mass of fuel unloaded
from LWR per year, M . (t), after cooling storage

SF,, (t)=M (). (2.152)
Last, the total Separative Work Unit requirements, SWU (t), is modeled as

SWU(t) =SWU () +SWU .. () +SWU ,,,(t) (2.153)

Young

where SWU () is the Separative Work Unit requirement for traditional fuel, SWU . (¢) is

the Separative Work Unit requirements for young CONFU fuel, and SWU ,,,(t) is the Separative
Work Unit requirements for old CONFU fuel.
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2.4.4. CONFU technology structure-policy diagram

The system-input for this subsystem is the sum of the separated TRU, TRUZ "), from

separation plants, and the reprocessed TRU, TRU,f;’FE'“(t) , from FFF reprocessing plants.

Separated TRU is used for the fabrication of young CONFU fuel, and reprocessed TRU is used
for the fabrication of old CONFU fuel, as presented in Figure 2-11. Also, for the fabrication of
CONFU fuel, UO; fuel with different enrichment must be added for fabrication of old and young
CONFU batches. The output for this system is the number of LWRs loaded with CONFU
batches. Next, the model is described considering the precedence order to deplete CONFU TRU
fuel is first young CONFU fuel and then old CONFU fuel.

FRONT END CALCULATIONS FOR ENRICHMENT,
SWU, CONVERSION, MILLING, AND MINING DUE
TO YOUNG CONFU
m“l:mmm:}{u NUMBER OF LWR THAT NUMBER OF LWR
FUEL COULD BE LOADED WITH LOADED WITH YOUNG
YOUNG CONFU BATCHES CONFU BATCHES
T ‘ ]
i
TRU Available for Young TRU MASS
CONFU fuel fabrication LOADED PER LWR| NUMBER OF LWR TOTAL CONFU|
¢ LOADED WITH SPENT FUEL
CONFU TOTALLWR | |, 0.5 opp; ISCHARGED
FLEET ER CONFU FUEL D
TRU Available for Old 1 [
dabricat TRUMASS SPENT]
CONFU fuet LOADED PER LWR| m‘;n
FOR OLD CONFU DISCHAR:
FROM OLD
| CONFU
SPENT FUEL
TRU INVENTORY NUMBER OF LWR THAT NUMBER OF LWR DISCHARGED PER
FOR OLD CONFU COULD BE LOADED WITH » LOADED WITH OLD LWR FOR OLD
FUEL OLD CONFU BATCHES CONFU BATCHES CONFU
‘ FRONT END CALCULATIONS FOR ENRICHMENT,
SWU, CONVERSION, MILLING, AND MINING DUE
TO OLD CONFU

Figure 2-11 - CONFU technology structure-policy diagram of the system

2.4.4.1 Young CONFU model

The mass of TRU available for young CONFU fuel fabrication, TRU; w(t) , is modeled

Young

as

TRU sy = PIRU () - TRUG™ (2.154)

Young
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where the fraction of TRU available for CONFU fabrication , Prawe,(2) , is modeled as

If time t < Deoypy:  Poonrs() =0, or (2.155)

If time t > Deoypy:  Pronro(t) =1- Pigg (8)— Pl (2). (2.156)
Next, the TRU inventory for young CONFU fuel, ngzg(t) , is modeled as

asgar)

_Yd:_=R,§g“"8(t)—R§;“"g(t), Siomg o3 (2.157)

CONF U CONF oun, . . oun .
where Syjung 0 = SYoung U(t =0), RI?“%(t) is the young CONFU inflow rate, and Ria"8(f)is the

young CONFU outflow rate. Rje""*(t) is modeled as

RI"8(¢)=TRUL "™ (t) (2.158)

Young

Next, the maximum number of LWRs loaded with young CONFU batches, F;:';'g(t ), is modeled

as
oungyn_ TRUpns @)
F®) =—=mi—, (2.159)
Young

where M Qﬁﬁ,’g is the mass of TRU loaded per year for young CONFU per LWR. The number of

LWR loaded with young CONFU fuel, Fyopme(t), is modeled as

Frung® = MINGF225(0), Fpt)~ F“(©)) (2.160)
where Fy" (t)is the number of LWR loaded with old CONFU fuel. The mass of UO; spent fuel

discharged per year from young CONFU, M gjmg(t) is modeled as

MSF

Young

O=F2"% () - M, (2.161)

Young Young:»
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where M }g,,i,,g is the mass of UO; spent fuel discharged from young CONFU per LWR per year.

A fixed delay, CT, is the young CONFU fuel cooling time, and it is applied to M }g:u,,g(t) due

Young *

to cooling storage

SFyng (8)= DelaylM 3, ),CTy,,,. 1, 2.162)
where SF,,. (¢) is the young CONFU UO; spent fuel discharged per year after cooling storage.

The mass of TRU discharged per year from young CONFU, M ;i,l,fg(t ) is modeled as

MR () =Fyu(®)- My, (2.163)

Young Young

where M gul,{g is the mass of TRU discharged from young CONFU per LWR per year. A fixed

delay, CT,,,, . is also applied to M Z,L,,'g(t )
TRU .., (t)= Delay[M 7 (),CT,,, 1, (2.164)

where TR U,fg,,,g(t) is the young CONFU FFF TRU discharged from LWR per year after cooling

storage.

Next, the rotal U mass loaded into young CONFU per year, M ,I;,v:fg(t ), is modeled as

MR ()= Foost)- MR (2.165)

Young Young »

where Mg‘;’fg is the U mass loaded for young CONFU per reactor per year. Next, front-end

steps calculations for mining, milling, conversion, fabrication and enrichment are applied. The

SWU requirements for young CONFU is also calculated. The mass product of the enrichment

process for young CONFU fuel per year, Py,,u,,g(t ), is modeled as

LWR
M Young(t)

P ()=—Tx"
Young(®) i-1) (2.166)
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The mass of natural uranium feeding enrichment process for young CONFU per year, F}ou,,g(t ),

is evaluated as
xYoung oung
Fpne® =B ()| T |, (2.167)
8 oung xio g _ )4’ 8

where X)“*%(t) is the enrichment of the product for young CONFU, 2" (t) is the enrichment
of tails for young CONFU, and x;""*(f) is the enrichment of the feed for young CONFU.

Similarly, the mass of the young CONFU per year , Ty, (), is modeled as

x}’oung xYoung
(2.168)

Young(t) Young(t) ( Young _ _Young
Xp

The Separative Work Unit requirement for young CONFU fuel, SWU,___(t), is modeled as

Young
SWU s (1) = Py )V (6 4Ty (0)-V (57 ) = By (T) -V (220, (2.169)

where V(x)is the same value function defined in Equation 2.142.

The total U mass feeding the young CONFU conversion process per year, M con @, and

the total U mass for the young CONFU milling process per year, M i (), are modeled as

t
M) = ( 1”_“";2)) : 2.170)
Youn M Young(t )
My, () =—C2——= 2.171)

a-L,)
Last, the mining mass rate for young CONFU fuel, Myon®(8), is considered equal to M ()

M:lezzg(t) — M{;Z"S ) (2172)



2.4.4.2 Old CONFU model

FUEL
U,

The mass of TRU available for old CONFU fuel fabrication, TRU,,, (¢) (see Chapter 3

for details), is modeled as

TRUp;" (t) = Feonro®)- TRUggr 2.173)
Next, the TRU inventory for old CONFU fuel, Sgo (t), is modeled as
dScONFU t
——0’2 - o) RY(e)-RoZ @), SS9, 2.174)

SCONF U CONF

where Sa o =So0 ¢ =0), R%(t) is the old CONFU inflow rate, and RO“(¢)is the old

CONFU outflow rate. R%*(¢) is modeled as
R%“(t)=TRU:"(z) (2.175)
Next, the maximum number of LWRs loaded with old CONFU batches, Fon(?), is modeled as

TR UF UEL t)
Foa®= __HOTI;" ( , 2.176)
old

where M, gﬁ," is the mass of TRU loaded per year for old CONFU per LWR. The number of

LWR loaded with old CONFU fuel, Fy \(£) , is modeled as

FilR(6) = MINCEOS.2), Fy e — Fir(r)), @2.177)

Young

where F"® (¢)is the number of LWR loaded with young CONFU fuel. The mass of UO; spent

Young

fuel discharged per year from old CONFU, M,,(f) is modeled as

Moy (@)=Fai*®O-My,, (2.178)
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where M, g; is the mass of UO; spent fuel discharged from old CONFU per LWR per year. A

fixed delay, CT,,, is the old CONFU fuel cooling time, is applied to MJ,, () due to cooling

storage

SF,,(t)= DelaylM 3} (1),CT,,], (2.179)
where SF,, (t) is the old CONFU UO; spent fuel discharged per year after cooling storage. The
mass of TRU discharged per year from old CONFU, M} (t) is modeled as

Mg, (6)=Fg,"(6)- Mg, (2.180)
where M, gf,U is the mass of TRU discharged from old CONFU per LWR per year. A fixed delay,
CT,,, , is also applied to My (¢)

TRU ) (t)= Delay[M I (t),CT,,, 1, (2.181)

where TRU,, (t) is the old CONFU FFF TRU discharged from LWR per year after cooling

storage.

Next, the total U mass loaded for old CONFU per year, M5, (¢) , is modeled as
Mgy ()= Fle(®) Mgy, (2.182)

where M SIZ/R is the U mass loaded for old CONFU per reactor per year. Next, front-end steps

calculations for mining, milling, conversion, fabrication and enrichment are applied. The SWU

requirements for old CONFU are also calculated. The mass product of the enrichment process

for old CONFU fuel per year, F,,,(t), is modeled as

M5

Pozd(t)= (I—LF) .

(2.183)

The mass of natural uranium feeding enrichment process for old CONFU per year, Fy,(t), is

evaluate as
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Old xq'
Fo,0)=F,,(®)- [x———xra;;) (2.184)

F

where X2(f) is the enrichment of the product for old CONFU, 2" (¢) is the enrichment of
tails for old CONFU, and x2“(f) is the enrichment of the feed for old CONFU. Similarly, the

mass of the old CONFU per year, Ty, (), is modeled as

Old xOld
T ®)=F,,(®)- (;_XTI‘;”) (2.185)

F

The Separative Work Unit requirement for Old CONFU fuel, SWU ,,, (t), is modeled as
SWU g3y (1) = Pogg () V{x2 J+ Ty (1) V(62 ) = Foy (1) -V (x2), (2.186)
where V(x) is the same value function defined in Equation 2.142.

The total U mass feeding the old CONFU conversion process per year, M ggN(t) , and the

total U mass for the old CONFU milling process per year, Mou(f), are modeled as

Old (t)
Mo (1) =2~ 1-L)’ (2.187)
Old M CoglN (t)
MIL( )= a- LM) . (2.188)

Last, the mining mass rate for old CONFU fuel, M oa(®) , is considered equal to Moy (?)

M22t)=M%2 (2.189)

2.5. Summary

This chapter described the modeling strategy adopted for the nuclear fuel cycle

simulation. The model of the nuclear fuel cycle was presented as a high level structure diagram,
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and details of the system were presented as structure-policy diagrams. The high level structure

diagram provides an overview of the model, highlighting interconnections among blocks of the

system, without showing all the details for the computer simulation. The high level structure

diagram represents the nuclear fuel cycle; the fleet of thermal and fast reactors; the separation

and reprocessing plants; the waste repository; the spent fuel storage; and the path for the mass

transfers. The structure-policy diagram reproduces the structure of the system, and the decision

rules applied. Each structure-policy diagram is a single-input single-output (SISO) system that

consists of two subsystems: system-structure and policy-structure. The first subsystem described

the structure, and the second one defined decision rules.

The following structure-policy diagrams are detailed in this chapter:

LWRs structure-policy diagram for construction and decommissioning of LWRs.
The system-input for this diagram is the nuclear annual growth rate, and the

system-output is the number of LWRs under commercial operation.

Back-end structure-policy diagram for construction and decommissioning of FR,
separation and reprocessing plants. The system-input is the nuclear fuel available
for fast reactors, or the mass available for partitioning. The system-output is the
number of fast reactors under commercial operation, or the number of facilities to
treat spent fuel. The following systems are modeled as back-end structure-policy
diagrams: construction of UQO, separation plants (SP), construction of FFF
reprocessing plants, construction of ABRs, construction of GFR reprocessing

plants, and construction of GFRs.

Front-end structure-policy diagram. The system-input is the number of LWRs
loaded with UO, fuel. The mass transferred through the front-end steps of
fabrication, enrichment, conversion, milling and mining, is calculated based on
the fuel loaded into the LWR fleet per year. The system-output is the amount of
spent fuel discharged per year.

CONFU technology structure-policy diagram. The system-input for this diagram
is the TRU available for fuel fabrication, i.e. the separated TRU from separation
plants, and reprocessed TRU from FFF reprocessing plants. The system-output for
this system is the number of LWRs loaded with CONFU batches.
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3 Recycling Options and Strategies

3.1. Introduction

The advanced fuel cycle strategies explored in this study are TRU recycling in Light Water
Reactors (LWRs) using combined non-fertile and UO, fuel (CONFU), TRU recycling in fertile
free fuel in fast cores of Actinide Burners Reactors (ABRs), and TRU recycling with UO; in
self-sustaining Gas-cooled Fast Reactors (GFRs). Here, recycling means the partitioning of the
spent fuel, the fabrication of the fuel, and the irradiation in thermal or fast reactors. Partitioning
is defined as the process of separation of TRU from U in the UO; spent fuel, or the process of
reprocessing TRU from spent fertile free fuels, or the reprocessing of TRU plus U, after
extraction of the fission products, from GFRs spent fuel, as can be seen in Figure 3-1. In all cases

plutonium and higher actinides are kept together.

U/TRU
- (GFR fuel)

---------------

[ ReprocessingJ

U0,
(LWR fuel)

(o j '

artitioning { Separation

:
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Figure 3-1 - Recycling of spent fuel

In this chapter, the equilibrium properties of the reload fuel and spent fuel of standard LWR,
of the standard ABR, and of the standard GFR, used in this study, are presented. In addition, a
summary of the equilibrium properties of the young and old CONFU fuel used for the simulation
is provided. A detailed description of the three technologies can be found in reference [2].
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Moreover, the parameters for separative work requirements calculations, and the default values

for the size of the separation and reprocessing facilities, are presented here.

3.2. Equilibrium properties of traditional Light Water Reactors

The main properties of the Light Water Reactors (LWRs) loaded with traditional UO,
fuel are presented in Table 3-1. In addition, LWRs can be loaded with CONFU batches. The
reactor lifetime is taken to be sixty years, the net electric output is presumed to be 1 GWe, with a
thermal power conversion efficiency of 0.33, and having equilibrium fuel is irradiated of a 50
MWd/kg burn up.

Table 3-1- Equilibrium properties for LWR

Property Value
Net thermal output 3 GWth
Thermal efficiency 0.33
Net electrical output 1 GWe
Capacity factor 0.9
Core mass of heavy metal 77.2 MT HM
Equivalent HM mass loaded 17.153 MT/GWe/Year
(at 4.2% U enriched)
Equivalent U mass discharged 15.873 MT/GWe/Year
(at 0.83% enriched) (92.54% of the discharged fuel)
Equivalent TRU mass discharged 0.280 MT/GWe/Year
(1.63% of the discharged fuel)
Equivalent Pu mass discharged 0.226 MT/GWe/Year
(1.32% of the discharged fuel)
Equivalent FP mass discharged 1.00 MT/GWe/Year
(5.83% of the discharged fuel)
Equivalent MA mass discharged 0.054 MT/GWe/Year
(0.31% of the discharged fuel)
U net consumption 1.280 MT/GWe/Year
TRU net production 0.28 MT/GWe/Year
Number of batches 3
Cycle length 1.5 years
Cooling time 6 years

Furthermore, traditional LWRs can be loaded with CONFU fuel. The CONFU fuel is a
combination of traditional UO, pins and fertile-free fuel (FFF) containing recycled transuranics.
Two sources of TRU for CONFU fuel fabrication are considered. One is the separated TRU from

UO; spent fuel irradiated only one time in a traditional LWRs core, which is used for the
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fabrication of young CONFU fuel. The other is the reprocessed TRU, from FFF reprocessing
plants, irradiated more than one time in FFF pins, which is used for the fabrication of old
CONFU fuel. In addition, equilibrium conditions are assumed for the CONFU fuel. Note that
the thermal recycling of TRU in CONFU fuel allows for net TRU destruction rate, as
transuranics in FFF pins are burned at least as fast as transuranics are produced in UO; pins. The
main properties of the CONFU assembly for Light Water Reactors are presented Table 3-2 and
Table 3-3. Note that old CONFU assemblies have higher enrichment to compensate for the less

reactive composition of burned TRU.

Table 3-2 - Equilibrium properties for Young CONFU Fuel

Property Value
14 MT U/GWe/Year
Equivalent mass loaded from fresh/recycled (4.2% enriched)
U and TRU from separation plants
0.653 MT TRU/GWe/Year
13 MT U/GWe/Year

(0.83% enriched -- 88.72% of the UO, discharged fuel)
0.193 MT TRU/GWe/Year
(1.38% of the UQ, discharged fuel)

Equivalent TRU and U mass discharged

0.433 MT TRU/GWe/Year
(from FFF discharged fuel)
Cooling time 6 years
TRU consumption (in FFF fuel) 0.22 MT TRU/GWe/Year
Net TRU consumption in CONFU fuel 0.027 MT/GWe/Year

Table 3-3 - Equilibrium properties for Old CONFU Fuel

Property Value
) 14 MT U/GWe/Year
Equivalent mass loaded from fresh/recycled (5% enriched)
U and TRU from ABR/CONFU
reprocessing plants 0.653 TRU MT/GWe/Year
13 MT U/GWe/Year
(0.83% enriched -- 88.72% of the UO, discharged fuel)
Equivalent TRU and U mass Discharged per 0.193 MT TRU/GWe/Year
Year (1.38% of the UO, discharged fuel)
0.433 MT TRU/GWe/Year
(from FFF discharged fuel)
Cooling time 18 years
TRU consumption (in FFF fuel) 0.22 MT TRU/GWe/Yr
Net TRU consumption in CONFU fuel 0.027 MT/GWe/Year
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3.3. Equilibrium properties of Actinide Burners Reactors

Actinide Burners Reactors are lead-cooled fast reactors fed with a non-fertile metal fuel,
i.e. fertile-free fuels (FFF). The TRU for ABR fuel fabrication comes from separated TRU from
UO, spent fuel, or from reprocessed TRU from ABR, or CONFU (FFF) spent fuel. For the
purpose of this study, the number of recycles does not change the quality of the TRU in ABRs

spent fuel [3]. The main properties of the lead-cooled Actinide Burner Reactors modeled in the

system are presented in Table 3-4.

Table 3-4 - Equilibrium properties for ABR

Property Value
Net thermal output 0.7 GWth
Thermal efficiency 0.45
Net electrical output 0.315 GWe
Capacity factor 0.9
Core mass 3.2 MT HM
Equivalent TRU mass loaded 4.232 MT/GWe/Year
Equivalent TRU mass discharged 3.467 MT/GWe/Year
Equivalent TRU net consumption 0.758 MT/GWe/Year
Number of batches 2
Cycle length 1.2 years
Cooling time 6 years

3.4. Fast Recycling of TRU in self-sustaining GFRs

In this study, the self-sustaining gas-cooled reactor (GFR) is a fast reactor with a fissile
conversion ratio near one, and suitable for power generation or hydrogen production. As self-
sustaining fast reactor, the mass of TRU in the fresh fuel is the same as that in the spent fuel.
GFRs are initially fed with recycled uranium plus TRU from LWR U separation plants, and after
that with reprocessed U/TRU, from GFR reprocessing plants, plus recycled uranium, from ore or
depleted uranium. Reprocessed U/TRU is obtained from the GFR spent fuel without fission

products. The main properties of the self-sustaining gas-cooled reactor modeled in the system

are presented in Table 3-5.
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Table 3-5 - Equilibrium properties for GFR

Property Value
Net thermal output 2.4 GWth
Thermal efficiency 0.47
Net electrical output 1.128 GWe
Capacity factor 0.9
Core mass 59.3 MT HM

Equivalent mass loaded from
fresh/recycled U plus TRU from UO,
separation plants

1.297 MT TRU/GWe/Year
(TRU from separation plants: 18.51 %)

5.713 MT U/GWe/Year
(Natural or recycled U: 81.49 %)

Equivalent mass loaded from
fresh/recycled U plus U/TRU from GFR

6.308 MT “U/TRU”/GWe/Year
(U/TRU: 89.98%)

reprocessing plants 0.702 MT U/GWe/Year
(Natural U or recycled U: 10.02%)
Equivalent U/TRU mass discharged 5.011 MT U/GWe/Year
1.298 MT TRU/GWe/Year
TRU Net consumption 0 MT/GWe/Year
Conversion ratio 1
Number of batches 3
Cycle length 2.5 years
Cooling time 6 years

3.5. Main parameters of the simulation

The simulation considers a period of 100 years. The annual nuclear power demand growth is
assumed to be 2.4% for the U.S. However, the Brazilian annual nuclear power demand growth is
assumed to be 7.3% per year for the first fifty years, and 4.1% for the last half of the century (see
Chapter 6.4 for details). The separation and recycling facilities can be built in different
throughput capacities. For the U.S., the nominal capacity of a fuel cycle plant is taken 1,000
MT/Year for a UO, separation facility and 50 MT/Year for TRU/inert fuel reprocessing facility.
The current industrial capacity to build these facilities is taken to be 500 MT/Year/Year and 50
MT/Year/Year for the separation and recycling plants respectively -- which means it takes two
years to build a nominal separation plan but only one year to build a nominal reprocessing plant.
The U.S. industrial capacity doubles forty years after the beginning of the simulation. Also, the
Brazilian industrial capacity doubles 75 years after the beginning of the simulation (see Chapter
6.4 for details). The default nominal and industrial capacities for the advanced fuel facilities are

presented in Table 3-6 and Table 3-7.

69



Table 3-6 — Default nominal and industrial capacities for the U.S.

Separation Plants 1,000 [MT/Year]
Nominal Capacity ABR/CONFU Reprocessing Plants 50 [MT/Year]
GFR Reprocessing Plants 1,000 [MT/Year]
; - Separation Plants 500 [MT/Year/Year]
e ﬁ)ape*‘:‘r‘sy inthe — HR/CONFU Reprocessing Plants 50 [MT/Year |
y GFR Reprocessing Plants 500 [MT/Year/Year ]
i 5 Separation Plants 1,000 [MT/Year/Year]
Construct:‘(:)n (e:::samty . ABR/CONFU Reprocessing Plants 100 [MT/Year ]
y GFR Reprocessing Plants 1,000 [MT/Year/Year ]
Table 3-7 - Default nominal and industrial capacities for Brazil
Separation Plants 500 [MT/Year]
Nominal Capacity ABR/CONFU Reprocessing Plants 50 [MT/ Year]
GFR Reprocessing Plants 500 [MT/Year]
8 dasiad Separation Plants 250 [MT/Year/Year]
ConStnil:it:;:ll ;:Sap::lr? iy ABR/CONFU Reprocessing Plants 12.5 [MT/Year ]
y GFR Reprocessing Plants 250 [MT/Year/Year ]
X . Separation Plants 500 [MT/Year/Year]
C°“St"“°t;‘;“ f:l!’sa“ty after — BRICONFU Reprocessing Plants 50 [MT/Year |
y GFR Reprocessing Plants 500 [MT/Year/Year |

The uranium, plutonium, fission products and minor actinides percentages in the UO,

spent fuel for 50 MWd/kg burn up, and the TRU percentage composition in the spent fuel are

presented in Table 3-8.

Table 3-8 — UO, spent fuel and TRU composition

UO, spent fuel composition TRU percentage composition
B] 92.54% TRU in UO, spent fuel 1.63%
B 5.83% TRU in young CONFU fuel 1.38%
P, 1.32% TRU in young CONFU fuel 1.38%
P, 0.31%

The values of the enrichment of the product of the enrichment process, the enrichment of

the mass tails, and the enrichment of the mass feeding, as well as the losses due to conversion,

fabrication and mining processes are showed in Table 3-9.
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Table 3-9 — Parameters for the front-end process

UO, fuel Young CONFU fuel Old CONFU fuel
Enrichment of the product 4.51% 4.51% 5%
Enrichment of the fresh fuel 0.71% 0.71% 0.71%
Enrichment of the tails 0.25% 0.25% 0.25%
Conversion losses 0.5% 0.5% 0.5%
Mining losses 1% 1% 1%
Fabrication losses 0.5% 0.5% 0.5%

3.6. Summary

The main parameters for the technologies chosen in the simulation are presented, and the
equilibrium properties of the Light Water Reactors, Actinide Burners Reactors, and Gas-cooled
Fast Reactors used for the simulation are also reviewed. The LWR fleet is loaded with
traditional UO, and CONFU batches. CONFU fuel is a combination of traditional UO, pins and
fertile-free fuel (FFF) containing recycled transuranics. Two sources of TRU for CONFU fuel
fabrication are considered: the separated TRU from UO, spent fuel, and the reprocessed TRU
from FFF. The lead-cooled ABR fleet is fed with TRU in fertile-free fuels (FFF). The TRU for
ABR fuel fabrication comes from separated TRU from UO, spent fuel, or from reprocessed TRU
from its FFF spent fuel. The self-sustaining (fissile conversion ratio near one) GFR fleet is fed
with U plus TRU after the extraction of fission products -- as self-sustaining fast reactor, the
mass of TRU in the fresh fuel is the same as that in the spent fuel The simulation considers a

period of 100 years, and different annual nuclear power demand growth are assumed for the U.S.

and for Brazil.
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4 Economic Model Anaiysis and Assumptions

4.1. Introduction

The economic model analysis and assumptions adopted for this study are presented in this
chapter. The purpose of the economic model is to provide useful insights by comparing different
simulations under the same assumptions. Furthermore, the economic model for the nuclear fuel
cycle is based on the forecasted mass flow, and on the number of reactors and advanced facilities
in the system. The cost of electricity (COE) is evaluated as the total cost divided by the total
produced electricity of the nuclear enterprise at each time step. Moreover, the cost of electricity
is the sum of the cost of construction and decommissioning of plants, i.e. capital-related costs
(CC), the operating and maintenance costs (O&M), and the fuel cycle costs (FCC). Here, all
money values are considered in 2007 dollars, and the construction of reactors and facilities is

privately financed. This model and applied data are derived from references [2] and [3].

4.2. Cost of Electricity

The cost of electricity is the sum of the capital-related costs, and the production cost [13].
Capital-related costs are the sum of the overnight construction cost of the plant, the return on
equity and debt to finance the project, and the decommissioning costs which are paid in advance
at a risk-free interest rate. Capital costs don’t depend on the level of the output of the plants, and
they are related to the investments on land, plant, equipment, and inventory. Production cost is
the sum of operating and maintenance costs plus fuel cost. O&M costs are fixed costs applied to
the plant lifetime. The FCC is the fuel cycle cost of each step evaluated as the cost times the
mass is transferred at each time step, adjusted for the expenditure and the point where the money

is supposed to be collected. The annual fotal cost of electricity, COE,

lota

1 Y ®+Y,® 1 0&M()
E = coconst VT~ decom\" ) .
COF s ) (CFN-At K J+(CFA,-At K +FCC(’))’ @D

,(2) , is modeled as

where Y., is the decommissioning constant annuity, Y, is the construction constant annuity,

K is the plant nominal capacity, At is the time step, CF,, is the average capacity factor at time
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step, O & M (t) is the operating and maintenance costs, FCC(t) is the fuel cycle cost. Therefore,

the cost of electricity per total electricity produced is then defined as:

COE(t)= COE () 5 “4.2)

P ()
where the installed nuclear capacity, P-(t), is modeled as
P )= Fryg: PPWR(t) +FABR(t) ) PABR(t) + FABR(I) ’ PGFR(t) I (4.3)

In the following, each component of the cost of electricity is discussed:

4.2.1. Fuel Cycle Cost

The total fuel cycle cost, FCC,,,(t), is the sum of all mass transferred times the cost per

otal

unit mass. FCC,,,(t) is modeled as

4.4)

1-7

Y. F o gtuSET (s _

where M; is the heavy metal mass transferred to or from each facility, reactor or repository, p; is
the fuel cycle prices, and SLT is the fuel service lead time which are input to the system. The

financial parameters for the simulation are presented in Table 4-1.

Table 4-1 — Financial parameters

Parameter Definition Value

R Risk-free interest rate 2%

) Expected rate of return on debt 5%

¥ Fraction of debt in the capital structure 50%

"e Expected rate of return on equity 12%
f.=0-f) Fraction of equity in the project financing 50%

T Marginal Tax Rate 38%
r=01-17)r,-f,+r,- f, Discount rate for private financed 7.55%

The fuel cycle cost FCC(t) is modeled as

F CCtotal Q)

FCC(@t)= P )
Ic

4.5)
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The mass transferred among facilities, reactors and repository is taken from the
simulation at each time step. The lead time, the time between the investment and the midpoint of
irradiation of the fuel, the point where the money is assumed to be collected from the electricity
sale, and ahead time, the time interval between the time of investment and the fuel loading at the
front- or back-end process, are both presented in Table 4-2. For the calculations of the lead times,
is assumed to be the time in which the fuel remains in the core of the reactor (i.e. 4.5 years for
LWRs, 2.4 years for ABRs, and 7.5 years for GFRs) and the time when the services are paid
(front- and back-end process pay just before loading the fuel) and the interim storage service is
paid one year before finishing the cooling time. In addition, it’s assumed that uranium ore will

be always available for LWRs, and lead times for uranium purchase for ABRs and GFRs are the

same as that for LWRs.
Table 4-2 - Data lead times
Activity Ahead Time [Years] Lead Time [Years]
U ore purchase 2 4.25
Conversion process 2 4.25
Enrichment process 1 325
LWR: UO, fuel fabrication 0.5 2.75
LWR: UO; spent fuel separation 2.5 4.75
LWR: UO, spent fuel interim storage -5 -7.25
CONFU FFF fuel fabrication I3 319
CONFU FFF spent fuel reprocessing 3 5.25
Young CONFU spent fuel interim storage -5 -7.25
Old CONFU spent fuel interim storage -17 -19.25
ABR FFF spent fuel reprocessing 3 4.2
ABR fuel fabrication 1.5 27
ABR spent fuel interim storage -5 -6.2
GEFR fuel fabrication 1.5 5.25
GEFR spent fuel reprocessing 20D 6.73
GFR spent fuel interim storage -5 -7.5

The fuel cycle services prices assumed for the economic analysis are presented in Table
4-3, Table 4-4, and Table 4-5. They are derived from reference [2]. The price of the separation
and reprocessing service is a function of the capital costs and the O&M costs. Uranium ore
purchase is the price of natural ore, not the yellowcake, sold on the market as U3Og (powder-
form material consisting of natural uranium). The price of the conversion process is the price to
convert milled uranium oxide, U;QOg, to uranium hexafluoride (not enriched), UFg, which is the

form required by most commercial uranium enrichment facilities currently in use. UO, fuel
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fabrication includes the prices of fabrication for traditional UO; pins. The price for spent fuel

interim storage includes the storage for traditional and advanced spent fuel.

Table 4-3 - Fuel cycle prices for the front- and back-end services

Service Value
Ore Purchase [$/kg] 120
Conversion Process [$/kg] 12
Enrichment Process [$/kg] 130
UO, Fuel Fabrication [$/kg] 250

FFF Fuel Fabrication  [$/kg] 11,000

GFR Fuel Fabrication [ $/kg] 1,500
Spent Fuel interim storage  [$/kg] 200
Young CONFU interim storage  [$/kg] 200
Old CONFU interim storage  [$/kg] 200

Table 4-4 - Fuel cycle prices for UO, separation and GFR reprocessing services

Nominal Capacity UO; separation GFR reprocessing
[MT/Year] [1,000 $/kg] [1,000 $/kg]
100 4.7 9.4
500 1.6 3.2
1,000 1.3 2.6
2,000 1.03 2.06
7,000 0.920 1.84

Table 4-5 - Fuel cycle prices for FFF reprocessing

Nominal Capacity Service Price
[MT/Year] [1,000 $/kg]

50 11.5

100 7.3

200 5.5

4.2.2. Capital-Related Costs

The capital cost is evaluated from an overnight construction cost, i.e. considering a

hypothetical instantaneous construction [13], C,... . and from an overnight decommissioning

cost, i.e. the instantaneous cost of decommissioning the plant, C oot

overnight *

The overnight

construction cost must be paid during the amortization period of the plant thorough an annual

payment of Y, given an effective discount rate, r, and tax rate an equity, 7
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const overnight

[y . rL, HSE.
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r-T (1-7) { e*-1 L

const e

where L, is the amortization period, T,

onst

is the plant construction time. Similarly, the overnight

decommissioning cost must be paid in advance during the plant lifetime thorough the annual

Iy 'Td:com ry -L ( Iy
_ Cleeom | € =11l vlgre]
decom — ~ overnight T rpeL .
rf L decom e =l

payment of Y,

ecom

Y

4.7)

where and Lis the plant lifetime, and T,

ecom 1S the plant decommissioning time, and r, is the
interest rate earned in the collected funds. Table 4-6 presents time parameters for all reactors.
The values for the overnight costs for reactors are presented in Table 4-7. Capital costs for
separation and reprocessing plants are aggregated in the price of the separation and reprocessing
service, and are not considered in the calculation of capital-related costs. Table 4-8 and Table 4-9

present the overnight costs for FFF reprocessing plants, UO, separation, and GFR reprocessing.

Table 4-6 — Time parameters for all reactors

Reactor Lo T L L
[Years] [Years] [Years] [Years]

LWR 4 1 20 60

GFR 4 1 20 60

ABR 4 1 20 60

Table 4-7 — Overnight costs for thermal and fast reactors

Reactor Covomighs COStS Covernigi COStS
[$/kWe] [$/kWe]
LWR 1,700 350
GFR 2,500 350
ABR 2,500 2al

Table 4-8 - Overnight costs for FFF reprocessing

Nominal Capacity Covemigh COStS
[MT/Year] [Billion $]
50 4
100 4
200 4
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Table 4-9 - Overnight costs for UQ, separation and GFR reprocessing plants

Nominal Capacity | LWRC:n,,, costs GFRC i COStS
(VT ienr) [Billion $] [Billion $]
100 4 8
500 4.5 9
1,000 6 12
2,000 6.6 13.2
7,000 14 28

4.2.3. O&M Costs

Operating and maintenance costs are fixed costs paid during the entire lifetime of the
facility, and partially variable cost depending on production. For simplicity, they will be assumed
as fixed. O&M costs include expenses due to operation, maintenance, administration,
supervision, preservation and security of the building, and other fixed expenses which exist if the
plant is fully operating. The O&M costs for thermal and fast reactors are presented in Table 4-10,
and they are considered for cost of electricity calculation. They are adopted from reference [2].
The O&M cost for UO, separation, GFR reprocessing, and FFF reprocessing plants are presented
in Table 4-10, Table 4-11, and Table 4-12. O&M for separation and reprocessing plants are

aggregated in the price of the separation and reprocessing service.

Table 4-10 - O&M costs for thermal and fast reactors

Reactor O&M costs
[$/kWe]
LWR 70
GFR 70
ABR 70

Table 4-11 - O&M costs for UQ, separation and GFR reprocessing plants

Nominal Capacity UO; separation GFR reprocessing
[MT/Year] [$/kg] [$/kg]
100 700 1,400
500 700 1,400
1,000 700 1,400
2,000 700 1,400
7,000 700 1,400
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Table 4-12 — O&M costs for FFF reprocessin

Nominal Capacity FFF reprocessing
[MT/Year] [$/kg]
50 11,500
100 7,500
200 5,500

4.3. Summary

The purpose of the economic model is to provide useful insights by comparing results from
different cases under the same assumptions. The cost of electricity is calculated based on pre
used parameters, and the price must be at least equal to the calculated cost. The cost does not
reflect market prices that depend on externalities. The economics model is based on the
forecasted mass flow, and on the number of reactors and advanced facilities in the system. The
cost of electricity (COE) at each time step, it is the sum of the cost of construction and
decommissioning plants, i.e. capital-related costs (CC), and the production cost, i.e. the
operating and maintenance costs (O&M) plus the fuel cycle costs (FCC). Moreover, the capital

and O&M costs for separation and reprocessing plants are aggregated in the price of the

separation and reprocessing service.
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5 Assessment of the U.S. Nuclear Market

5.1. Introduction

Uranium is primarily used for electricity generation, and nuclear power plants are
responsible for 6% of the world’s total energy production, as presented in Figure 5-1.
Nevertheless, nuclear power plants provide about 20% of total net electricity generation in the
U.S., as showed in Figure 5-2, although no new nuclear units have been constructed in the last

decade [14].

Il Renewables [l Nuclear
Hydro I Coal
Il Natural gas [l Oil

Source - International Energy Agency

Figure 5-1 — World total primary energy supply (source: IEA)

Petroleum
3.0%

Electric Power An’mm? with v.‘nt‘n*tor 2005 Other
Report Released: October 4, 2006 0.1%
Next Refease Date: October 2007 Z

Natural Gas
18.7%

Other Renewables
2.3%

Coal
49.7%

Nuclear
19.3%

Hydroelectric

Other Gases 6.5%
0.4%

Source: Energy Information Administration, Form EIA-860, "Annual Electric Generator Report.”
Figure 5-2 — The U.S. electric power industry net generation (source: EAI)
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In the last four decades, uranium has become one of the world’s most significant energy
minerals, and its demand has been increasing [15]. As presented in Figure 5-3, the annual
uranium production exceeded the requirements from the mid-1950s to 1990 [16]. On the other
hand, after 1990 the annual uranium requirement surpassed production -- uranium mines now
supply only 55% of the requirements of power utilities Indeed, due to the renaissance of the
nuclear field, the demand for uranium should increase even more. This is partly due to the use of
highly enriched uranium previously produced in the former USSR, which was released for

civilian use.
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Figure 5-3 - Annual uranium production and requirement 1945-2004 (source;: OECD)

However, the stock of military uranium available for use by nuclear power plants will be
eventually exhausted, and uncertainties in the availability of uranium from other sources, i.e.
highly-enriched uranium, recycled uranium from spent fuel, and uranium produced by re-
enrichment of depleted tails, should have significant influence on the uranium market in the next
decade. Nevertheless, the uranium mining industry has .been responding to market development,
and production capability is expected to increase in the next few years, therefore the primary
production from mines should meet the world demand by 2010, if all projected mines open and

operate at full capacity [16].

The over-production of uranium until the early-1990s plus the availability from other
sources made the price of the mineral reach its lowest level in about 1995, as plotted in Figure
5-4 [16]. After 2001, the price of uranium has been increasing due to demand, and there is no
indication that this behavior has ended. The sustainability of the uranium market depends on the

strength of the uranium industry that should be developed to meet the growth in demand. Figure
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5-5 and Figure 5-6 provide long-term values for UsOs, for conversion process, and for SWU

requirements, as project by TradeTech, LLC [17].
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Figure 5-4- Development of uranium prices (source: OECD)

As revealed by Figure 5-5, the U;Oslong-term values present a sharp rise since 2004. In

addition, the long-term value for SWU requirements increases up to 40% during the same period.
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Figure 5-5 — Trade long-term values for UsOs and conversion process (source: TradeTech)
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Figure 5-6 — Trade long-term values for SWU requirements (source: TradeTech)

In this chapter, the impacts of advanced technologies on uranium resources and SWU
requirements are evaluated. Moreover, a sensitivity analysis for the uranium prices in the U.S.
market is performed. In addition, the results of an economic analysis of different rates of TRU
consumption are presented. The simulation is based on the U.S. nuclear market of about 100
LWRs today, with combined installed capacity of 100 GWe, and that requires up to 18,000 MT

of uranium from mines each year. The demand is assumed to grow at 2.4% per year.

5.2. The impact of recycling on uranium resources

The introduction date of advanced technologies has an impact on the TRU inventory, on
the availability of uranium resources, and on the SWU requirements. The increasing uranium
demand, the long-term impact of radioactive spent fuel, and the fact that the nuclear industry
must take full responsibility for minimization of the burden of its waste, justify the introduction
of advanced fuel recycling technologies. For example, the U.S. decided for an open-cycle
approach, leaving the spent fuel where it is, and the nuclear waste is currently stored at 131 sites
around the country, as a result of nuclear power generation and national defense programs [18],
the plan is to send this waste to an underground disposal facility, i.e. a geological repository, at
Yucca Mountain. The legal geological repository capacity, which was limited by Congress, is
70,000 metric tons of heavy metal. Scientific analysis demonstrates that the Yucca Mountain site
is physically capable of holding much more used fuel [19]. However, under the current spent fuel
generating rate of almost 2,000 MT/Year, it should reach its maximum capacity in some twenty

years, and uranium recycling could delay investments on a new repository.
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The introduction of the Global Nuclear Energy Partnership (GNEP) program by the U.S.
for the deployment of advanced nuclear technologies, for both TRU fuel and fast reactors,
initiated much discussion about the size needed recycling capabilities for the country. The
amount of spent fuel in the U.S. is about 50,000 MT [2] in 2005. Maximization of fuel resources
utilization, reduction of the waste radio-toxicity, reduction of the thermal load on the repositories,
high geological repository costs, and non-proliferation resistance issues, have all been motivating
changes in the nuclear energy policy from an open-cycle country status to a closed-cycle country
status. Furthermore, the increasing demand for ore, and the rising price of uranium fuel services

for storing spent fuel, should also justify the investment on advanced recycling fuel facilities.

The impact of the introduction date of advanced technologies on the TRU inventory, on the
availability of uranium resources, and on the SWU requirements are evaluated through five case
studies, as briefly discussed in Table 5-1. The nuclear annual growth rate is taken as 2.4% [7].
The introduction date of the technology is chosen based on the date when the technology should
be industrially accessible in the U.S., i.e. that the thermal recycling strategy and advanced fuel

facilities can be deployed in 20 years, and that fast reactors can be deployed in 40 years.

Table 5-1 — Case study for assessment of uranium resources in the U.S.

Case study Introduction date
of the technology
Once-Through Cycle (OTC) ---

CONFU Technology 2027
Nominal introduction of ABR 2047
Late introduction of ABR 2067
Nominal introduction of GFR 2047
Late introduction of GFR 2067

Table 5-2 presents the amount of natural uranium ore from identified resources, i.e. from
Reasonably Assured Resources (RAR), and from Inferred Resources (IR) as identified by the
International Atomic Energy Agency (IAEA) [16]. However, other sources of uranium are likely
to be identified at higher prices. In addition, stock holdings of natural uranium and low enriched
uranium (LEU), re-enriched uranium from depleted uranium, and uranium blended down from
high enriched uranium (HEU) should also be considered if the simulation refers to depletion of

primary and secondary uranium resources. Thus, it is estimated that the world reserves can be
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four to five times the resources identified in Table 5-2. Therefore, the U.S. can expect to draw on

these sources by itself.

Table 5-2 — Natural uranium resources OECD Red book in 2005 [16]

Resources Cost Range
<40 $/kgU < 80 $/kgU < 130 $/kgU
RAR [MT U] 1,947,383 2,643,343 3,296,689
IR [MT U] 798,997 1,161,038 1,446,164
TOTAL 2,746,380 3,804,381 4,742,853

As can be seen in Figure 5-7, Figure 5-8, and Figure 5-9, for a 2.4% annual growth on
demand, which represents an U.S. nuclear installed capacity of 1,100 GWe after 100 years (see
Figure 5-19, Figure 5-20, and Figure 5-21), the nominal introduction of the GFR recycling
schemes provides the most significant reduction of the uranium ore mining rate, the uranium
resources demand, and on delaying the depletion date of uranium ore from identified resources.
Furthermore, the demand for ore and the SWU requirements remains steady for more than 30
years while GFRs are built to fulfill the nuclear power demand. However, after 2080, the demand

for uranium increases again due to the limitation of TRU inventory available for the GFRs.
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Figure 5-7 - Required natural uranium mining rate
It is not surprising that for a 2.4% annual nuclear growth rate, the more favorable
scenario, the early introduction of the GFR technology, delays depletion of the uranium
resources to 2102, at a nuclear installed capacity of 938 GWe. Under the assessed demand, the

resources of uranium are enough for almost 80 years, considering only the U.S. nuclear energy
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growth’. On the other hand, the complete depletion of ore from identified resources for the once-
through cycle occurs in 2088, fourteen years before the depletion date for nominal GFR, at the
installed capacity of 667 GWe, 71.1% of the assessed installed capacity in 2102.
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Figure 5-8 -Cumulative uranium demand
5M
375M
S 2s5m
OTC
1.25M CONFU
Nominal ABR
Late ABR
0 Nominal GFR
2007 2027 2047 2067 2087 2107 Late GFR
Years

Figure 5-9 — Natural uranium resources remaining

Nevertheless, uranium ore is a mineral found in the ground and seawater, and the known
resources depend on the exploration effort. The current amount of identified resources is very
conservative [15]. The mining industry of uranium will expand with sustained high prices. For
example, from 2003 to 2005, the overall increase in identified resources recoverable at less than
130 US$/kg was due to the result of reported re-evaluation of resources by Australia and Brazil

[16] motivated by the increase of uranium ore prices.

" The world’s current usage is about 66,500 MT U/Year. Therefore, the world's present measured
resources of uranium under no nuclear growth in demand, and used only in conventional reactors, are
enough to last for some 70 years [15].
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As revealed by Figure 5-10, the SWU requirements for the U.S. should reach 145 million
MT SWU/Year by 2107 if no recycling strategy is adopted. Nominal introduction of the GFR
scheme reduces the SWU requirements to an estimated to be 85 million MT SWU/Year by 2107,
58.62% of the total separative work units required for the once-thorough cycle. However, the
U.S. should expect a significant investment in enrichment facilities, since the current U.S.

uranium enrichment capacity is 11,300 MT SWU/Year [20].
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Figure 5-10 — SWU requirements
As shown in Figure 5-11, all three technologies are able to deplete the TRU inventory in

interim storage. However, the deployment of the CONFU recycling scheme keeps the inventory
below a lower level, and guarantees recycling equilibrium between the generation and
consumption of TRU without further investments in construction of fast reactors. Also, the
CONFU strategy is the most flexible technology since its batches can be mixed with traditional
UO:2 batches in the current LWR fleet. However, the results shows that the CONFU technology
has no significant impact on the amount of uranium resources needed neither on the SWU

requirements. This is the case for any TRU burner, whether of thermal or fast spectrum.

Figure 5-12 shows the fleet of separation plants to deplete the TRU inventory at interim
storage, and Figure 5-13 presents the instantaneous mass loading factor for all separation
facilities. It is seem that the number of separation plants needed is the lowest with the nominal
GFRs since the reactor is designed to require limited recycling. There is a chance for reduced
capacity factors in the post-depletion of interim waste. Figure 5-14 gives the number of FFF
reprocessing plants to be build to reprocess FFF spent fuel from CONFU and ABR technology,

and Figure 5-15 plots the instantaneous FFF mass loading factor.
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Figure 5-13 — UO, separation plants mass loading factor
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Figure 5-14 — FFF reprocessing plants
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