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ABSTRACT

The application of resistive magnet tokamaks to fissile fuel production has
been studied. Resistive magnet offer potential advantages over superconduct-
ing magnets in terms of robustness. less technology development required and
possibility of demountable joints.

Optimization studies within conservatively specified constraints for a com-
pact machine result in a major radius of 3.81 m. and 618 MV/ fusion power
and a blanket space envelope of 0.35 m. inboard and 0.75 m. outboard. This
machine is called the Resistive magnet Tokamak Fusion Breeder (RTFB).

The blanket studies are based on a configuration composed of two zones.
The first zone (11 cm. thick) consists of uranium metal plates, clad in steel
and cooled by liquid lithium. The second zone (24-64 cm. thick) contains a
thorium bearing molten salt as the heat transfer and breeding medium. V/ith
self-sustaining tritium production. the net fissile production is 1734 kg/yr 23°Pu
and 2056 kg/yr 222U . The maximum blanket power is 5830 MV/th and average
net electric power is 1247 MV./e. Pressure drops in the liquid lithium cooling
system for the multiplier region are shown to be within acceptable limits for
both insulated and uninsulated ducts.

A computer code was developed to estimate the cost of the resistive magnet
tokamak breeder. This code scales from STARFIRE values where appropriate
and calculates costs of other systems directly. The estimated cost of the RTFB
is $3.01B in 19&%48. The cost of electricity on the same basis as STARFIRE is
42.4 mills ‘kV’hre vs. 44.9 mills/kV/hre for STARFIRE (this does not include
the fuel value or fuel cycle costs for the RTFB).

The breakeven cost of Uz0y is 1508/1b when compared to a PV/R on the
once through uranium fuel cvcle with no inflation and escalation. On the same
basis. the breakeven cost for superconducting tokamak and tandem mirror fusion
breeders is 160$/1b and 1758 :/1b. Thus. the RTFB appears to be competitive in
breakeven U;Oj3 cost with superconduciing magnet fusion breeders and offers
the potential advantages of resistive magnet technology.

Thesis Supervisor: Dr. Daniel R. Cohn
Title: Senior Scientist. Plasma Fusion Center

Thesis Supervisor: Dr. Lawrence M. Lidsky
Title: Professor of Nuclear Engineering
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1. INTRODUCTION

1.1 Foreword

A potential application of fusion is in the production of fissile fuel for
subsequent use in fission reactors. The production of fissile fuel might allow
consideration of fusion machines of relatively low performance to be economi-
cally attractive. This economic attractiveness could come from either increased
electricity production in the fusion machine allowed by energy-multiplying blan-
kets or the value of the fissile fuel produced by the fusion breeder. Thus, a fu-
sion machine of poor or marginal performance could become attractive. Fusion
machines of the required performance may become available prior to machines
attractive for pure fusion electricity production. Thus, the fusion breeder could
represent an early application of fusion which might allow further development

and refinement of attractive pure fusion machines.

Several fusion configurations have been previously evaluated as fusion
breeders by others. These include the tokamak 1.1-1.4] and the tandem and
standard mirror {1.5-1.8] using superconducting magnets. The Riggatron, which
is an extremely compact resistive magnet tokamak, was also considered for fis-
sile fuel production {1.9]. This study is the first to consider a moderate-size,
modest performance resistive magnet tokamak, using Bitter plate toroidal field
magnets, for fissile fuel production. This machine will be called the Resistive

magnet Tokamak Fusion Breeder (RTFB).
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1.2 The Resistive Magnet Tokamak

The type of resistive magnet tokamak considered in this study uses Bitter-
plate type magnet construction. This type of magnet construction is shown
in Fig. 1.1. Interleaved plates of copper and stainless steel in the outboard
leg of the toroidal field coil give high structural strength with lower resistive
power losses than discrete coils. Stainless steel plates bridge the gaps in the
copper plates for structural strength. The gaps are provided to maintain each
copper plate as an individual turn. The semi-monolithic construction in the
outboard leg requires less structure than individual coil construction to coun-
teract overturning moment forces generated by interaction of the poloidal fieid
and toroidal field, as well as allowing increased access to the blanket region for
limited maintenance. I traditional concept of the Bitter plate construction, as
exemplified by ALCATOR A and ALCATOR C, the outboard leg of the toroidal
field coil is a continuous structure of copper and stainless steel with penetrations
for ports. The semi-monolithic construction modifies this construction by using
continuous plates which are tapered on the inside and a constant thickness on
the outboard side. Thus, the plates form a continuous structure on the inboard
side and discrete coils, with space between the coils. on the outboard side. This
space between coils may allow some access to the blanket region for mainte-
nance. The semi-monolithic construction also offers the attractive possibility
of demountable toroidal field coils in the outboard region, which can greatly

simplify maintenance {1.10,1.11].

The inboard leg is composed of copper plates only, with appropriate cool-
ing channels. This allows the current density to be relatively low to minimize
resistive power losses. Use of copper only in the throat of the magnet requires

that stresses be kept relatively low.
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Bitter plate type resistive magnets offer advantages relative to supercon-

ducting magnets for fusion applications. These advantages include:

® More compact - less shielding. Superconducting toroidal
field coils typically require massi>ve shields to limit the nuclear
heat deposition in the magnet and minimize refrigeration require-
ments. Resistive toroidal fields coils typically require less shielding
or no shielding, other than the shielding provided by the breeding
blanket, since the limiting parameter is damage to the insulation
between turns. The reduced shielding requirement translates into

a more compact design for the tokamak.

* Possibility of demountable joints. Designs for joints in
superconducting magnets have been proposed, but face the for-
midable task of providing contact between the many supercon-
ducting filaments in a typical superconductor cable. Additionally,
the superconducting joint must be in a configuration which allows
cooling by liquid helium. Recent studies have developed prelimi-
nary designs for demountable joints in Bitter plate type toroidal
field coils 1.11]. Demountable joints would allow easier access
to components within the toroidal field coils and should simplify

maintenance.

® More robust design. Superconducting materials are subject
to limitations of temperature, magnetic field and current density.
Beyond specific values of each of these parameters (the magnitude
of which differs for various superconductors), the superconductor
becomes normally conducting. These limitations must be taken
into account in magnet design. Resistive magnets have no such

inherent limitations, but do have some practical limitations. The
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current density must be maintained low enough that the heat gen-
erated can be removed. Magnetic field limits are imposed by stress
limitations. Temperature restrictions are generally imposed by the

need to keep resistive power requirements low.

e Less structure required. For a Bitter plate type magnet,
the magnet comprises most of the structure. Minimal additional

external structure is required.

e No refrigeration. The necessity of removing heat from the
liquid helium at a temperature of 4°K is eliminated. Cooling of the
magnet is typically by water flowing in channels or tubes imbedded

in the plates. Helium gas for coolant is also a possibility.

The Bitter-plate magnet construction was used in the ALCATOR A and
ALCATOR C fusion confinement experiments at MIT [1.12]. ALCATOR A was
a very compact machine (major radius=0.54 m., minor radius=0.11 m.) which
had a design field of 12 T. on axis. ALCATOR C is a larger machine (major
radius=0.64 m., minor radius=0.165 m.) which has a design magnetic field of 14
T. on axis and uses inertial cooling at liquid nitrogen temperatures to minimize

electrical power requirements. ALCATOR C is shown in Fig. 1.2.

An ignition test reactor proposed in the Federal Republic of Germany
would have used Bitter-plate magnets /1.13]. This machine. known as ZEPHYR,
would have used neutral beam heating and compression to achieve ignition.
The design of the Bitter-plate toroidal field coils was studied carefully due to
the elongation of the bore in the radial direction. ZEPHYR would have used
inertial cooling at liquid nitrogen temperatures to minimize resistive power re-
quirements. Unfortunately, funding for ZEPHYR was terminated in the design

phase due to extensive budget cuts. A schematic of the proposed ZEPHYR
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design is shown in Fig. 1.3.

The series of Long pulse Ignition Test Experiment (LITE) designs typifies
the design of the machine used in the present study | 1.14,1.15]. These machines
are characterized by relatively small major radius and low aspect ratio. Shield
thickness is minimum, since the LITE design is for a limited life ignition test
machine. Bitter-plate toroidal field coils are used. A typical LITE design is

shown in Fig. 1.4.

Resistive magnet tokamaks using Bitter-plate type magnet construction
are also being considered as a basis for a fusion reactor design for commercial
electricity production {1.16-19]. These machines are typically larger than the
machines considered in this study. An example of the Resistive magnet Com-

mercial Tokamak Reactor (RCTR) is shown in Fig. 1.5.

The Riggatron is a very compact resistive magnet tokamak which relies on
ohmic heating for ignition :1.9'. Thus, no space is available inside the toroidal
field coils for blanket or shield. The fusion neutron energy spectrum and inten-
sity is degraded before reaching the breeding region, which is located outside
the coils. Additionally, the coils must be replaced frequently since no shielding

is provided.

The RTFB is a moderate size resistive magnet tokamak using Bitter plate
magnet construction. A comparison of the size of the RTFB and STARFIRE, a

commercial fusion reactor design, is shown in Fig. 1.6.

The present study considers only the deuterium-tritium (D-T) fusion fuel
cycle. The D-T reaction produces neutrons with an energy of 14 MeV which are
useful in neutron-multiplying reactions which can enhance fissile fuel produc-

tion. Additicnally, the D-T fuel cycle has the least stringent requirements, in
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terms of required temperature, to attain a self-sustaining fusion reaction. Thus,

consistent with the time frame of this study, the D-T fuel cycle was selected.

The D-D fuel cycle may also be attractive for fusion breeders due to the
absence of the requirement for tritium breeding. This would allow more of the
fusion neutrons to be used for breeding of fissile material, although the lower
average energy of the neutron spectrum would result in less breeding than the
D-T spectrum. Additionally. the use of energy multiplying breeder blankets
could benefit potential D-D reactors by multiplying the fusion energy to achieve
higher net electric production. However, the consideration of the D-D fuel cycle

was beyond the scope of the present study.

1.3 The Fusion Breeder

The fusion breeder is similar in many aspects to a pure fusion machine.
Differences in the nuclear island are primarily in the blanket. In a pure fusion
machine, the blanket is designed to recover the energy of the 14 MeV neutrons
produced in the fusion reaction and breed sufficient tritium to sustain its own
requirements. In the fusion breeder, the blanket has the additional function of
producing fissile material. In producing this fissile material, the blanket may also
multiply the energy of the fusion neutrons through exoergic reactions, primarily

fission.

Tritium occurs only in very small quantities in nature and must be pro-
duced in a fusion reactor. Tritium is produced by neutron capture in lithium
in the fusion breeder blanket. This reaction occurs in both naturally occurring
isotopes of lithium, “Li and “Li. The reactions for breeding of fusile material
from lithium are shown in Fig. 1.7. The °Li tritium production cross section

is highest at thermal energies. “Li tritium production occurs at higher neutron
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energies and results in the production of a neutron. Thus, tritium production in
7Li does not result in the loss of a neutron. Small amounts of tritium may also
be produced from other materials in the blanket, but the quantities are small

relative to that produced by neutron capture in lithium.

Fissile material is produced by neutron capture in fertile material. The
fissile materials of interest are 233U and 239Pu. These fissile materials are pro-

duced by neutron capture in ?*2Th and 22*U as shown in Fig. 1.8.

For the machines considered most extensively in this study, some form of
energy multiplication is necessary for net electric production. Energy multipli-
cation is accomplished through fissions in the fertile materials in the blanket.
The number of fissions which occur is dependent on the concentration of fertile
material, the type of fertile material, the blanket composition and the neutron
energy spectrum. For maximum energy multiplication through fission of fer-
tile materials, the concentration of fertile material should be relatively high; it
should be a major blanket component. The fission cross section should be rela-
tively high in the energy range which dominates the neutron energy spectrum.
The blanket should contain a minimum amount of structural material to mini-
mize parasitic captures of neutrons and scattering which degrades the neutron
energy spectrum. The neutron energy spectrum should be of as high energy as
possible since the (n,xn) and fast fission cross sections. as well as v(the number
of neutrons per fission). increase with neutron energy. Thus, the fertile material

should be as close to the plasma as possible.

Machines of higher performance in terms of fusion power relative to resis-
tive power requirements may be able to operate in the fission-suppressed mode.
In this mode, fissio.:ing of the fertile and bred fissile material is minimized and
thus, the energy multiplication is minimized. The minimization of the blanket

energy multiplication results in a larger amount of fissile fuel produced per unit
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of blanket thermal energy. Thus, for the same gross blanket thermal power,
a fission-suppressed design can support more client reactors than a fast fission
design. However, the fission suppressed design requires a higher performance
system (from a fusion standpoint) than the fast fission system to attain the
same gross blanket thermal power for similar sized machines. Thus, the empha-
sis in the present study is on more compact machines of modest performance

which rely upon blanket energy multiplication for net electric output.

A number of design studies have been done for various types of fusion
breeder reactors [1.1-1.9.. Each of these concepts has disadvantages. The RTFB
design attempts to avoid these disadvantages by using the unique advantages of
the semi-monolithic Bitter plate magnet construction to the fullest extent. A

brief discussion of each class of previous fusion breeder design studies follows.

Superconducting tokamaks have already been considered for fusion breeder
application [1.1-1.4]. These machines are typically much larger than the RTFB
due to the shielding required to limit nuclear heat deposition in the super-
conducting magnets. Designs have been developed for both fast fission and

fission-suppressed blankets. A representative design is shown in Fig. 1.9.

Numerous studies have been done using superconducting tandem mirror
fusion reactors as the basis for fusion breeders /1.5-1.7/. These machines are
quite large, with a central cell length of ~200 m. In addition the end coil sets
have become very large and complex. The most recent design is shown in F ig.

1.10.

The Riggatron was also evaluated as a fusion breeder [1.9]. The breed-
ing performance is decreased by the necessity of placing the blanket outside
the toroidal field coils due the extremely compact configuration. The fusion

neutron spectrum is degraded in energy such that fast fission blankets are less
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effective. Additionally, the technology constraints required to be overcome to
achieve ohmic ignition, as assumed in the Riggatron development program, are

formidable.

Thus, the superconducting magnet tokamak and tandem mirror reactors
considered for fissile fuel production are both very large and. consequently. ex-
pensive. At the other extreme, the Riggatron is very compact, but suffers from
poor breeding performance due to the necessary physical location of the breeding

blanket.

In contrast. the h."FB is a modest performance tokamak with compact
size. The modest performance should translate into increased reliability and
confidence in the physics for the basis of the design. The compact size should
allow lower cost for the nuclear island. which is a major cost component of
typical fusion reactor designs. Thus, the RTFB should represent a design that

is more reliable and less expensive than previous fusion breeder designs.

1.4 Potential Client Reactor Systems

The complete evaluation of the RTFB requires, in addition to a design for
the RTFB, the following elements: definition of the time frame of the study,
selection of a standard for comparison and selection of a client reactor system.

This section addresses each of these elements in turn.

The conceptual time frame selected for this study is beginning of con-
struction of the RTFB on January 1, 1984 and initial commercial operation on
January 1, 1990. The construction period of six years is not intended to be

indicative of the actual construction period. but was selected to be consistent
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with STARFIRE :1.20:. The start date is the date of the most recent informa-
tion available from the Handy Whitman index [1.21], which was used to adjust
all input costing information to a consistent basis. at the time the economic

evaluation was initiated.

In the time frame for the initial commercial operation of the RTFB of
January 1, 1990, a choice must be made for a standard for comparison of the
electricity cost from the system of the RTFB and its client reactors. The domi-
nant nuclear technology for generation of electricity in the United States in the
time frame of interest is the Light Water Reactor (LWR). Thus, the LWR was
selected as the standard for comparison of electricity costs. Two type of LWRs
are currently in widespread commercial use - the Boiling Water Reactor (BWR)
and the Pressurized Water Reactor (PWR). Due to the dominance in numbers
of the PWR in commercial operation, the PWR was selected as the basis for

comparison to the RTFB-client reactor system.

Current LWR operation uses the once-through uranium fuel cycle. In this
cycle. uranium is mined and processed into the form of UzOjg, also known as
vellowcake. The yellowcake is converted into UFg, a form suitable for enrich-
ment. In the enrichment process. the atom fraction of 233U in the mixture of
2350 and 2°8U is increased from ~ 0.7 a/o 1o ~ 3 ajo. The enriched UF; is then
converted into UO, powder which is pressed and sintered into pellets. These
pellets are placed into Zircaloy tubes. The Zircaloy tubes are bundled into fuel
assemblies. These fresh fuel assemblies are placed into the reactor core, with
one third of the core typically replaced at a time. Thus, the residence time of
a fuel assembly is three years. The fuel assemblies which are removed from the
core are placed in a spent fuel storage facility where they may be safely stored
prior to permanent disposition. This is the end of the fuel cycle in all current US
nuclear power plants. The once-through uranium fuel cycle was thus selected as

" the fuel cycle for the LWR comparison.
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The spent fuel assemblies contain significant amounts of fissile uranium
and plutonium. Earlier visions of the nuclear power industry foresaw “closing”
the back end of the nuclear fuel cycle by reprocessing of the spent fuel to recover
useful products and discard the radioactive waste produced in the fission process.
V/ith current low uranium prices and high projected costs of reprocessing spent
fuel. coupled with the lack of a reprocessing industry in the United States,
reprocessing does not now appear economically attractive. However. for the
purposes of this study, a mature reprocessing industry is assumed to exist, and

the effect of higher uranium prices is explored.

In evaluating the fusion breeder, consideration must also be given to the
system of client fission reactors which will burn the fissile fuel produced. Po-
tential candidate client reactor systems cover a broad range of feasibility and
state of development. Many advanced converter reactor (ACR) systems have
been proposed which allow more efficient utilization of uranium and thorium
than the current once-through LWR. These systems rely upon reactor systems
which have not been constructed and would not be available in the time frame
of this study. Accordingly, ACRs are not considered as client reactors in the
present work. It is noted, however. that the increased uranium prices which are
explored in this study may also make ACRs more attractive due to the more

efficient use of uranium.

The client reactor selected for this study is the PWR, since the PWR
is expected to be the dominant nuclear technology in the time frame of this
study. Two fuel cycles were selected for the client reactors. One fuel cycle
is based on 222U with recycle. The second fuel cycle is based on 23°Pu with
recycle. These two fuel cycles were selected since the blanket of the RTFB
produces both 223U and 23°Pu . 23°Py is produced in the uranjum metal in
the multiplier region which also multiplies the energy of the fusion neutrons

through fast fission reactions. 223U is produced through captures in the Th in
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the molten salt. Thus. the client reactor system is composed of PWRs operating
on two different fuel cycles. both with reprocessing and recycle of the spent fuel.

Make-up fuel is provided by the RTFB.

Another potential source of fissile fuel is the fast breeder reactor (FBR). In
a FBR system, excess fuel is produced at a net rate sufficient to provide make-up
fuel for one client LWR from three FBRs. Thus, the system is mostly FBRs.
This could add to siting difficulties. The economics of the system could also
be affected, since it could be affected by the uncertainties added by the FBR
technology, which could dominate the system. In contrast, the fusion breeder
system would consist of one fusion breeder supplying fuel to a larger number of

client reactors. Thus, the system economics would be dominated by the client

reactors.

Additional technologies which have been proposed for production of fis-
sile fuel include electronuclear breeding [1.22] and extraction of uranium from
seawater {1.23]. In electronuclear breeding, a particle accelerator is used to ac-
celerate protons which are then directed to a target which contains a fertile
material. Collisions of the protons and fertile material result in a large number
of neutrons. These neutrons are then captured in the surrounding fertile ma-
terial and produce fissile material. Energy is produced by the slowing down of
the protons, the evaporation of target nuclei and fission of fertile material and
the bred fissile material. This energy is recovered from the target and used to

produce electricity, which is recycled to the accelerator.

Uranium may be extracted from seawater by processing large quantities
of seawater through ion exchange beds, where the uranium (along with other
elements) is collected. The uranium which is concentrated on the beds is then
removed. This process is projected to be relatively expensive, with a projected

realistic price range of 250-350 $/1b U305 [1.24]. A more recent opinion expresses
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optimism that a price of 150 $/1b may be achievable [1.25". An implicit goal
is to achieve prices of 200 $/1b by the year 2000 {1.26 . Extraction of uranium
from seawater has the practical effect of placing an upper bound on the price of
uranium extracted from the ground which would be expected to rise as the lower
recovery cost deposits are depleted. In accordance with the above discussion,
the upper limit on uranium prices considered in the present study is 200 $/Ib

U305 in 19908.

1.5 Summary

The ALCATOR A and ALCATOR C experiments at MIT have established
the application of resistive magnets of Bitter-plate construction for toroidal field
coils in tokamaks. The design studies related to ZEPHYR provided further in-
formation on the characteristics of Bitter-plate type magnets in larger machines.
The recent series of LITE and RCTR studies are investigating the application
of Bitter-plate type magnets to ignition test experiments and commercial fusion
reactors. Resistive magnets appear to offer significant advantages over supercon-
ducting magnets in terms of robustness and compactness of design along with the

attractive possibility of demountable joints to increase access for maintenance.

Fusion breeders have been investigated as potential applications of su-
perconducting magnet tokamak and tandem mirror reactors. Additionally, the
Riggatron was considered for fissile fuel production. These studies have shown
that fissile fuel production can be achieved with fusion machines, but at higher
prices than may be currently acceptable. However, if uranium prices rise in the
future, these machines could produce fissile fuel which is cost competitive with

mined uranium.
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The conceptual time frame of this study is January 1, 1984 for the begin-
ning of construction of the RTFB and initial commercial operation on January
1, 1990. In this time frame. the PWR on the once-through uranium fuel cycle
is selected as the basis for comparison of electricity costs from the RTFB-client
reactor system. Similarly, the PWR on the 233U and 239Pu fuel cycles with

recycle is selected as the client reactor system.

Other potential sources of fissile fuel include fast breeder fission reactors,
accelerator breeders and uranium from seawater. Due to the lower number of
client reactors supported by each FBR, the FBR-client reactor system charac-
teristics would be dominated by the FBR. In contrast. the RTFB would supply
make-up fuel to a larger number of client reactors. Thus. the RTF B-client reac-

tor system characteristics would be dominated by the client reactors.

Uranium from seawater is currently projected to have a wide range of costs.
The goal for uranium from seawater, and hence. the upper limit for uranium
prices considered in the present study, is 200 $ /1b U505. Hence, uranium from
seawater is be considered to place an upper bound on the price of mined uranium

with which the fusion breeder must compete.
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Figure 1.4 LITE Ignition Test Experiment
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2. PARAMETRIC ANALYSIS

2.1 Introduction

Selection of a reference design for the resistive magnet fusion breeder re-
quires a scan of the option space available, subject to constraints imposed from
various considerations. These considerations may be established to take advan-
tage of the unique characteristics of the resistive magnet tckamak. This chapter
discusses the computer code used in the parametric studies of the RTF B, the
STRESS code. Establishment of the selected design constraints is then con-
sidered, followed by parametric variations using the STRESS code. From the
parametric scans of the option space, a single reference design is selected for

further study. The chapter is then summarized.

2.2 The STRESS Code

A computer code for parametric analysis of resistive magnet tokamaks has
previously been developed within the Reactor Studies Group at the MIT Plasma
Fusion Center i2.1]. This code, known as STRESS, is written in the algebraic
manipulation language MACSYMA and runs on the MC PDP-10 at the MIT
Laboratory for Computer Science. STRESS uses simple relationships, scaling
laws and numerical fits to more complicated analytic techniques to quickly scan
parameter space. Thus, self-consistent designs can be quickly generated for a

large number of cases to locate attractive regimes of operation.

STRESS was used in the present work to parametrically examine poten-
tial designs for resistive magnet tokamaks for fusion breeder application. The
STRESS code was originally developed in the MIT Plasma Fusion Center Re-
actor Studies Group for use in the design of the ZEPHYR (Zund Experiment
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PHYsiken Reactor) ignition test experiment at the Max Planck Institute fir
Plasma Physik, Garching, Federal Republic of Germany [2.1°. ZEPHYR was
a tokamak ignition test reactor which would have used toroidal field magnets
based on the Bitter plate principle. Ignition would have been achieved through
adiabatic compression and neutral beam heating. Thus, the toroidal field coils
would have required an extended horizontal bore to allow space for compression.
The designs on which the principles for the ZEPHYR magnets were based. Al-
cator A and Alcator C, have round bores. Hence, the ZEPHYR toroidal field

coils were studied extensively.

These studies required many parametric iterations to examine potential
designs. Therefore. a parametric computer code was written to simplify the
iteration of designs. This code contains analytic expressions for simplified ge-
ometries and numerical fits to more complex analyses. Various parameters can
be fixed and /or allowed to vary in a self-consistent manner. Important parame-
ters for the present study are shown in Table 2.1. A description of each of these

parameters follows.

The neutron wall load. P, (MV//m?). determines the first wall area nec-
essary for a fixed fusion power level. The neutron wall load is also important to
first wall lifetime, which can impact the economics of the machine. Additionally,
higher neutron wall loads are accompanied by higher heat loads which can cause

more problems with cooling and stress considerations in the first wall [2.2].

The major radius, R, and minor radius. a. determine the envelope in which
the plasma resides. These two parameters, along with the elongation. determine
the volume of the plasma. The volume of the plasma, along with the power

constant, determines the fusion power of the machine.

Another important parameter is the plasma 8. The plasma 3 is defined as
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Y nkT

b= B2/2ﬂ(1

(2.1)

where the summation is over all species in the plasma, n is the density of each
species and T is the temperature of each species. Boltzman’s constant is denoted
by k. The magnetic field strength is B and u is the permeability of free space.

In words. 3 is defined as:

particle pressure

= 2.2
magnet field pressure (2:2)

and is a measure of the power density in the plasma for z given magnetic field.

Plasma elongation affects the 5 which can be reached. In general, the
higher elongations allow reaching higher 3. However. the higher elongations
come at the expense of more stringent requirements on the poloidal field coil
systems. Additionally, the elongation affects the height, and thus the mass, of

the toroidal field coils.

The outer radius of the ohmic heating coil determines the space envelope
inside the toroidal field coil, and thus, the minimum inside dimension of the
toroidal field coil. The outer radius of the ohmic heating coil, along with the
inner radius and the pulse length requirement, determines the stress levels in
the ohmic heating coil. Thus, longer pulse length machines generally require
larger ohmic heating coils which make the entire machine larger. The burn time
for all machines in this study is 100 seconds. The performance of the ohmic
heating coils could be increased within the same space envelope to give longer

burn times or the coil could be moved into a position within the toroidal field
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coil to give longer pulse lengths. Therefore, options exist for extending the burn

time beyond the present value.

The stress limit in the throat of the toroidal field coil determines the thick-
ness of the throat of the coil. The stresses are calculated from the vertical force
and moment due to the magnetic field. The magnetic field is determined from
the major and minor radii. the neutron wall load, the power constant. the elon-
gation and the 3 scaling parameter. These relationships are then iterated on
until the throat stress reaches the input limit. Stress limits in the throat are
typically low (for example, the vertical force intensity is limited to 103 MPa),
since the throat is of all copper construction in order to minimize resistive power

losses. No stainless steel is used in the throat for structural strength.

Although not an input parameter. the STRESS code calculates the resis-
tive power requirements of the toroidal field coil. This is usually a relatively
large power requirement which results in a large recirculating power. The sim-
plified model in STRESS does not calculate accurate values of the toroidal field
magnet power requirements. but is useful for quick parametric scans. The power
requirements of the toroidal field magnet will be calculated separately for the
reference design. Additionally, the power requirement for the equilibrium field

coil system will be calculated separately.

The inboard and outboard plasma-magnet distances determine the space
available for the first wall/scrape off region and breeding blankets or shielding.
These dimensions should be small enough that the machine is not unnecessarily
large, but large enough to achieve the required parameter, such as, adequate

breeding or shielding.

The power constant contains all the information about plasma densities

and temperature, averaged over profiles. It is related to the average power
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density within the plasma region.

The 3 scaling parameter, Cg, is the constant in the expression in which

the achievable 3 scales inversely with aspect ratio

_Ca
8 = ¥ (2.3)

where A is the aspect ratio (plasma major radius divided by plasma minor

radius).

The above parameters are generally set by the user of the STRESS code
and parametrically varied. STRESS calculates other quantities of interest. The
important calculated quantities include the ohmic heating coil resistive power
and strec-, the toroidal field coil resistive power, the equilibrium field coil resis-

tive power. the fusion power. the performance index and the margin to ignition.

2.3 Design Constraints

In order to restrict the parameter space to manageable proportions, a
number of constraints were imposed. These constraints were based on previous
experience and preliminary parametric studies. These constraints were estab-
lished to ensure that the final reference design is conservative, but not unduly

so. The general constraints are summarized in Table 2.2. A discussion of each

of these constraints follows.

The major radius was limited to 4 m. to keep the RTFB as compact as
possible. This was done to take maximum advantage of the capabilities of the

resistive toroidal field magnets.
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The toroidal field coil throat stress was limited to 15 ksi in order to have
the throat be conservatively stressed, but not be unduly conservative. This
stress level corresponds to that usable with all copper construction in the throat
and is the vertically acting stress in the throat of the TF coil. No stainless steel

will be needed for structural strength.

The plasma elongation was set at 1.6, since this will allow reaching average
3 of about 6% for the aspect ratios initially envisioned. It was thought that this

3 was realistically achievable.

The inboard blanket-shield thickness was to be as thick as necessary to
shield the insulation in the throat of the toroidal field coil so that reasonable
magnet lifetimes could be attained. Minimizing this thickness would allow the
machine to be as compact as possible, consistent with insulation shielding re-

quirements.

2.4 Parametric Variations

This section describes several of the pararmetric variations performed using
the STRESS code. The following discussion is a distillation of the many studies
done. The parameters considered important are the major radius, the neutron
wall load, fusion power, stress in the ohmic heating and toroidal field coils, the

plasma-magnet distance, plasma 8 and mass of the toroidal field coil.
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24.1 Neutron Wall Load

Parametric variation of the neutron wall load is shown in Table 2.3 for
average neutron wall loads of 1.0, 2.0 and 4.0 MV//m? and minor radii of 0.70,
0.90, 1.10 and 1.30 m. The engineering Q (fusion power/TF power) is shown in
Fig. 2.1 and the toroidal field coil mass utilization (TF mass/fusion power) is

shown in Fig. 2.2. The following general trends may be observed.

As the neutron wall load increases with fixed minor radius, the engineering
Q. fusion power. TF power, TF mass utilization and the toroidal magnet field
also increase. However. as the minor radius increases, for fixed neutron wall
load, the toroidal magnetic field decreases. This decrease in the toroidal magnet
field is due to the constraint of fixed wall load and fixed stress in the throat of the
TF coil. The decrease in the magnetic field will be important to lithium pressure
drop calculations, to be considered in the next chapter, since the pressure drop
scales with B2. An increase in the minor radius. with fixed neutron wall load,
also results in an increase in the major radius and the fusion power, as well
as increases in the engineering Q and the TF mass utilization. However, the
increase in engineering Q and mass utilization with increasing minor radius are

not as large as the corresponding increases with wall load.

2.4.2 Blanket Envelope

Parametric variation of the blanket envelope is shown in Table 2.4 for
plasma-magnet distances of 0.50, 0.70 and 0.90 m. These parametrics are for
uniform distance around the entire plasma. The first wall/scrape off region and
- blanket-shield assembly must fit into this space envelope. An allowance of 0.15
m. is used for the first wall/scrape off region. This leaves blanket-shield spaces

of 0.35, 0.55 and 0.75 m.
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As the blanket envelope is increased, for fixed minor radius. the fusion
power increases due to the increased size of the machine. The toroidal field coil
power requirement also increases more rapidly than fusion power so‘that the
engineering Q and mass utilization decrease, as seen in Fig. 2.4 and Fig. 2.5.

However, these decreases are relatively minor.

2.4.3 Plasma 3

Parametric variation of the plasma 3 scaling parameter (C3) is shown in
Table 2.5. It is seen that as Cg increases, the piasma 3 increases. However,
the plasma J also increases as the minor radius increases since the aspect ratio
decreases. However, the cause of these two changes is different. The change in
Cp is an assumed variation for parametrics, while the change in 3 is due to the

change in aspect ratio with minor radius.

The variation of the engineering Q and the toroidal field coil mass utiliza-
tion for various Cpz is shown in Fig. 2.6 and Fig. 2.7. The change in these

figures of merit is relatively small with Cgx.

2.5 Selection of the Reference Design

From the above parametrics, a reference case was selected for further study.
The reference design was limited to a major radius of less than 4 m. to take
advantage of the compact designs possible with resistive magnets. The neutron
wall load of 2.0 MV/ /m? was selected to give a relatively long first wall lifetime,
in comparison to the 4.0 MV/ /m? neutron wall load. Additionally, for the energy
multiplication of the blankets considered (~8) and the projected thermal power
of the blanket for a typical large plant at beginning of cycle (4000-5000 MV/th).

the 1.0 MV//m? neutron wall load cases would have given a total blanket power
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lower than the typical range and the 4.0 MV/ /m? neutron wall load case would
have given a higher blanket power than the typical range. except for the a=0.70
m. case. However, this case was not considered due to the lower engineering
Q and TF mass utilization than the reference case which was selected. The
higher wall loads would also have increased the heat load to the first wall, and
thus, increased the cooling requirements. although the cooling requirements of

the first wall were not evaluated.

The plasma-magnet distance of 0.30 m. inboard was selected since neu-
tronic calculations showed that this was the minimum thickness necessary to
provide shielding to limit radiation at the toroidal field coils to levels which
would allow the magnets to last the life of the plant. The upper and lower
plasma-magnet distances were set at 0.90 m. to both protect the magnets in
these regions without shielding other than the blanket and allow adequate thick-
ness of the molten salt to reduce the neutron leakage into the magnet. Thus.

the molten salt breeding captures would be as large as possible.

Thus. the reference design is based on nominal parameters and optimized
for maximum engineering Q and TF mass utilization within the constraints of
a major radius of less than 4 m. and neutron wall load of 2.0 MV//m2. The
fusion power level is adequate to give a blanket thermal power in the 4000-5000

MV./th range with the energy-multiplying blankets which are considered.

At this point, a more accurate calculation was performed to determine the
resistive power losses in the toroidal field coil. The results of this calculation
are shown in Table 2.7 for the base STRESS configuration and cases in which
the upper and lower plasma-magnet distances were increased to 0.90 m. and
the thickness of the outboard leg of the toroidal field coil was varied. The
case with the thicker upper and lower blanket was adopted as the reference

case for all following analyses since this gives more breeding and insures that
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magnet shielding will be limited only by the shielding effectiveness of the inboard

blanket.

This information is be used in the parametric costing to evaluate the ef-
fects of varying the outboard magnet thickness, and thus the mass of the toroidal
field coil, accounting for the change in resistive power requirements. This eval-
uation shows that the 0.75 m. outboard leg thickness gives a minimum cost of

electricity.

Additionally, a calculation was done to estimate the resistive power re-
quirement of the equilibrium field magnet system. This calculation gives an

equilibrium field magnet system power requir~ment of 170 MVve.

2.6 Summary

The STRESS code has been previously developed in the Reactor Studies
Group at the MIT Plasma Fusion Center. The STRESS code uses analytic ex-
pressions. scaling rules and fits to more complex analytic techniques to model
resistive magnet tokamaks. The STRESS code was used to parametrically ex-

amine potential designs for the RTFB.

Major parametric scans were done varying neutron wall load, blanket enve-
lope and the plasma 3 scaling parameter. Constraints were placed on the design
to take advantage of the unique attributes of the resistive magnet tokamak. The '
major radius of the plasma was limited to less than 4 m. The neutron wall load
was selected to be 2.0 MV, /m? whvich gives a fusion power that will keep the
total blanket power in the 4000-5000 MV.'th range. The stress in the throat of
the toroidal field coil was fixed at 103 MPa. to insure conservative stress levels

in the throat of the magnet. The thickness of the outboard leg of the toroidal
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field coil was set at 0.75 m., since costing calculations, presented in Chapter 4,

show this thickness to give the lowest cost of capacity.

These constraints resulted in a machine with a major radius of 3.81 m.
and a minor radius of 1.3 m. The fusion power is 618 MV/ and the toroidal
field coil power requirement is 260 MV/e. The equilibrium field magnet power
requirement is 170 MVJe. The space envelope for the blanket is 0.35 m. inboard
and 0.75 m. outboard and upper and lower. This includes a 0.15 m. allowance

for first wall/scrape off.
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TABLE 2.1

Important Parameters in the STRESS Code

Neutron V/all Load

Major Radius

Minor Radius

Plasma Elongation

Outer Radius of Ohmic Heating Coil
TF Coil Throat Stress

TF Coil Resistive Power

Inboard Plasma-Magnet Distance
Outboard Plasma-Magnet Distance
Power Constant

Critical 3

TABLE 2.2

Preliminary Design Constraints

Major Radius ‘ < 4m.
Throat Stress < 15ksi.
Plasma Elongation ~ 1.6

Inboard Blanket-Shield Thickness Minimum
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TABLE 2.3

Neutron Wall Load Variation

Minor Radius (m)

0.70 0.90 1.10 1.20
P, =10 MW /m?2
Major Radius (m) 3.13 3.28 3.45 3.64
sp ect Ratio 4.47 3.64 3.14 2.80
OH Stress (MPa) 8.87 14.8 23.1 34.2
OH Power (MVe) 7.6 14.5 25.7 42.6
TF Power (MV/e) 174 166 163 164
TF Mass (Gg) 219 266 323  3.90
Brr (T) 5.6 4.7 4.2 3.8

Fusion Power (MV/th) 137 184 237 296
P, =2.0 MW, /m?

Major Radius (m) 3.37 3.47 3.62 3.81
Aspect Ratio 4.81 3.86 3.29 2.93
OH Stress (MPa) 14.0 229 35.3 51.9
OH Power (MV/e) 12.7 23.5 40.8  66.9
TF Power (MV/e) 219 201 194 193
TF Mass (Gg) 2.57 3.04 3.66 4.36
Brp (T) 6.9 5.8 5.1 4.6

Fusion Power (MV/th) 294 390 498 618
P, =4.0 MW /m?

Major Radius (m) 3.79 3.79 3.90 4.06
Aspect Ratio 5.41 4.21 3.35 3.12
OH Stress (MPa) 23.9 37.3 56.2 81.5
OH Power (MV/e) 23.2 40.5 68.1 109
TF Power (MVie) 299 261 245 238
TF Mass (Gg) 3.29 3.69 4.29 5.07
Brr (T) 8.7 7.2 6.3 5.7

Fusion Power (MV/th) 663 852 1070 1320

Elongation=1.6, 67,;=0.50 m., 6;=0.90 m., C3=0.16
Power Constant=0.864. TF Stress=103 MPa. OH Radius=1.5 m.

-3
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TABLE 2.4

Blanket Envelope Variation

Minor Radius (m)

0.70 0.90 1.10 1.30

6=0.50 m.

Major Radius (m) 3.29 3.42 4.59 3.77
Aspect Ratio 4.70 3.80 3.26 2.90
OH Stress (MPa) 13.6 223 34.6 51.2
OH Power {(MV/e) 11.9 22.4 39.2 64.8
TF Power (MV/e) 218 203 197 197
TF Mass (Gg) 211 251  3.10  3.74
Brr (T) 6.8 5.8 5.1 4.6
Fusion Power (MV/th) 288 384 492 613
6=0.70 m.

Major Radius (m) 3.73 3.80 3.93 4.10
Aspect Ratio 5.33 4.22 3.57 3.15
OH Stress (MPa) 16.5 26.4 40.2 58.6
OH Power (MV/e) 16.6 29.8 50.4 81.0
TF Power (MV.e) 265 238 226 222
TF Mass (Gg) 2.98 3.42 3.99 4.75
Brr (T) 7.3 6.1 5.3 1.8
Fusion Power (MV.'th) 326 427 540 666
¢=0.90 m.

Major Radius (m) 4.24 4.22 4.31 4.46
Aspect Ratio 6.05 4.69 3.92 3.43
OH Stress (MPa) 20.1 31.2 46.6 66.9
OH Power (MV/e) 23.0 39.2 64.2 100
TF Power (MV/e) 326 280 260 250
TF Mass (Gg) 4.19 456 519 597
Brp (T) 7.8 6.4 5.6 5.0

Fusion Power (MV/th) 371 474 592 723

Elongation=1.6, C3=0.16, P,=2.0 MV/ /m?
Power Constant=0.864, TF Stress=103 MPa. OH Radius=1.5 m.




Plasma 3 Variation

TABLE 2.5

C@ =0.12

Major Radius (m)
Aspect Ratio

(3)

OH Stress (MPa)

OH Power (MV/e)

TF Power (MV-e)

TF Mass (Gg)

Brr (T)

Fusion Power (MV/th)
Csz =0.16 '
Major Radius (m)
Aspect Ratio

(3!

OH Stress (MPa)

OH Power (MV/e)

TF Power (MVi/e)

TF Mass (Gg)

Brr (T)

Fusion Power (MV/th)
Cs =0.20

Major Radius (m)
Aspect Ratio

(8)

OH Stress (MPa)

OH Power (MV/e)

TF Power (MV/e)

TF Mass (Gg)

Brr (T)

Fusion Power (MV/th)

Minor Radius (m)

0.70 0.90 1.10 1.30
3.70 3.72 3.85 4.01
5.29 4.13 3.50 3.08
0.023 0.029 0.034 0.039
19.3 30.3 45.9 66.7
18.5 32.6 55.1 88.9
281 248 234 229
3.16 3.35 4.16 4.87
8.4 7.0 6.1 5.5
323 418 528 651
3.37 3.47 3.62 3.81
4.81 3.86 3.29 2.93
0.033 0.041 0.049 0.055
14.0 22.9 35.3 51.9
12.7 23.5 40.8 66.9
219 201 194 193
2.57 3.04 3.66 4.36
6.9 5.8 5.1 4.6
294 390 498 618
3.20 3.33 3.50 3.69
4.57 3.70 3.18 2.84
0.043 0.054 0.063 0.070
11.3 18.8 29.3 43.4
9.9 18.8 33.0 54.6
188 176 173 173
2.31 2.77 3.36 4.04
6.0 5.1 4.5 4.1
280 76 481 600

Elongation=1.6, 67,;=0.50 m.. 6,=0.90 m., P,=2.0 MV//m?
Power Constant=0.864, TF Stress=103 MPa, OH Radius=1.5 m.
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TABLE 2.6

Resistive Magnet Tokamak Fusion Breeder Reference Design

Plasma Parameters

Major Radius of Plasma (m) 3.81
Minor Radius of Plasma (m) 1.30
Aspect Ratio 2.93
B 0.055
Plasma Elongation 1.6
Performance x Elongation 3.8
Margin to Ignition x Elongation 2.9
Average Electron Density (m~2) 1.0+20
Average Electron Temperature (keV) 20
Plasma Current (amps) 9.3+6
Magnet Field at the Plasma Axis (T) 4.6
Inboard Magnet-Plasma Distance (m) 0.50
Outboard Magnet-Plasma Distance (m) 0.90
Upper and Lower Magnet-Plasma Distance (m) 0.90
Plasma Scrape-Off /First V/all Region (m) 0.15
Volume of Plasma (m?) 203.36
Fusion Power (MV/th) 618
Magnet Parameters

Toroidal Field Magnet Height (m) 7.17
Toroidal Field Magnet Inner Radius (m) 1.50
Toroidal Field Magnet Outer Radius (m) 6.76
Volume of Toroidal Field Magnet (m?) 379
Mass of Toroidal Field Magnet (Gg) 3.0
Toroidal Field Magnet Power (MV-e) 260
Toroidal Field Magnet Stress (MPa) 103
Ohmic Heating Magnet Inner Radius (m) 0.75
Ohmic Heating Magnet Outer Radius (m) 1.50
Volume of Ohmic Heating Magnet (m?) 22.05
Mass of Ohmic Heating Magnet (Gg) 0.2
Ohmic Heating Magnet Stress (MPa) 51.9
Ohmic Heating Magnet Power (MVe) 66.9
Equilibrium Field Magnet Power (MV/e) 170
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TABLE 2.7

Toroidal Field Cecil Resistive Power Requirements

Outboard TF
Coil Thickness Resistive Power (MWe)

Base Case
1.50 m. 215
6( = 0.9m.
0.50 m. 282
0.75 m. 260
1.00 m. 247
1.50 m. 232
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3. BLANKET ANALYSIS

3.1 Introduction

The reference design selected in the previous chapter included a space
envelope for a blanket assembly. This chapter considers the blanket which will

be placed in this space.

The blanket in a conventional fusion reactor serves the function of recover-
ing the energy of the neutrons produced by the fusion reaction at a high enough
temperature so that efficient conversion of this energy into electricity is possible.
Additionally, the blanket must produce sufficient tritium to sustain the fusion
reaction, accounting for losses of tritium within the system and during process-
ing. The fusion breeder blanket has the additional function of producing fissile

fuel for use in client fission reactors.

The chapter begins with a discussion of the nuclear data and codes used
in the nuclear analysis. A description of the blanket configuration is presented,
followed by the results of the one- and three-dimensional breeding and power
calculations. An analysis of the lithium coolant flow is next presented, with
the development of a design for the lithium flow ducts and an evaluation of
the pressure drop and pumping power. An analysis of the uranium multiplier
plate thickness is next performed, to insure that adequate heat transfer can be
obtained to maintain the uranium multiplier well below the melting point of

uranium. Finally, the chapter is summarized.



3.2 Nuclear Data and Codes

All of the nuclear analyses done for the RTFB were performed on the
National Magnetic Fusion Energy Computer Center machines. These machines

are a CDC-7600. a CRAY-1 and a CRAY-1S.

Two nuclear design code systems were used in the analysis of the RTFB
blanket. The one-dimensional discrete ordinates code ONEDANT was used
for investigation of the thickness and composition of the various zones in the
blanket 3.1!. The three-dimensional Monte Carlo code MCNP was used for
analyses which determined the breeding and power of the reference blanket
design {3.2!. The various ONEDANT parametrics were used to adjust the three-
dimensional MCNP values to investigate the effects of variations in the reference

blanket design.

ONEDNT is a one-dimensional, diffusion accelerated neutral particle
transport code developed at Los Alamos National Laboratory. ONEDANT
solves the linear Boltzman transport equation using the method of discrete
ordinates. In this approximation. the scattering integral is divided into dis-
crete directions. Particles are then allow to scatter onlv in these directions.
Anisotropic scattering is allowed through Legendre polvnomial expansion of the
angular scattering cross section. Thus, the magnitude of the scattering cross

section in each of the discrete directions can vary.

ONEDANT uses multigroup data for neutron and photon transport. This
data is supplied as a separate file, known as the cross section input library.
The nuclear data used in this analysis was extracted freom the file MATXS5
which existed on the NMFECC system :3.3.. MATXS5 is a coupled 30 x 12

neutron-gamma transport cross section file which was collapsed from ENDF /B-
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V pointwise data. The ENDF/B-V pointwise data contain energy-cross section
pairs which can be linearly or logarithmically interpolated. Additionally, res-
onance information is provided for some nuclei. The amount of information
varies between isotopes. but the file is very large. The neutron energy spectrum
used for weighting is the standard LANL 30 group spectrum consisting of a 14
MeV fusion peak. a fission spectrum, a 1/E spectrum and a Maxwellian thermal
spectrum. A flat gamma weighting spectrum is used. MATXS5 contains a very
large number of isotopes and cross sections for each isotope. The TRANSX code
is used to extract a subset of the isotopes and cross sections in MATXS5 and
make a library of the isotopes and reaction rates of interest for input to ONE-
DANT [3.4!. Additionally, the order of scatter approximation can be selected

as well as the transport correction.

MCNP is a three-dimensional Monte Carlo neutral particle transport code
also developed at Los Alamos National Laboratory. MCNP solves the linear
Boltzman transport equation using the Monte Carlo method. In this method,
particles are followed with the sequence of interactions governed by selection
from distributions using a random series of numbers. A sufficient number of
particles is followed until the accumulated quantities of interest have an uncer-

tainty that is acceptably small.

Several nuclear data options exist in MCNP. Continuous energy Cross sec-
tions based on ENDF/B-V are available. These cross sections are given on a
linear-linear neutron energy-cross section grid. The number of cross section-
energy pairs is sufficient to match the ENDF/B-V data to within a specified
percent, usually 0.1%. Resonances are incorporated and Doppler-broadened to
a specified temperature. Additionally. a discrete cross section set in which all
cross sections have been collapsed into a 240 group structure is provided. This
set is particularly useful in reducing the storage requirements for nuclear data

where the energy resolution of the continuous energy treatment is not necessary.
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ONEDANT is useful for performing parametric studies since the run time
is relatively short, compared to MCNP. However, the limitation of one dimen-
sional variation in the model can introduce problems in the modeling of realistic
geometries. Additionally. the multigroup energy approximation used in ONE-
DANT can inappropriately represent nuclear cross sections, particularly in the
case of isotopes which have resonance regions, such as uranium and thorium. On
the positive side. ONEDANT can give pointwise values relatively econdmically

compared to MCNP.

MOCNP is useful to provide a check of the ONEDANT multigroup treat-
ment of nuclear data by §imu]ating the one-dimensionai geometry. The MCNP
geometry can model ONEDANT geometry exactly and thus reduce the differ-
ences to the cross section treatment (30 group in ONEDANT and 240 group
and continuous energy in MCNP) and the MCNP uncertainties. The compar-
isons are based on region averaged values, such as breeding reactions and energy

deposition.

3.3 Blanket Configuration

The basic blanket design used in this analysis is shown in Fig. 3.1. The
blanket design is based on earlier work by Cook :3.5.. The breeding region
of the blanket consists of two zones. The first zone is composed of uranium
metal, clad in steel and cooled by liquid lithium. The second zone is cooled
by a thorium-bearing molten salt, which also acts as a breeding medium. The
dimensions of the regions in the one-dimensicnal model are given in Table 3.1.
The composition of each of these zones is shown in Table 3.2. The atom number

densities for the various materials are given in Table 3.3.
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The first wall is modelled as steel 0.5 cm. thick in all neutronics analyses.

No detailed analysis was done for the first wall.

Uranium metal is used in the front zone of the blanket to muliply the
energy of the fusion neutrons. Since the reference design selected for che RTFB
is a low performance fusion machine, energy multiplication is necessary to raise
the power supplied to the turbine so that a net electric output may be achieved.
Energy multiplication using uranium is more effective than with thorium since
the fast fission cross section for ?**U is higher than for 232Th. Additionally,
the value of v (neutrons produced per fission) is higher for 223U than for 232Th
for the incident neutron energies of interest. Use of uranium in the front zone

results in the production of plutonium. which may be used in client reactors.

Uranium could be used in several forms. Uranium oxide is used in LWRs
since it has a relatively high melting point. Uranium carbide could be used since
the lack of water coolant would allay the concern of production of flammable
hydrocarbons during an accident. Uranium nitride is also a possible form. Of
these three ceramics, uranium oxide has by far the largest experience base. How-
ever, it is currently projected that the reprocessing of oxide fuel using aqueous
techniques will be relatively expensive i3.6". Pyrochemical reprocessing of ura-
nium metal is projected to be less costly, primarily due to the compactness of
the equipment required. relative to aqueous reprocessing '3.7.. Since the RTFB
may require reprocessing of significant amounts of material from the multiplier
region to both recover the bred material and limit the energy generation in the
region, uranium metal was chosen as the multiplying material. It should be
noted that pvrochemical processing may also be applied to fuel in the oxide

form with an additional step to reduce the oxide to metal.



3.4 One-Dimensional Nuclear Analysis

This section describes the one-dimensional neutronic analyses done for the
RTFB. These analyses include breeding, energy multiplication and shielding of
insulation in the toroidal field magnet. The nomenclature usel is as follows:
ST and 7T denote tritium breeding from ®Li and 7Li . respectively. T. the total
tritium breeding, is the sum of “T and “T. *23F indicates captures in thorium
which results in the production of 222U . 23°F denotes captures in 22*U which
result in the production of 2*“Pu . F. the total fissile breeding, is the sum of
223F and 23°F. All breeding values are per fusion neutron. The region integrated

heating values are eV /sec/fusion neutron per cm. of height of the plasma.

3.4.1 One-Dimensional Breeding Analysis

A ONEDANT analysis was done to estimate breeding and energy multi-
plication in the reference RTFB blanket. The results of this analvsis are shown
in Table 3.4. A measure of the breeding performance is the total fissile and tri-
tium breeding. T + F. which is 2.89 for the reference case. Although the tritium
breeding does not appear to be sufficient (T=0.97). it will later be demonstrated
that adequate tritium breeding can be attained. at the expense of 232U produc-

tion.

It may also be seen from Table 3.4 that considerable energy multiplication
of the fusion neutrons occurs. This is due primarily to fissions in the multiplier
region. Not only do these fissions multiply the energy of the neutron, but each
fission results in the release of ~3 neutrons. some of which are of sufficient
energy to cause further fast fissions. Thus, the net breeding ratio. T + F, can
be significantly greater than 1. Other blankets have achieved high values of T

+ F. ranging from 1.6 to 3.7 for systems that breed **°Pu 3.8
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A number of parametric studies were also done to investigate the effects
of varying the thickness and composition of the various zones. A comparison of
the reference configuration with a case in which the inboard molten salt zone
was replaced with stainless steel is shown in Table 3.5. Although the tritium
and ?°>“Pu breeding increase slightly, the total T = F decreases due to the loss

of 222U breeding in the inboard molten salt region.

The effect on breeding of varying the materials in the inboard blanket is
shown in Table 3.6. The inboard molten salt and multiplier regions are replaced
by stainless steel, lead and tungsten. It can be seen that the blanket power
decreases significantly due to the loss of the energy multiplication of the inboard
uranium region. However, although the total value of T = F decreases by as

much as 27%, breeding in the outboard region increases by as much as 12%.

When stainless steel replaces the inboard multiplier and molten salt re-
gion, breeding in the outboard region changes. In the outboard region, tritium
production increases by 2% and **“Pu production increases by 5%. while 233U

production decreases by 1%.

When lead replaces the inboard multiplier and molten salt region. the total
T — F for the outboard blanket increases by 12% . This is due to the neutron
multiplication which occurs in the lead in the inboard region through the (n.2n)

reaction.

When tungsten replaces the inboard multiplier and molten salt region. the
total T — F in the outboard region decreases by 2%. The total breeding is also
lower than the case with stainless steel by 4%, indicating that stainless steel is

a better reflector of neutrons than tungsten.

The effect of changing the outboard multiplier configuration can be seen
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in Table 3.7. These cases are for the inboard multiplier and molten salt replaced
by lead. If the outboard multiplier thickness is increased from 11 cm. to 16 cm.,
displacing 5 cm. of molten salt, the total T + F increases by only 65%. However,
tritium breeding increases by 23%. 22“Pu breeding increases by 21% while 233U
breeding decreases by 30% . The power also increases by 11% . This case will be
used in the system economic evaluation section to determine the cost or value
of increasing the multiplier thickness. which will increase the blanket thermal

power and total capital cost.

Variation of the inboard blanket thickness is shown in Table 3.8. The
inboard molten salt thickness was decreased in increments of 5 cm. from a
total blanket thickness of 35 cm. to a total blanket thickness of 15 cm. The
effect on breeding is primarily in the loss of 222U production in the inboard
molten salt region. It should be noted that some geometry effects may also be
seen, since the major radius was decreased as the inboard blanket thickness was
decreased. In the breeding values which are mostly affected by the geometry
(i.e.. 2°“Pu production). inboard values decrease slightly while outboard values

increase slightly. with the total staying relatively constant.

Variation of the molten salt thickness in the outboard blanket has little
effect on breeding. as can be seen from Table 3.9. The largest effect is the
change of 222U breeding which increases (0.18%7 ) slightly when the molten salt
thickness is increased by 10 cm. and decreases slightly (0.54% ) when the molten
salt thickness is decreased by 10 cm. This indicates that the outboard molten
salt thickness could be reduced by 10 cm. without a large penalty in reduced

breeding.

The increase in “**Pu concentration in the multiplier with blanket life will
result in an increase in the effective multiplication factor, k. ;. This factor must

be kept less than 1 to insure that the blanket remains subcritical. In order to
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insure that the blanket does not reach criticality. k.;; will be limited to 0.9.

The calculated value of k.;ys for the reference blanket configuration with
0.02 a/o ?*“Pu is 0.43. However. even though this value is significantly less
than 0.9, further consideration is necessary since the multiplier geometry may
be reconfigured after an accident. Thus. infinite medium calculations were done
to determine the infinite medium multiplication factor, k... The material used
in the infinite medium calculations was uranium metal only with varying a/o
of #3°Pu . The lithium and steel clad were conservatively not included since
they would increase absorptions and reduce the value of k... Additionally, the

lithium and steel clad might not be retained with the uranium metal after an

accident.

The calculated values for ko are shown in Table 3.10 for 23°Pu a/o of 0.01,
0.02 and 0.03. The values of k., are, respectively, 0.66, 0.82 and 0.95. Thus,
the 2°°Pu a/o will be limited to 0.02, to conservatively keep the value of k, less

than 0.9.

Additionally, the effect of water intrusion into the metal was examined.
The calculated values of k., are shown for varying metal and water fractions in
Table 3.11. From Table 3.11, it is seen that the value of k.. for metal with no

water is more limiting than the cases in which water is present.

The production of fissile fuel in the blanket of the RTFB will cause a
change in the energy multiplication of the blanket. Power levels in the molten
salt will not change appreciably due to fissioning of 233U , since the bred 222U
is removed in order to keep the power in the molten salt low and avoid “losing™
the fuel to neutron capture. However. the power level in the multiplier region
will change significantly, since the bred *3“Pu stays in the uranium metal until

the uranium is removed for reprocessing. The molten salt region undergoes
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continuous processing to remove 233U and 2**Pa while the multiplier undergoes

periodic batch reprocessing.

The effect of the blanket lifetime build-up of 23“Pu was simulated by adding
0.01 and 0.02 a/0 **Pu to the multiplier region. This was done for both natural
(0.00711 a/o ?*°U ) and depleted uranium (0.0020 a;o0 235U ) in the multiplier
region. The results are shown in Table 3.12 for natural uranium in the multiplier
and in Table 3.13 for depleted uranium in the multiplier. Both cases are shown
for 0.00. 0.01 and 0.02 a/0 2%°Pu in the multiplier It may be seen from Tables 3.12
and 3.13 that the blanket power increases significantly as the concentration of
229Py in the blanket increases. A power increase of approximately 45% occurs
from beginning of cycle (BOC) to a plutonium concentration of 0.02 a/o for
both the natural and depleted uranium multipliers. Tritium and 233U breeding
also increase, due to the increased fissions with 23°Pu in the multiplier. The
net production rate of 23°Pu decreases as the concentration of 23°Pu increases.
Although the build-up of 23°Pu causes increased fissions, and thus increased
239Pu breeding. the captures in 23%Pu also increas¢ so that the net production
of 239Pu decreases with blanket lifetime. The natural uranium multiplier is used

for all further analyses due to the higher attainabie power level.

It should be noted that this simplified analysis neglects the effects of fission
product production, which would tend tc reduce breeding through increased
parasitic (non-breeding) captures and the effect of build-up of a mixture of trans-
239Puy isotopes, some of which would be parasitic and some of which would be
fissile. However, since the discharge burnup of the multiplier is expected to be
relatively low, approximately 15000 MWd/MT, these effects would be expected

to be mostly offsetting, and are thus neglected.

Comparison to a more detailed analysis for a fissioning blanket supports

this contention :3.9i. The analysis for the reference design for the standard

76



mirror hybrid reactor included an evaluation of the blanket lifetime exposure
effects. The net 2>Pu breeding was seen to decrease by a factor of 0.88 from
BOC to an exposure that corresponds to the 0.02 a/o 22“Pu considered above.
The corresponding decrease in net 239Puy breediﬁng for the RTFB is a factor of
0.94 from BOC to 0.02 a/o 2>*Pu . Thus. the 2*°Pu breeding results are in
general agreement. This comparison is only intended to indicate that the RTFB
results are reasonable. since the blankets in the standard mirror hybrid reactor

and the RTFB are different.

As the exposure of the uranium increases. the parasitic absorptions would
be expected to increase and, thus, the production rate of 23°Pu would be less

than predicted by this simplified analysis.

The total tritium breeding parameter, T, must be equal to one (one tritium
atom produced per fusion reaction) in order to replenish the tritium consumed
in the plasma. The parameter must in reality be somewhat greater than one
to allow for losses in processing and recovery. The value of T for the reference
design is 0.97. This is not adequate. However. since the molten salt, in which
2230 is being produced along with a small amount of tritium. contains LiF
with the Li depleted in °Li. the enrichment of “Li can be adjusted to give the
value of T desired. This basically involves trading the production of an atom
of **3U for an atom of tritium. The effect of replacing the depleted lithium
in the molten salt (0.01 ajo °Li ) with natural lithium (0.075 a/o SLi ) can
be seen in Table 3.14. The value of T increases by 0.21 to 1.18 as the 233U
production decreases by 0.17 to 0.68. The total fissile breeding. F, decreases by
0.21 indicating that some of the neutrons that were previously reflected from
the molten salt back into the multiplier and captured in 233U are now being
captured in “Li . Therefore. the tritium breeding parameter can be increased
up to a value of 1.18, at the penalty of a reduced 23U breeding rate. Thus, the

tritium breeding will be increased to a value of 1.05 in the economic analyses
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and the 233U breeding decreased accordingly. Note that this discussion is for
BOC tritium breeding. The tritium breeding increases with multiplier exposure.

The average tritium breeding is maintained at 1.05.

3.4.2 Insulation Damage Analysis

Several ONEDANT studies were done to estimate the radiation dose to
the insulation in the toroidal field coil. The thinnest blanket region is on the
inboard side of the plasma. Thus, the plasma side of the inboard leg of the

toroidal field is the location where insulation dose rate would be expected to be

the highest.

The inboard leg of the toroidal field coil contains only copper, water and
insulation. No stainless steel is used for structural strength, as in the outboard
leg. The insulation is placed between individual plates to keep single turn volt-
ages low and effectively make each plate a single turn winding. The insulation is
in compression and does not serve a dielectric function due to the low voltages:
it serves primarily to physically separate the plates and provide vertical restraint

to prevent the plates from moving relative to each other.

It should be noted that the ONEDANT calculations are for regions which
are homogenized. The atom densities of individual materials are averaged over
the large zones. Thus. the heterogeneity of the interleaved plates and associ-
ated insulation, along with the cooling channels, is not preserved. However, the
predicted insulation dose rates should be reliable, since no strong thermal ab-
sorbers are present. A particular concern would be the presence of boron in the
insulation, which could result in enhanced energy deposition in the insulation
near water-filled cooling channels due to the high thermal cross section of !“B

which results in the emission of an o particle.
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Recent studies have indicated that integral insulation doses of 1.4~12 rads
may be acceptable from the standpoint of insulation integrity i3.10.. This value
will be used in determining magnet lifetimes. assuming that insulation degrada-

tion is the limiting factor.

Insulation dose rate variation with tungsten replacing the inboard multi-
plier and molten salt region in varyving thickness is shown in Table 3.15. The dose
rates shown are for full power operation. Even the 34 cm. tungsten thickness
would give a toroidal field magnet lifetime of 5.5 years at 75% capacity factor.

Thus. additional material combinations for magnet shielding were examined.

The insulation dose rates for these materials are shown in Table 3.16. The
magnet lifetime is seen to vary from 0.9 years to 26.3 years. The longest magnet
lifetime (lowest insulation dose rate) is given by the composite shield. This shield
consists of tungsten, steel, titanium hydride, boron carbide and water (0.55,
0.15. 0.15, 0.10 and 0.05 v/0). The shield of tungsten and water does almost
as well. with an insulation lifetime of 19.9 vears. The two shields of tungsten
and uranium at less than theoretical density give short magnet lifetimes. These
shields could be considered as representative of helium cooled designs. The
addition of hydrogen. possibly in the form of titanium hydride, could improve
the performance of these two shields. This is seen in the cases in which 0.1 v/o

water is used.

Thus, the shield which will be used is the composite shield. which gives
the longest magnet lifetimes. This shield will displace a section of the multiplier
and molten salt, and thus. reduce the blanket power and bree&ing. These eﬂ'ects_

are evaluated in the following section.



3.4.3 Comparison with Monte Carlo Calculations

As was previously noted, the ONEDANT calculations are based on multi-
group cross sections which are averaged over various energy intervals. In fertile
materials, such as ?**U and 2*2Th , large variations in cross section may occur
in energy ranges small compared to the width of the multigroup treatment. In
resonance regions. these effects may become important to predicting absorp-
tion rates. since significant energy self-shielding may occur. This effect may be
accounted for in the multigroup treatment by averaging the pointwise cross sec-
tions over the multigroup intervals using a neutron flux spectrum representative
of the region. This is usually an iterative procedure. Alternatively, a calcula-
tion can be done using a method which uses a more realistic representation of
neutron cross sections to check the multigroup method. Since the ONEDANT
cross sections were not corrected for energy self shielding, this was necessary.
The comparison calculation was done with the Monte Carlo code MCNP, which
uses nuclear data represented by a set of energy, cross section pairs which are
interpolaied to the neutron energy. The number of these energy. cross section

pairs is sufficient that the MCNP data reproduce the ENDF data. within a small

percentage, usually 0.1%.

An MCNP model was used which matches the ONEDANT reference blan-
ket geometry model exactly. Thus. the differences in the two calculations could
be attributed to the differences in cross sections and cross section treatment
in the two codes. It should be noted that the MCNP calculations are also for
homogenized regions, and thus, do not account for spatial seli-shielding effects,

which are related to energy self-shielding effects.

The comparison between ONEDANT and MCNP one-dimensional breed-

ing calculations is shown in Table 3.17. MCNP predicts fewer captures in 222Th
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(1.3% less) and 23%U (5.4% less) than ONEDANT and more captures in °Li
(0.4% more). Thus. the largest difference is in ?**U captures which is an indi-
cation of 23°Pu production. The total breeding value, T—F. is 2.0% less. Also.
the number of fissions decreases by 3.7 % which is important to energy mul-
tiplication. This will be investigated more fully in the energy multiplication

calculation in the following section.

3.5 Three-Dimensional Nuclear Analysis

ONEDANT geometry is limited to variation in one dimension only. MCNP
has a much more general three-dimensional geometry modeling capability. Thus,

MCNP can be used to simulate a more realistic configuration.

A section view of the MCNP model used in the three-dimensional analyses
is shown in Fig. 3.2. This section is rotated about the centerline of the o'imic
heating coil. Note that the model is uniform in the toroidal direction. Addition-
ally, no penetrations are included. However. this mode! should more accurately
predict breeding in the thinner inboard and thicker outboard blanket in addi-
tion to including the geometry effect of the nested elliptic torii representing the

various regions.

A comparison of the ONEDANT and 3-D MCNP results is shown in Table
3.18. MCNP predicts 4% lower tritium breeding than ONEDANT and 10.7%
lower *2?Pu breeding. However. the ***U breeding is higher by 9.8% . The total
T + F is lower by 2.4% . The fissions also drop by 5.2% which contribute to
the decrease in the predicted blanket thermal power from 4986 MWth to 4436

MWth or a decrease of 11%.
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The reason for this difference is primarily in the multiplier region. Reduced
captures in 23®U resulting from the self-shielding effect discussed previously are
reflected in both the lower *°°Pu breeding and fewer fast fissions. The result of
fewer fissions is that not only is the blanket power lower. but fewer neutrons are

available to be captured in breeding materials.

Another interesting comparison is between the one-dimensional MCNP and
the three-dimensional MCNP. These two calculations use the same cross section
sets and treatments and thus the differences can be attributed to geometry. This
comparison is shown in Table 3.19. Although the total values of T + F agree
well. the individual values differ significantly between one- and three-dimensional
treatments. The tritium and 23°Pu breeding are lower and the 233U breeding
higher in the three-dimensional case. A qualitative explanation of this eflect is

as follows.

The one-dimensional model represents a slice of an “infinitely” high set
of nested cylinders. with no variation in the axial direction, as shown in Fig.
3.3. Since the particles are emitted isotropically within the source region, the
“average” length of a particle trajectory through the multiplier region is greater
than the thickness of the multiplier region. However. in the three-dimensional
model. as also shown in Fig. 3.3, the “average” length of a particle trajectory is
more nearly the thickness of the multiplier region. Thus, the number of mean
free paths within the region is less, and fewer interactions in the multiplier region
are predicted in the three-dimensional model than in the one-dimensional model.
This corresponds to lower tritium and ?2°Pu breeding in the three-dimensional

MCNP model.

The total values of breeding are approximately the same because the mul-
tiplier and molten salt regions are thick enough that very little leakage occurs.

Thus. any neuiron that enters these regions or is born through fission is cap-
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tured. The fissions are only slightly different since this involves only the neutrons

with an energy above ~ 2 MeV, the fast fission threshold.

From the three-dimensional MCNP breeding and energy multiplication
calculations. the reference breeding and energy multiplication values for the
beginning of cvcle were selected. These values are shown in Table 3.20 for the
case in which the composite shield is used in the inboard region to shield the
toroidal field magnets and a case ir which the shield is not used. The case in
which no separate shield (other than the blanket itself) is used to shield the
toroidal field magnets will be considered in the economic analyses to determine
the penalty for use of the shield to extend the toroidal field coil lifetime to the life
of the plant. Note that the case with the shield is lower in power and breeding
than the case without the shield. This is due to the displacement of a segment

of the multiplier and molten salt by the shield.

3.6 Blanket Pressure Drop Calculations

Liquid lithium metal is used for cooling the high power dénsity multiplier
region in the resistive magnet fusion breeder. Lithium is attractive as a material
for production of tritium te sustain the fusion reaction. However. since lithium
is a metal and a good conductor of electricity, its motion in the magnetic fields
present in the fusion breeder will induce electromotive forces (emf) in the flowing
lithium {3.11,. The induced emf can in turn generate currents in the lithium
and adjacent structure. The induced currents can cause pressure gradients far
in excess of those experienced in normal flow in the absence of a magnetic field.
These pressure gradients must be estimated to determine if pressure drops in

the lithium coolant are reasonable and can be contained.
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This section summarizes the phenomena involved and the equations neces-
sary to calculate the pressure drop for the fusion breeder. The implementation
of the pressure drop equations in the COST code for the fusion breeder geometry

is discussed. Analyses for both insulated and uninsulated ducts are presented.

3.6.1 Pressure Drop for Liquid Metals in Magnetic Fields

The flow of liquid metals in magnetic fields is governed by the Navier-
Stokes equation with an additional term in the momentum balance which comes
from the forces due to induced currents. These currents are induced by the
motion of the metal. which is a good electrical conductor. in the magnetic field.
Consideration is given only to the pressure drops induced by the magnetic field
since, for typical fusion breeder parameters, the normal fluid flow pressure drops
are much less. The equations which govern this motion are summarized as

follows:

The force acting on a conductor moving in a magnetic field is given by

F=1J»B, (3.1)

where J is the current induced in the conductor by the magnetic fieid B. The

force term can also be written as a pressure gradient:

VP =1 B. (3.

(2L
o
~

The current induced in the conductor is given by:
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J =0V x B, (3.3)

where V is the velocity of the fluid and ¢ is the conductivity along the path the

currents follow. Thus, the pressure gradient is given by:

VP =0V »x B x B, (3.4)

This is the general form which will be further simplified to the fusion
breeder geometry. Assuming thin wall circular ducts, the pressure drop simplifies

to

P _ovpr_©

Z:E 1+e¢ (3'5)

where V' is the average fluid velocity and the conductivity ratio of the wall to

the fluid. ¢, is

(o299 S8 o
6
po (3.6)

where @ is the pipe radius or channel half thickness, t,, is the wall thickness, o
is the fluid conductivity and o, is the wall conductivity {3.12]. In the thin wall
approximation, ¢ < 1 and Ha-¢ > 1 and the pressure drop is limited by the
conductivity of the wall. In the lithium duct ¢ ~ 5 x 10~* and the Hartman
number, which is discussed in the next section,, is Ha =~ 5 x 10%. Thus the

conditions for the thin wall regime are satisfied.
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For the case of a rectangular duct of rectangular cross section and unequal

wall thickness

gg _ aBzcl Q

t;a
dr 4abp 1—,37:2—1,

(3.7)

where t; is the duct thickness normal to the B field and t» is the duct half
thickness parallel to the B field i3.14]. The channel half thickness along the B
field is a and b is the channel half thickness perpendicular to the B field. Qis

the mass fow rate of the fluid. Note that c; is given by

] = — (3.8)

The duct geometry is shown in Fig. 3.4.
The pressure drop associated with an abrupt change in flow area or field

is given by

Ap =0.20V B*ay/c (3.9)

The pressure drop for a bend in the flow channel with one leg parallel to

B is

4

Ap = 0.50V B*aN "5 (3.10)
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where N . the Stuart number. also known as the interaction parameter, relates

to the ratio of the electromagnetic force to the inertia force and is given by

o
oBja

e (3.11)

N =

Appropriate physical data for lithium and the duct wall material are shown

in Table 3.21 and Table 3.22.

The preceding discussion has developed the necessary relationships to cal-
culate pressure drops in the resistive magnet fusion breeder. The following sec-
tion applies these relationships to the resistive magnet fusion breeder to evaluate

pressure drops in the primary coolant system.

3.6.2 Resistive Magnet Fusion Breeder Flow Geometry

Flow of liquid metals in magnetic fields is accompanied by an increased
pressure drop due to the magnetic field. This pressure drop increase is greatest
when the flow is perpendicular to the magnetic field direction. Thus. blanket
designs should have shorter flow paths perpendicular to magnetic fields and

longer flow paths aligned with the field to minimize pressure drops.

The general flow path for the resistive magnet fusion breeder lithium
coolant circuit is shown in Fig. 3.5 in section view and Fig. 3.6 in plan view.
The blanket is divided into toroidal sectors. Each of these toroidal sectors is
cooled by flowing lithium which enters through the top of the magnet at one
end of the sector, flows along the multiplier region and exits out the top of the
magnet. The inlet and outlet regions at each end of a sector consist of a plenum

region which is connected to a single pipe.
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The plenum region distributes the lithium flow into rectangular ducts, each
of which is connected to a poloidal segment of the multiplier region. The plenum
region would require an orifice at the inlet to each duct to distribute the flow

such that each poloidal segment receives adequate cooling.

The inlet and outlet regions are confined in the radial direction from the
inboard side of the inboard multiplier region to the outboard side of the outboard
multiplier region. as shown in Fig. 3.5. The toroidal extent of the inlet and
outlet regions is twice the channel half thickness, which is allowed to vary in
the parametrics which follow. The thickness of the channel wall is also varied

to simulate the effect of insulated walls.

3.6.3 Implementation in the COST Code

The above formulations were used in the COST code to calculate the pres-
sure drops in the liquid metal primary coolant circuit and the resultant pumping

power. The procedure for this calculation is as follows.

The blanket is first divided into toroidal sectors, since it is unlikely that
the entire multiplier region would be cooled by a single coolant circuit. The
number of toroidal sectors determines the length of the flow path for removal of

heat from the uranium metal.

Each toroidal sector is then divided poloidally into a number of segments.
The segments would each be cooled by a separate downcomer and separaté
toroidal flow path, provided by structure between the poloidal segments. The
power in each segment is determined by multiplying the total multiplier power

by the fraction of first wall area subtended by each segment and the first wall
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heat load by the area of each segment. The mass flow rate of lithium required

to remove the heat from each segment is determined by

Pseg
seg = — 0 3.13
Qx g CI.AT ( 1 )

The temperature rise across each segment is fixed at 150 “C. It is limited by

compatibility of the lithium and structural material.

The lithium flow enters the plenum region at the top of the toroidal field
coil. Lithium is distributed into each of the downcomers. The lithium then flows
down, through the magnet and into the molten salt region, where the toroidal
field is encountered. The flow then proceeds through the molten salt and into
the end region of the multiplier segment. Lithium then turns and flows parallel
to the toroidal field. removing heat from the multiplier region. After exiting the
multiplier. the lithium flow turns up and moves out of the magnet to an outlet

plenum region and then on to the primary heat exchanger.

The COST code only calculates the pressure drops associated with the
magnetic field since these should dominate the primary lithium circuit pressure
drops. The pressure drops calculated are for (a) entering the magnetic field,
(b) flowing downward through the molten salt region and (c) turning from per-
pendicular to parallel to the toroidal field. These pressure drops are calculated
as follows: (a) Eqn. 3.9, (b) using Eqn. 3.7 and (c) using Eqn. 3.10. These
pressure drops are summed and multiplied by 2, to account for inlet and outlet
pressure drops. The pumping power is calculated for each poloidal segment by

the relationship
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Qar (3.14)

P, =
rump.seg
p

The total pumping power is obtained by summing the pumping power for each
poloidal segment, multiplying by the number of toroidal segments and multiply-

ing by 2. to account for the top and bottom of the tokamak.

Additionally. the mass of the downcomers and risers is calculated, since

this should be a measure of the relative cost of each configuration.

3.6.4 Parametric Variations

The above formulation was used to parametrically examine the lithium
duct configuration. These calculations were done for channel half-thicknesses
along the direction of the magnetic field of 5, 10 and 15 cm., for 2, 4 and 8
toroidal segments and 10, 20. 30, 40. 50 and 60 poloidal segments. Additionally,
two duct wall thickness were considered: one representing uninsulated ducts,
0.5 cm.. and one representing insulated ducts, 0.025 cm. The insulated duct
construction would consist of a structural wall of 0.5 cm. thickness coated
with a thin laver of insulating material and lined with a thin section of steel of

thickness 0.025 cm. |3.14].

The calculation results are summarized in Table 3.23 for an uninsulated
and an insulated duct. More parametrics are given in Appendix C. The pumping
power values shown are the sum of the pumping power for the differing pressure
drops across each poloidal segment. The maximum pumping power column is
calculated assuming each poloidal segment experiences the same pressure drop
as the maximum due to the orificing to achieve the required lithium flow rates

through each poloidal segment. The duct mass is calculated based on the wall
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thickness for the uninsulated case and on the basis of a 0.5 cm. structural wall
thickness for the insulated case. Note that these structural thicknesses may not

be adequate for the calculated pressures.

Although detailed structural evaluations were beyond the scope of this
evaluation, a simplified analysis can determine which cases are most reasonable.

For the case of a rectangular flat plate clamped along all edges:

Omaz = O'Sq—o (3-14)

where 0,4, is the maximum stress in the plate which occurs at the center of
the long edge, ¢ is the uniform load on the plate, t, is the thickness of the plate
and !/ is the width of the plate {3.13]. The factor of 0.5 is for the case in which
the width is much less than the length, as for the lithium pumping duct. This

can be rearranged to give

ol T

~
Ll

g = 20maz (3.15)

For a 0,57 of 107 MPa, as an illustrative parameter, and the various values of
[ which correspond to the number of poloidal segments. the allowable pressure
inside the duct for a given duct thickness can be estimated. These values are
shown in Table 3.24 for duct thickness of 0.5 cm. and 1.0 cm. Using the data
from Table 3.24 for a duct thickness of 0.5 cm. and Table 3.23 for the uninsulated
duct. it can be seen that none of the cases demonstrate a pressure drop that
is within the limit taken from Table 3.24. However. the case for the duct half-

thickness of 15 cm. has a pressure drop of 2.20 MPa. The duct limit for this
~ case is 1.98 MPa.
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In view of the uncertainties in the MHD pressure drop calculations, it may
be argued that a reduction in the uncertainties may give a pressure drop which
results in a usable duct design. even with uninsulated ducts. This is because of
the uncertainty in the MHD calculations which is thought to predict pressure
drops in excess of those which would be seen in a real configuration. For example.
the inlet and turning pressure drops are 67% of the total calculated pressure
drop. Each of these pressure drop correlations have a coefficient which is based
on experimental configurations. Although the coefficients used are constant, the
coefficient for the bend calculation is expected to decrease as ¢ decreases [3.14..
Thus. the calculated pressure drop for the bend would also decrease. This is one
example of the uncertainties in the MHD pressure drop calculations. Thus. it is
considered that the uninsulated case shown in Table 3.23 for 8 toroidal segments

and 60 poloidal segments is an acceptable design.

For the case of insulated ducts. also shown in Table 3.23, smaller ducts
can be used with acceptable pressure drops. This would result in less steel
structure added in the molten salt region, which would decrease breeding due to
increased parasitic captures. This structure was not considered in the neutronics
calculations. However, the ducts also add lithium in the molten salt region which

will increase tritium production.

It should be noted that the pumping power for all cases in which the

pressures are reasonable are within an acceptable range.

If the duct thickness is increased to 1 cm., the pressure drops would ap-
proximately double. Minor differences would occur due to the change of flow
area decreasing slightly. However. using the simple plate model, the allowable
pressure within the duct would increase by a factor of 4. This is in contrast to
circular ducts where the allowable pressure scales with the thickness of the wall

and the MHD pressure drop scales inversely with the wall thickness, and thus.
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increasing the wall thickness does not result in any improvement.

3.7 Uranium Plate Thickness Analysis

The uranium fuel form is conceived as plate fuel with the lithium coolant
flow oriented toroidally. as shown in Fig. 3.6. For lithium flow along the toroidal
magnetic field. MHD effects can be expected to affect the heat transfer between
the fuel and lithium. Specifically, turbulence will be suppressed {3.14.. This
section presents an analysis of the uranium plate thickness to demonstrate that
a reasonable design can be achieved to keep the uranium metal temperature well

below the melting point.

3.7.1 Heat Transfer Correlations for Liquid Metals in MHD Flow

Magnetic fields modify the velocity distributions in liquid metals flowing
in closed channels :3.11;. Velocity gradients at the walls are increased due to
suppression of turbulence. Thus, the convective heat transfer rate is increased.
However, this effect is usually overshadowed by the heat transfer due to molec-
ular conduction, which is high in metals. At moderate values of the Hartman
number, which is the square root of the ratio of the electromagnetic force to the
viscous force, the heat transfer rate may increase due to the increased velocity
gradient at the wall. However, as the field increases further and the Hartman
number increases, a “saturation” occurs and increasing the field further does not
increase the heat transfer rate. This is the regime in which the RTFB multiplier

lithium coolant operates.

The heat transfer correlation used in this work is
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0.005Pe

= (3.15)
1+ 1890(Ha, Pe) '

Nu =1.62~

This is for flow in a longitudinal magnetic field (B field along the direction of

flow) 3.11.. The Nusselt number is given by

Nu = (3.16)

ha
K
and the Peclet number is the ratio of inertial forces to heat diffusivity and is

given by

v’
Pe=2"2 - Re.pr (3.17)
K

The Prandtl number is the ratio of the rate at which momentum may diffuse
through a fluid due to molecular motion (related to the kinematic viscosity, v) to
the rate at which heat may diffuse in the fluid (related to the thermal diffusivity,

«) and is given by

pr="Y (3.18)
a
The thermal diffusivity is given as
a= — (3.19)
pcy



Thus, the Prandtl number is

pr = S (3.20)

The Hartman number is the square root of the ratio of the electromagnetic force

to the viscous force and is given by

Ha= Bc.a\/piu = VN Re (3.21)

The Reynolds number is the ratio of momentum forces to viscous forces and is

given by

Re= — (3.22)

The above relationships will be used to calculate the heat transfer coeffi-

cient for the RTFB multiplier geometry.

3.7.2 Uranium Plate Analysis

The plate fuel geometry is shown in Fig. 3.7. The equation for the tem-

perature distribution in the fuel and clad is

<+ H (3.23)



where T} is the bulk temperature of the coolant, g,, is the heat transferred to the
coolant through the clad, a is the fuel half-thickness. r is the distance from the
fuel centerline, k; is the thermal conductivity of the fuel, 6. is the thickness of
the clad. k. is the thermal conductivity of the clad and & is the convective heat
transfer coefficient in the coolant [3.15]. This model accounts only for the heat
deposited in the uranium region, since heat deposition in the clad and coolant is
much less. Additionally. it is assumed that the heat generation rate is constant

across the uranium region.

A short computer program, HTCAL. was written to quickly examine tem-
perature profiles for various thicknesses of the uranium plates. These calcula-
tions were performed for power densities representing peak and average locations
within the multiplier region. The magnetic fields throughout the multiplier re-
gion are sufficiently high that all turbulence in the lithium is suppressed and
heat transfer is by molecular conduction. The Nusselt number was observed to
have a uniform value of 1.62 for all cases considered. Pertinent values from the

analyses are summarized in Table 3.25.

The constraints considered were the uranium melting point of 1135 °C,
the lithium melting point of 180 “C and the maximum interface temperature of
the clad and lithium of 550 “C. From the blanket temperature rise of 150 °C,
the inlet temperature was set at 340 “C and the outlet temperature was set at
490 °C. From Table 3.25. it is seen that for both the peak and average power
density the limiting factor is the clad-lithium interface temperature. A uranium
thickness of 1.0 cm. is seen to limit the clad-lithium interface temperature to
5400¢ and the maximum temperature in the uranium to ~ 300 °C below the

melting temperature.

Thus, a reasonable design for the uranium multiplier has been demon-

strated. This system will require removal of heat after shutdown of the plasma
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due to the large fission power density. The fixed uranium fuel form necessitates

maintaining the heat removal capability of the lithium coolant loop.

This can be demonsirated by a simple calculation. For a uranium metal
heat capacity ¢, = 0.16 kJ/kg -° K, an average multiplier temperature during
operation of 750"C. a uranium melting temperature of 1135°C, and a uranium
metal mass of 375 MT in the multiplier. the integrated energy for the uranium
metal to reach melting temperature is 2.3+4 MJ total or 1200 MJ /m? of uranium
metal. For the operating average power density of 240 MW /m? in the metal,
this gives a time to reach melting of 5 seconds in normal operation if all cooling
is removed with no heat removal from the uranium. If the plant shuts down
immediately, the decay heat from the fission products will continue to provide
heat to the multiplier. The time to reach melting for this condition can be
obtained from Fig. 4.12 of Reference 13.15], which gives the integrated fission
product decay energy for infinite operation (essentially after 1 year of operation).

The time to reach melting is approximately 3 minutes.

The time of 3 minutes is used to determine the required capacity of the
residual heat removal (RHR) system. From Reference 3.15], it seen that after
3 minutes of shutdown. the power will have decaved to a level of 2.5% of the
operating level. Thus, the RHR system is sized at 2.5% of the capacity of the

primary coolant system.

It should be noted that this simplified analysis does not consider any heat
transfer to the lithium coolant or conduction to the structure or molten salt.
Inclusion of these effects would lengthen the time to reach the melting point of
uranium. However, the indication from the simplified analysis is that cooling

will have to be maintained for the multiplier region after shutdown.



3.8 Summary

This chapter has presented an analysis of the blanket for the RTFB. This
blanket produces tritium to sustain the plasma and fissile fuel for use in a client
reactor system. Additionally, the energy of the fusion neutrons is recovered and
multiplied in the blanket. Consequently. the blanket was analyzed for neutronic
performance in terms of breeding and energy multiplication. Additionally. the
heat removal from the blanket was evaluated in terms of the pressure drop in
the lithium coolant circuit and the uranium multiplier plate thickness. The size
of the residual heat removal system was also determined. A summary of each of |

these analyses follows.

The blanket consists of two zones: a multiplier zone adjacent to the plasma
and a molten salt zone following the multiplier. The multiplier zone contains
uranium metal clad in steel and cooled by liquid lithium. Fissions in the mul-
tiplier zone multiply the energy of the fusion neutrons. These fissions occur
primarily in 2*3U | but as the concentration of 2?Pu increases with blanket life.

fissions in 2**Pu increase and cause the blanket power Lo increase.

The molten salt zone is continuously processed to remove the bred 222U .
Thus. the power level in the molten salt does not change due to an increase in
concentration of 232U |, but does change due to the increased number of fissions

in the multiplier.

Nuclear analyses were performed for the RTFB using the one-dimensional
discrete ordinates code ONEDANT and the three-dimensional Monte Carlo code
MCNP. The ONEDANT analyses were done to examine the effect of changing
the materials in the inboard and outboard regions of the blanket and varying the

thickness of the different regions. The ONEDANT calculations for the reference
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blanket yield a value of total breeding. T+F, of 2.89 and a blanket thermal
power of 4986 MWth. Although the tritium breeding parameter is less than one
for the reference configuration (T=0.97). it is shown that the value of T can be
increased to 1.18 by using natural Li in the molten salt in place of the depleted
Li. This increase in tritium breeding comes at the expense of 2°*U breeding.

which decreases. These values of T are for the ONEDANT BOC analyses.

The effect on breeding of the substitution of stainless steel, tungsten and
lead for the inboard blanket region was also studied with ONEDANT. Use of
lead in the inboard region results in the highest breeding in the outboard region
(T+F=2.41). followed by stainless steel (T—F=2.19) and tungsten (T +F=2.09).
However. the blanket power drops by approximately 20% for these three cases

due to the displacement of the multiplier by the different materials.

The effect of increasing the thickness of the multiplier region and increasing
and decreasing the thickness of the molten salt region on breeding and energy
multiplication was also investigated with ONEDANT. It was shown that in-
creasing the multiplier thickness from 11 cm. to 16 cm. increases the total
T~F by 6% and the blanket power by 11%. This case will be investigated more
completely in Chapter 5 where the change in the amounts of fissile fuel will be
considered. The effect on breeding and energy multiplication of increasing and
decreasing the outboard molten salt thickness by 10 cm. is small. for example.

less than 1% effect on 222U breeding.

Additionally. ONEDANT analyses were done to investigate the effects on
blanket power and breeding of the increasing concentration of 23°Pu in the
multiplier. The limit of 2>**Pu concentration was established by calculating the
infinite medium multiplication factor. k.. for the uranium metal with varying
concentration of 2°Pu . This value was limited to 0.9 to insure that criticality

would not be reached. even under accident scenarios. This limit was determined
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to be 0.02 a/o ?*Pu in the uranium metal. The blanket power increases by
a factor of 1.45 as the concentration of *>**Pu increases from 0.00 a/o to 0.02
a/o. The tritium and ?**U production rates increase with blanket lifetime due
to the increased fissions as more ?*“Pu is present in the blanket. Although the
production rate of >3*Pu from captures in *®*U increases with blanket lifetime,
the net production rate of 23°Pu decreases due to the increased captures in

Ce
23¢py .

It was also shown with ONEDANT that the tritium breeding parameter
could be varied over a wide range. with a maximum increase of 20%, by varying
the lithium isotopic composition in the molten salt from depleted in SLi to

natural ®Li concentration.

The dose rates to the magnet insulation on the plasma side of the inboard
leg of the toroidal field coil was also calculated with ONEDANT. The dose rates
with the reference blanket were shown to give a magnet insulation lifetime of
1.1 vears. The shield selected to replace the blanket consists of tungsten, steel,
titanium hydride. boron carbide and water and gives a magnet insulation lifetime

of 26.3 vears, which is considered sufficient.

MCNP analyses were done for both one-dimensional and three-dimensional
models. The one-dimensional results were compared to the ONEDANT calcula-
tion for the reference blanket and showed relatively good agreement in breeding.
with a total T+F value from MCNP that is 2% lower than ONEDANT. The
three-dimensional MCNP results were used to estimate the beginning of cycle
(BOC) values of the breeding parameters and energy multiplication with and
without the shield in place. The total breeding from MCNP was 2.4% less than
ONEDANT and the blanket power was 11% lower than ONEDANT. for the
case without the shield. With the shield in place the BOC breeding values are
T=0.85. ?**F=0.87. 23°F=0.87. T~F=2.59 and the blanket thermal power is

‘100



4071 MWth.

The design of the lithium coolant system for the multiplier region was also
considered. Pressure drop and pumping power calculations were done consider-
ing the MHD induced pressure drops for both uninsulated and insulated ducts
of 0.5 cm. thickness. For the uninsulated case, it was shown that a 15 cm.
duct half thickness along the magnetic field can give a maximum duct pressure
of 2.20 MPa. This duct geometry gives a maximum allowable pressure of 1.98
MPa. However. considering the uncertainties in the pressure drop calculations.
this design is considered to be acceptable. For the uninsulated duct. a duct half
thickness of 5 cm. gives a maximum pressure drop of 1.35 MPa, which is less
than the allowed value of 1.98 MPa. It is also noted that the pumping power
for all cases in which the pressure drop is considered acceptable, the pumping

power is within a reasonable range (less than 40 MW).

The uranium plate fuel thickness was also evaluated to determine that the
multiplier region could be cooled using uranium plates of reasonable thickness. A
uranium plate thickness of 1.0 cm. allows maintaining the clad-lithium interface
at less than 550°C and the peak uranium temperature ~300°C below the melting
point of uranium metal. Additionally. the size of the residual heat removal
system was determined to be 2.5% of the primary coolant system capacity to

allow removal of the decay heat in the multiplier region after shutdown.
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TABLE 3.1

Zone Dimensions for One-Dimensional Model
of Reference Blanket

Inner Outer
Zone Description Radius (m) Radius (m)

0 Void 0.000 0.750
1 OH Caoil 0.750 1.500
2 TF Coil 1.500 2.010
3 Structure 2.010 2.015
4 Molten Salt 2.015 2.240
5 Second Wall 2.240 2.245
6 Multiplier 2.245 2.355
T First Wall 2.355 2.360
0 Scrape Off 2.360 2.510
0 Plasma 2.510 5.110
0 Scrape Off 5.110 5.260
8 First Wall 5.260 5.265
9 Multiplier 5.265 5.375
10 Second Wall 5.375 5.380
11 Molten Salt 5.380 6.005
12 Structure 6.005 6.010
13 TF Coll 6.010 7.510

104



TABLE 3.2

Zone Compositions for One-Dimensional Breeding Calculations
For Reference Blanket

Zone Material (v/o)
Multiplier Uranium 0.63
Lithium 0.24
(0.70 a0 °Li )
Stainless Steel 0.13
Molten Salt LiF — ThF, — BeFa» 1.0
(0.71-0.27-0.02 m ‘o)
(0.01 a o “Li)
Structure Steel 1.00
Inboard TF Coil Copper 0.94
Water 0.04
Insulation 0.01
Outboard TF Coil Copper 0.40
Stainless Steel 0.55
Water 0.04
Insulation 0.01




TABLE 3.3

Material Number Densities for Breeding Calculations

Material Element Number Density
Molten Salt oLi 1.852-4
“Li 1.833-2
°Be 5.216-4
19p 4.773-2
222Th 7.042-3
Lithium “Li 2.871-2
“Li 1.231-2
Steel Fe 8.490-2
Stainless Steel C 1.990-4
Si 1.360-3
Ti 4.980-5
Cr 1.150-2
Mn 1.650-3
Fe 5.430-2
Ni 1.060-2
Mo 1.290-3
Natural Uranium 225U 3.417-4
22 4.773-2
Depleted Uranium 23U 9.614-5
s 4.797-2
Copper Cu 8.290-2
Water H 6.687-2
O 3.343-2
Insulation H 2.902-2
C 3.809-2
(0] 2.616-2
Si 5.712-3
Al 4.394-3
Mg 8.878-4
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TABLE 3.4

One-Dimensional Breeding Calculations
For Reference Blanket

Reactions/Fusion Neutron

Inboard

éT 0.2593
T 0.0056
233F 0.1814
22oF 0.2966
Fissions ' 0.1417
MS Heating - 1.92-6
Mult. Heating - 3.24+7
Outboard

eT 0.6831
T 0.0211
222F 0.6704
220F 0.7697
Fissions 0.4506
MS Heating ~ 7.08—6
Mult. Heating - 1.01+8
Total

“T 0.9424
T 0.0267
T+ 7T 0.9691
23R 0.8518
220F 1.0663
23R L 239p 1.9181
T+F 2.8872
Fissions 0.5923
MS Heating - 9.00-6
Mult. Heating - 1.33-8
Total Heating - 1.42-8
Thermal Power (MWth) 4986

" eV /fusion neutron



TABLE 3.5

One-Dimensional Breeding Calculations
Inboard Molten Salt Replaced by Stainless Steel

Reference Inboard
Case MS - SS

Inboard
éT 0.2593 0.2632
T 0.0056 0.0023
233 0.1814 -
23¢F 0.2966 0.2974
Fissions 0.1417 0.1414
MS Heating" 1.92-6 1.48-6
Mult. Heating” 3.24-7 3.27--7
Outboard
oT 0.6831 0.6962
T 0.0211 0.0211
223 0.6704 0.6783
239 0.7697 0.7847
Fissions 0.4506 0.4515
MS Heating" 7.08—6 7.12+-6
Mult. Heating" 1.01-8 1.01+8
Total
o 0.9424 0.9594
‘T 0.0267 0.0234
6T - 7T 0.9691 0.9828
223F 0.8518& 0.6783
220F 1.0663 1.0821
2SR . 239p 1.9181] 1.7604
T=F 2.8872 2.7432
Fissions 0.5923 0.5929
MS Heating” 9.00+6 &.60—6
Mult. Heating" 1.33-+-8 1.34—-8
Total Heating’ 1.42-8 1.43-8
Thermal Power (MWth) 4986 5021

~ eV ‘fusion neutron
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TABLE 3.6

One-Dimensional Breeding Calculations
Varying Inboard Blanket Materials

Reference MS — SS MS — Pb MS—-W
Case Mult —SS Mult —Pb Mult — W

Inboard ,

“T 0.2593 ~ - -
T 0.0056 - - -
232F 0.1814 - - -
30F 0.2966 - - -
Fissions 0.1417 - - -
MS Heating" 1.92-6 1.77+6 8.00+5 1.43+6
Muit. Heating” 3.24-+7 2.95+6 1.68+6 4.38+6
Outboard

°T 0.6831 0.6951 0.7729 0.6712
‘T 0.0211 0.0210 0.0211 0.0207
232p 0.6704 0.6621 0.7218 0.6442
239 0.7697 0.8068 0.8901 0.7587
Fissions 0.4506 0.4440 0.4584 0.4356
MS Heating~ 7.08+6 1.77+6 7.40+6 6.83+6
Mult. Heating” 1.01+8 2.95-6 1.04+8 9.79+7
Total

“T 0.9424 0.6951 0.7729 0.6712
T 0.0267 0.0210 0.0211 0.0207
ST~ 7T 0.9691 0.7161 0.7940 0.6919
2R 0.8518 0.6621 0.7218 0.6442
R 1.0663 0.8068 0.8901 0.7587
Ead M ) 1.9181 1.4689 1.6119 1.4029
T-F 2.8872 2.1850 2.4059 2.0948
Fissions 0.5923 0.4440 0.4584 0.4356
MS Heating" 9.00-6 8.75+6 8.20+6 8.26+6
Mult. Heating" 1.33+8& 1.03+8 1.06+8 1.02+8
Total Heating" 1.42-8 1.12+8 1.14+8 1.10+8
Thermal Power 4986 3930 4003 3860
(MWth)

" eV /fusion neutron

109



TABLE 3.7

One-Dimensional Breeding Calculations
Varying Outboard Blanket
Inboard Molten Salt and Multiplier Replaced by Lead

Inboard

MS Heating’
Mult. Heating”
Outboard
MS Heating~
Mult. Heating’
Total

¢T

T

ST +7T

233

239

223 , 220
T+F

Fissions

MS Heating’
Mult. Heating’
Total Heating”
Thermal Power
(MWth)

Comparison
Case

8.00-5
1.68—-6

7.40-6
1.04-8

0.7729
0.0211
0.7940
0.7218
0.8901
1.6119
2.4059
0.4584
8.20+6
1.06-+8
1.14-+8
4003

OB Mult

11cm — 16 cm

OB Mult
0.7%Li — 1.0%Li

8.09+5
1.69+6

4.61+ "
1.21+8

0.9617
0.0151
0.9768
0.5035
1.0814
1.5849
2.5617
0.5277
5.42+6
1.22+8
1.27+8
4460

"~ eV fusion neutron
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7.71-5
1.66—6

7.04-6
1.03-8

0.9563
0.0133
0.9696
0.6627
0.7730
1.4357
2.4053
0.4516
7.81-6
1.05-8
1.13-8
3970




TABLE 3.8

One-Dimensional Breeding Calculations
Inboard Blanket Thickness Decreased
Major Radius Decreases

Inboard

(‘»T

T

233F

220

Fissions

MS Heating"
Mult. Heating"
Outboard

5T

Fissions

MS Heating"
Mult. Heating”
Total

("T

‘T

(,T . TT

23.".}:

23'.~?F

222 _ 239
T—F

Fissions

MS Heating"
Mult. Heating”
Total Heating"
Thermal Power
(MWth)

Reference
Case
35 cmm 30cm 25 cm 20cm 15 cm
0.2593 0.2561 0.2523  0.2471 0.2392
0.0056 0.0053 0.0048  0.0041 0.0030
0.1814 0.1562 0.1214 0.0766  0.0259
0.2966 0.2940 0.2909 0.2860 0.2745
0.1417 0.1402 0.1385 0.1366  0.1340
1.92+6 1.73-6 1.45-6 1.05-6 4.37+5
3.24+7 3.21-7 3.18—7 3.14+7 3.10+7
0.6831 0.6853 0.6877 0.6903 0.6938
0.0211 0.0212 0.0213 0.0214 0.0215
0.6704 0.6728 0.6754 0.6781 0.6816
0.7697 0.7723 0.7750 0.7779 0.7814
0.4506 0.4518 0.4532 0.4545 0.4559
7.08-6 7.10-6 7.13-6 T7.17-6 7.20-6
1.01-+8 1.01-8 1.02-8 1.02-8 1.02-8
0.9424 0.9414 0.9400 0.9374 0.9330
0.0267 0.0265 0.0261 0.0255  0.0245
0.9691 0.9679  0.9661 0.9629  0.9575
0.8518 0.8290 0.796& 0.7347 0.7075
1.0663 1.0663 1.0659 1.0639 1.0559
1.9181 1.8953 1.8627 1.8186 1.7634
2.8872 2.863 2.8288  2.7815 2.7209
0.3923 0.5920 0.3917 0.5911 0.5899
9.00-6 8.83-6 8.58-6 8.22-6 7.64+6
1.33-8 1.33-8 1.34—-8& 1.33—-8 1.33+8
1.42+8 1.42+-8 1.43-8 1.41-8 1.41+8
4986 5005 5040 4951 4970

" eV /fusion neutron
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TABLE 3.9

One-Dimensional Breeding Calculations
Varying Outboard Blanket Thickness

Reference Outboard Outboard
Case 75 cm — 65 cm 75 cm — 85 cm

Inboard
ot 0.2593 0.2593 0.2593
T 0.0056 0.0056 0.0056
233 0.1814 0.1814 0.1814
239F 0.2966 0.2966 0.2966
Fissions 0.1417 0.1417 0.1417
MS Heating” 1.92+6 1.92-6 1.92+6
Mult. Heating” 3.24+7 3.24-7 3.24+7
Outboard
éT 0.6811 0.6830 0.6831
T 0.0211 0.0211 0.0211
223 0.6704 0.6658 0.6720
239F 0.7697 0.7698 0.7697
Fissions 0.4506 0.4505 0.4506
MS Heating’ 7.08+6 7.04+6 7.09+6
Mult. Heating" 1.01+8 1.01-8 1.01+8
Total
éT 0.9424 0.9423 0.9424
T 0.0267 0.0267 0.0267
6T 7T 0.9691 0.9690 0.9691
233 0.8518 0.8472 0.8534
220 1.0663 1.0664 1.0663
223p L 239F 1.9181 1.9136 1.9197
T-F 2.8872 2.8826 2.8888
Fissions 0.5923 0.5922 0.5923
MS Heating” 9.00-+6 8.96—-6 9.01+6
Mult. Heating" 1.33+8 1.33-8 1.33+8
Total Heating" 1.42+8 1.42-8 1.42+8
Thermal Power . 4986 4990 4990
(MW?th)

" eV /fusion neutron
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TABLE 3.10

Calculated Values of k.
Uranium Metal With ?*°Pu

239Py ajo ko
0.01 0.66
0.02 0.82
0.03 0.95
TABLE 3.11

Calculated Values of k.
Water and Uranium Metal With 0.02 a/o **°Fn

Uranium v/o Water v/o Koo
™o 01 0862
0.2 0.8 0.54
0.1 0.9 0.79
0.01 0.99 0.68
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TABLE 3.12

One-Dimensional Breeding Calculations

Natural Uranium in Multiplier

0.00, 0.01. and 0.02 a/o 23°Pu

Inboard
&

‘T

233F

236

229Py abs.
Fissions

MS Heating”
Mult. Heating”
Outboard
oT

239Puy abs.
Fissions

MS Heating”
Mult. Heating’
Total

(lT

T

“T-'T

2331;*

239]:

T+F

Fissions

MS Heating~
Mult. Heating"
Total Heating~
Thermal Power
(MWth)

Natural
Uranium
0.00 a/c 23°Pu

Natural
Uranium
0.01 a/o 23%Pu

Natural
Uranium
0.02 a/o 239Pu

0.2592
0.0056
0.1815
0.2967
0.1417
1.92+6
3.24+7

0.6831
0.0211
0.6704
0.7697
0.4506
7.08-6
1.01-+8

0.9423
0.0267
0.9690
0.8519
1.0664
1.0664
1.9183
2.8873
0.5923
9.00+6
1.33+8
1.42+8
4986

0.2827
0.0057
0.1992
0.3212
0.0307
0.1785
2.09+6
4.00-7

0.7399
0.0214

0.7279
0.8286
0.0821

0.5472
7.57+6
1.21--8

1.0226
0.0271

1.0497
0.9271

1.1498
0.1128
1.0370
1.9641

2.9867

0.7257
9.66--6
1.61+8
1.71-8

6000

0.3104
0.0058
0.2204
0.3504
0.0674
0.2227
2.29+6
4.90-7

0.8069
0.0217
0.7959
0.8983
0.1781
0.6613
8.15-6
1.44-8

1.1173
0.0275
1.1448
1.0163
1.2487
0.2455
1.0032
2.0195
3.1643
0.8840
1.04+7
1.93+8
2.03—-8
7130

" eV /fusion neutron
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TABLE 3.13

One-Dimensional Breeding Calculations

Depleted Uranium in Multiplier

0.00. 0.01 and 0.02 a/o ?3°Pu

Inboard

°T

T

233F

220

239Puy abs.
Fissions

MSE Heating~
Mult. Heating~
Outboard
oT

T

233F

239F

239Py abs.
Fissions

MS Heating~
Mult. Heating’

Fissions

MS Heating
Mult. Heating~
Total Heating”
Thermal Power
(MWth)

Depleted
Uranium
0.00 a/o 23°Pu

Depleted
Uranium
0.01 a/o 23°Pu

Depleted
Uranium
0.02 a/o %3°Pu

0.2522
0.0055
0.1753
0.2910
0.1274
1.86+6
2.96+7

0.6658
0.0210
0.6506
0.7567
0.4132
6.80--6
9.36+7

0.9180
0.0265
0.9445
0.8259
1.0477
1.0477
1.8736
2.8181

0.5406
8.75+6
1.23+8
1.32+8

4630

0.2744

0.0056
0.1922
0.3145
0.0300
0.1621

2.01-6
3.67-7

0.7199
0.0212
0.7053
0.8131

0.0800
0.5046
7.35+6

1.12--8

0.9943
0.0268
1.0211
0.8975
1.1276
0.1100
1.0176
1.9151
2.9362
0.6667
9.36+6
1.49-+8
1.58+8
5550

0.3006
0.0058
0.2123
0.3422
0.0656
0.2034
2.20+6
4.52+7

0.7835
0.0215
0.7696
0.8795
0.1738
0.6122
7.91+6
1.34+8

1.0841
0.0273
1.1114
0.9819
1.2217
0.2394
0.9823
1.9642
3.0756
0.8156
1.01+7
1.79+8
1.89+8
6630

" eV /fusion neutron



TABLE 3.14

One-Dimensional Breeding Calculations
Natural Lithium Composition in Molten Salt

Reference Natural Li
Case in Molten Salt

Inboard
°T 0.2593 0.3062
T 0.0056 0.0054
232F 0.1814 0.1486
23¢p 0.2966 0.2879
Fissions - 0.1417 0.1413
MS Heating” 1.92+6 2.00+6
Mult. Heating" 3.24+7 3.23+7
Outboard
ot 0.6831 0.8490
T 0.0211 0.0202
232 0.6704 0.5288
239 0.7697 0.7460
Fissions 0.4506 0.4496
MS Heating" 7.08+6 7.22+6
Mult. Heating” 1.01+8 1.01+8
Total
éT 0.9424 1.1552
“T 0.0267 0.0256
ST - 7T 0.9691 1.1808
2P 0.8518 0.6774
2BOF 1.0663 1.0339
233F . 289F 1.9181 1.7113
T-~F 2 8872 2.8921
Fissions 0.5923 0.5909
MS Heating" 9.00+6 9.22+6
Mult. Heating" 1.33+8 .34+8
Total Heating" 1.42+8 1.42--8
Thermal Power (MWth) 4986 4990

" eV /fusion neutron
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TABLE 3.15

Insulation Damage Calculation

Energy Deposition and Dose Rate in Insulation

Plasma Side. Inboard Leg of TF Coil
Inboard Blanket Replaced by Varying Tungsten Thickness

Energy

Deposition

Neutron~
Gamma’
Total”

Dose Rate

(rads/yr)
Total

34cm. 24 cm. 14dcm. 4 cm.
1.45 6.76 29.4 119.4
1.07 4.07 13.4 40.3
2.52 10.8 42.8 159.7

3.38+11 1.45+12 5.74+12 2.14+13

“eV/sec/cm® per n/sec;cm

TABLE 3.16

Energy Deposition and Dose Rate in Insulation

Plasma Side. Inboard Leg of TF Coil

Inboard
Blanket
Reference
34 cm. W
Composite
09v/oU
09v,oW
09viol

0.1 v/o water

09vioW

0.1 vio water

Neutron. Gamma“ Total"
4.86 7.56 12.42
1.45 1.07 2.52
0.35 0.18 0.53
11.62 4.29 15.91
2.46 1.71 4.17
2.54 1.10 3.64
0.43 0.27 0.70

Total Magnet
Dose Rate Lifetime
(Rads/Yr) (Years)

1.66—12 1.1
3.38~11 3.5
7.10-10 26.3
2.13-12 0.9
5.59-11 3.3
4.88—-11 3.8
9.38—-10 19.9

eV /sec.cm® per n.sec,cm
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TABLE 3.17

One-Dimensional Breeding Calculations For Reference Blankef
Comparison of ONEDANT and MCNP Results

ONEDANT MCNP

Inboard

oT 0.2593 0.2612
T 0.0056 0.0048
233F 0.1814 0.1759
23F 0.2966 0.2837
Fissions 0.1417 0.1345
Outboard

ST 0.6831 0.6853
() 0.0211 0.0203
232 0.6704 0.6649
39F 0.7697 0.7248
Fissions 0.4506 0.4356
Total

ért 0.9424 0.9465
T 0.0267 0.0251
ST+ 7T 0.9691 0.9716
223F 0.8518 - 0.8408
239F 1.0663 1.0085
233p _ 2B9F 1.9181 1.8493
T-F 2.8872 2.8290
Fissions 0.5923 0.5701
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TABLE 3.18

Breeding and Power Calculations For Reference Blanket
Comparison of ONEDANT and Three-Dimensional MCNP Results

ONEDANT 3-D MCNP

Breeding

oT 0.9424 0.9022
T 0.0267 0.0293
¢T - 7T 0.9691 0.9315
232F 0.8518 0.9350
230 1.0663 0.9525
233 4 239F 1.9181 1.8875
T-F 2.8872 2.8190
Fissions 0.5923 0.5615
Power

Molten Salt’ 9.00 9.71

Multiplier” 133 116.7
Total” 142 126.4
Power (MWth) 4986 4436

“MeV | fusion neutron

TABLE 3.19

Breeding Calculations For Reference Blanket
Comparison of One- and Three-Dimensional MCNP Results

1-D MCNP  3-D MCNP

Breeding

°T 0.9465 0.9022
‘T 0.0251 0.0293
ST+ 7T 0.9716 0.9315
223 0.8408 0.9350
239F 1.0085 0.9525
233F 4 229F 1.8493 1.8875
T-+F 2.8290 2.8190
Fissions 0.5701 0.5615
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TABLE 3.20

Reference BOC Breeding and Energy Deposition

With and Without Shield

With Shield

Without Shield

Breeding
T 0.85 0.93
222F 0.87 0.94
2ep 0.87 0.95
T-F 2.59 2.82
BOC Energy Deposition
Molten Salt (MW'th) 314 341
Multiplier (MWth) 3757 4095
Total (MWth) 4071 4436
TABLE 3.21
Lithium Physical Properties
Density {kg 'm?) 430
Viscosity (mPa - sec) 0.32
Electrical Conductivity (ohm-m)~! 3.2+6
Thermal Conductivity (W m -* K) 49.6
Heat Capacity (J kg " K) 1200
TABLE 3.22
HT-9 Physical Properties
Density (kg/m?) 7980
Electrical Conductivity (ohm - m)~! 1.0+6
Thermal Conductivity (W/m - K) 17.1

120



TABLE 3.23

Pumping Power and Pressure Drops for Uninsulated

and Insulated Ducts

Toroidal
Segments
a=0.15 m.
ty = 0.005m.
tz = 0.0025m.
8
8
R
8
8
8
a = 0.05 m.

t; = 0.00025m.
t2 = 0.000125m.
8

20 2 9 00 0o

Poloidal
Segments

10
20
30
40
50
60

10
20
30
40
50
60

Max. Pumping Duct

Power
(MWw)

54.80
48.50
44.62
42.09
40.31
39.01

NN N W
PR N ®O
O ~1 U

b JIEN S |

-] =]
[9\]

[\]
0
©0

Maximum
Mass Ap
(MT) (MPa)
22.94 3.09
29.78 2.73
36.23 2.51
42.32 2.37
48.06 2.27
53.50 2.20
18.98 1.72
21.36 1.62
23.60 1.52
25.71 1.45
27.70 1.39
29.57 1.35
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TABLE 3.24

Allowable Pressures Within Lithium Ducts

Poloidal q(MPa) q(MPa)
Segments 1 t; = 0.5cm. t; = 1.0cm.
10 31.2 0.05 0.22
20 15.6 0.22 0.8%

30 10.4 0.49 1.98
10 7.8 0.88 3.52
50 6.2 1.37 5.50
60 5.2 1.98 7.91
TABLE 3.25

Uranium Plate Thickness Analysis

Average
Outlet
q(MW /m?®) 235
a(cm) 0.60
6. (cm) 0.09
épi{cm) 0.23
Ty (°C) 490
Tnmx(oc) 748
T.(“C) 530

Average Peak Peak

Inlet Outlet Inlet
235 422 422
1.00 0.50 0.70
0.15 0.08 0.11
0.38 0.19 0.27
340 490 340
1056 &11 970
451 540 438
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Figure 3.2 MCNP Three-Dimensional Model Section View
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Figure 3.6 Lithium Flow Path - Plan View
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4. COST ESTIMATE FOR RTFB

4.1 Introduction

An important part of any evaluation of a source of electricity or fissile fuel is
the answer to the question “What does it cost?” This chapter addresses the cost
of the RTFB. A description of the costing methodology is given. A cost estimate
for the reference design of the RTFB is next developed. The sensitivity of this
cost estimate to variations in the major parameters is investigated. Finally. the

chapter is summarized.

4.2 Costing Methodology

This section discusses the costing methodology used in estimating the cost
of the RTFB. The two methods used in estimating cost are described first.
Standard cost accounts used for fusion reactor cost estimates are next reviewed.

Adjustment of cost to a common basis is then presented.

4.2.1 Cost Scaling and Unit Costing

Two basic methods are generally used for cost estimating. In the first
method, known as system scaling costing, comparisons are done on a system
or subsystem basis with similar design for which the cost has already been
estimated. The cost of the components is then scaled by a parameter, such as
the mass or power. to a size or capacity appropriate for the application. These

scaled costs are then summed to give the total cost for the new system.
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The second method is known as unit costing. The size or capacity of each
piece of equipment in a subsystem is determined. The cost of the single piece of
equipment is estimated by multiplying by a unit cost. such as $ 'MWth or $ kg.
The total cost of the subsystem is determined by summing the cost of all the
individual pieces of equipment in the subsystem. The process proceeds through
all subsystems and systems until all equipment has been included. The total

estimated cost is then obtained by summing all system costs.

The costing method used in this work is a combination of the two meth-
ods. A detailed cost estimate using unit costing was done for the STARFIRE
commercial superconducting magnet tokamak reactor design study '4.1:. From
this detailed costing, a simplified costing algorithm was developed which uses
cost scaling on various systems {4.2!. This STARFIRE costing model was the

starting point for the cost estimate for the RTFB.

In the systems in which the RTFB is similar to STARFIRE, the cost of the
entire system for the RTFB is scaled from STARFIRE costs by the appropriate
parameters. However, there are many systems which are quite different for the
RTFB than the corresponding system in STARFIRE. For example, STARFIRE
has a solid breeder blanket with water cooling and a massive shield to limit
energy deposition in the superconducting toroidal field coils: the RTFB has a
liquid tritium breeding blanket with a solid fissile breeding region using both
liquid metal and molten salt for cooling with little additional shielding for the
resistive toroidal field coils. In these cases, system scaling of the STARFIRE
costs is not appropriate. Unit costing is used instead, with the costing basis.

1.e.3/kg or §;kWth. calculated for specific components or systems.
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4.2.2 Cost Accounts

Standard cost accounts have been recommended for fusion reactor cost
estimates 4.3]. Use of these standard accounts facilitates comparisons between

designs done by different groups. A discussion of the major accounts follows.

Account 20 includes land purchase and relocation of any required services.

such as highways and utilities. This account is fixed in cost.

All structures and site facilities are included in Account 21. All buildings
on the site (reactor. turbine. electrical equipment and supply. plant auxiliary
systems, hot cell, reactor service. service water. fuel handling and storage, con-
trol room, on-site AC power supply. administration. site service. cryogenic and
inert gas storage and security buildings) as well as the cooling sys.em structures
and ventilation stack are included. General improvements and transportation

access to the site are also included.

Reactor plant equipment is included in Account 22. This includes the reac-
tor equipment (blanket and first'wall. shield. magnets. heating and current drive,
primary structure and support. reactor vacuum. power supply. impurity control
and plasma breakdown), main heat transfer and transport systems (primary
coolant system, intermediate coolant system, limiter cooling system and resid-
ual heat removal system), cryogenic cooling system. radioactive waste treatment
and disposal, fuel handling and storage systems, other reactor plant equipment
(such as maintenance equipment, gas svstems etc.) and instrumentation and

control. Also in this account is a spare parts and contingency allowance.

Account 23 includes all turbine plant equipment. The turbine-generators,

main steam system, heat rejection system. condensing system, feed heating sys-
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tem and other turbine plant equipment (auxiliaries. chemical treatment and
condensate purification, etc.) as well as instrumentation and control are in this

account. Spare parts and contingency allowances are included.

Electric plant equipment is contained in Account 24. This includes switch-
gear. station service equipment. switchboards. protective equipment, electrical
structures and wiring containers. power and control wiring and electrical light-

ing. A spare parts and contingency allowance is also included.

Account 25 contains miscellaneous plant equipment. This is a catch-all
account that includes transportation and lifting equipment. air and water service
systems. communications equipment and furnishing and fixtures. Spare parts

and contingency allowances are included.

Special materials are included in Account 26. These include initial supply
of non-fuel and non-structural materials which are non-standard in the account-

ing. Examples are special fluids and gases.

Account 27 contains construction facilities, equipment and services. This
includes temporary facilities, all construction equipment and construction ser-
vices ( for example, utilities. security, training and testing of labor. site cleanup,

etc.).

Engineering and construction management services are in Account 92. Ac-

count 93 is for other costs (i.e., taxes and insurance, staff training and startup).

Accounts 94 and 95 are for interest during construction and escalation

during construction. the latter for inflated dollar analyses.
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4.2.3 Adjustment of Costs to 1984 Dollars

In this study. costs were obtained from many sources. The cost estimates
from: the various sources were done at different times. Due to the time value of
money. as discussed in Chapter 5. each of these costs must be adjusted to the

same point in time to be consistent.

The prescribed standard method for adjusting the costs estimated at var-
ious points in time to the same point in time is to use indices from the Handy
Whitman Index of Public Utility Construction Costs 4.4 and the Department
of Commerce publication Survey of Current Business :4.5.. The indices neces-
sary for this analysis are summarized in Table 4.2. In order to convert a cost

from Year Y dollars to Year X dollars:

Index for Year X
Index for Year Y

Cost in Year X = Cost in Year Y x (4.1)

Note that the indices are different for different accounts.

The cost information was taken primarily from three sources: The Non-
Proliferation Alternative Systems Assessment Study (NASAP) 4.6. the Battelle
Pacific Northwest Laboratory report “Fusion Reactor Design Studies - Standard
Unit Cosis and Cost Scaling Rules™ ‘4.7 and the STARFIRE design study i4.1;.
These sources will be referred to as NASAP. PNL and STARFIRE. NASAP costs
are in January. 1978 dollars. PNL costs are in July. 1979 dollars. STARFIRE
costs are in 1980 dollars (assumed January). The present costs are assumed to

be January. 1984 due to the lag in availability of the Handv Whitman data.
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4.3 Cost Estimate for Reference Design

This section presents the cost estimate for the RTFB reference design. This
is accomplished by first presenting a power balance for the RTFB. Detailed cost
accounting is then discussed. Next is presented a cost estimate for the RTFB
reference design. Sensitivity of the cost estimate to various assumptions is also

investigated.

4.3.1 RTFB Power Balance

A power balance was done for the RTFB to determine the quantities of
heat deposition in the various regions of the blanket and first wall. This is
used to determine the input power to the turbine. From the turbine power
and the thermal to electric conversion efficiency, the gross electric power can be
determined. The power requirements within the plant can be subtracted from
the gross electric power to give the net electric power. The net electric power is

the power that the plant sends to the busbar to sell.

A diagram showing the thermal and electric energy flows within the RTFB
plant is shown in Fig. 4.1. This figure is for the reference case at EOC with a

BOC blanket thermal power of 3757 MWth and a fuel cycle length of 4 years.

The power balance for the reference RTFB at EOC is shown in Table 4.3,
along with a comparison with STARFIRE. Although the RTFB fusion power
is lower than STARFIRE by a factor of 5.8. the turbine input power is higher
by a factor of 1.45. This is because of the blanket power enhancement in the
RTFB. due to fissioning of the fertile materials and the bred 23°Pu . The
recirculating power in the RTFB is a factor of 2.3 highgr than STARFIRE.
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The largest power requirement in the RTFB is for the resistive magnets (452
MWe) while in STARFIRE. the largest power requirement is for rf heating and
current drive. The net power output of the RTFB is 1552 MWe at EOC and for
STARFIRE. 1202 MWe. The average electric output of the RTFB is 1247 MWe.
Thus. even though the RTFB has a higher gross electric power than STARFIRE
by a factor of 1.45 (2094 MWe vs. 1440 Mwe), the net electric power of the
RTFB is higher than STARFIRE by a factor of 1.3 (1552 MWe vs. 1202 MWe)
due to the higher recirculating power in the RTFB (542 MWe vs. 238 MWe).
Note also that the average net electric power of the RTFB is comparable to the

STARFIRE net electric output (1247 MWE vs. 1202 MWe).

4.3.2 Cost Estimate for RTFB

The cost estimate for the RTFB reference design is shown in Table 4.4.
Also shown for comparison is cost information for STARFIRE. Note that all
costs are in millions of January 1. 1984 dollars. The STARFIRE values have

been adjusted to 1984 dollars using the Handy Whitman indices.

The total capital cost of the RTFB is 2% less than the capital cost of STAR-
FIRE. The RTFB is less expensive than STARFIRE by 9% in the structures and
site facilities account since the RTFB is more compact than STARFIRE. The
RTFB is 14% less expensive than STARFIRE in the reactor plant equipment
account. The differences in the reactor plant equipment account are considered
in more detail below. The RTFB is more expensive than STARFIRE in the
turbine plant equipment account (by 48%) and the electric plant equipment ac-
count (by 9%) due to the higher blanket power in the RTFB and the use of two

turbines instead of one, as in STARFIRE.
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Due to the larger net electric output of the RTFB. the RTFB is less ex-
pensive than STARFIRE per unit of net electric output by 6% (2414 $ /'kWe vs.
2566 $/kWe). This is a useful figure of merit. known as the cost of capacity.
since it is the capital cost per unit of electricity for sale and relates closely to the
cost of electricity. Note that the cost of capacity of the RTFB of 2414 $/kWe is

based on the average net electric output.

Another interesting comparison is the capital cost per unit of gross elec-
tricity production. This quantity is 1437 $ ‘’kWe for the RTFB and 2142 §/k We
for STARFIRE. Thus. the RTFB is 33% less expensive than STARFIRE per

unit of gross electric production.

More detail is shown in Table 4.5 for Account 22, Reactor Plant Equipment
since this single account contains ~50% of the total direct cost for both plants.
The two major subaccounts are reactor equipment (Account 22.01) and main
heat transfer and transport (Account 22.02). In the reactor equipment account,
the RTFB is about 45% as expensive as STARFIRE. Major savings of $215M
are realized by not needing the massive shield used in STARFIRE to protect the
superconducting toroidal field coils. A much more compact and less expensive
shield is used only in the inboard side of the RTFB. Savings in other accounts.
such as blanket and first wall, primary structure and support. reactor vacuum
svstem and impurity control system. are due to the more compact size of the
RTFB. Also the reference design for the RTFB has no heating or current drive.

The possibility of adding heating and/or current drive will be addressed later.

The cost of the power supplies for the RTFB is approximately 75% of the
cost of the STARFIRE power supplies. The total capacity of the RTFB power
supplies is 500 MWe. The total size of the largest STARFIRE power supplies
is 435 MWe (293 MVA for toroidal and equilibrium field coils and 142 MWe

for current drive power supplies) plus 90 MWe for power supplies for correction
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field coils and ECRH gyrotrons. Thus. the total for STARFIRE power supplies
is 525 MWe. The cost of these power supplies was estimated at 80 $/kWe
in 19808. which translates into 104 $ 'kWe in 1984$. The estimated cost of the
power supplies for the RTFB was taken to be the same as the STARFIRE power
supply cost. Thus. most of the difference in the power supply account is due to

the lower capacity of the RTFB power supplies.

The RTFB main heat transfer and transport system (Account 22.02) is a
factor of 3.8 more expensive than the STARFIRE system. The cost of the main
heat transfer and transport svstem for the RTFB is primarily in the primary
coolant system (66%) and the intermediate coolant system (32%) with a small
amount in limiter cooling and residual heat removal (RHR) systems (2%). The
primary coolant system of the RTFB uses both liquid lithium, for cooling the
multiplier region. and molten salt for cooling and breeding in the outer blanket
region. Intermediate sodium loops are required to minimize the possibility of
contact of radioactive coolant (liquid lithium and molten salt) from the primary
coolant system and water in the main steam system. Since STARFIRE uses
pressurized water coolant in the primary coolant svstem. no intermediate coolant
system was used. The RHR system for the RTFB was sized at 2.5% of the cost

of the primary coolant system, as discussed in Chapter 3.

The limiter cooling system for the RTFB is presumed to be the same
as STARFIRE. namely water cooling. The presence of water cooling circuits
(limiter and magnet system) in proximity to lithium cooling circuits (multiplier
cooling system) is a concern. The feasibility of limiter cooling with liquid metals
in a configuration that does not require lithium flow at high velocities across
magnetic field lines is currently under investigation '4.8]. Helium cooling for the

limiter may be possible {4.8i, and may also be considered for magnet cooling.

The cryogenic cooling system {Account 22.03) is not required for the RTFB
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and is deleted. The radioactive waste treatment and disposal system. the reactor
plant instrumentation and control system and other reactor plant equipment
accounts (Accounts 22.04, 22.07 and 22.06) are assumed to cost the same as
the corresponding STARFIRE accounts. The fuel handling and storage cost
(Account 22.05) for the RTFB include the cost of the molten salt processing

system to recover the tritium and uranium bred in the molten salt region.

The RTFB is more expensive than STARFIRE in the turbine plant equip-
ment account (Account 23) due to the larger thermal input power to the turbine
(5864 MWth for RTFB vs. 4033 MWth for STARFIRE) and resultant larger
gross electric power (2094 MWe for RTFB vs. 1440 MWe for STARFIRE). The
larger gross electric output for the RTFB also results in a higher cost for the

electric plant equipment (Account 24).

Miscellaneous plant equipment and special materials for the RTFB (Ac-

counts 25 and 26) are assumed to cost the same as for STARFIRE.

The total direct cost (Account 90) for the RTFB is 10% less than for
STARFIRE. Accounts 91. 92 and 93 are estimated based on fractions of the total
direct cost (0.10. 0.08 and 0.05 respectively). The interest during construction
(Account 94) is estimated as a fraction of the total of Accounts 90, 91, 92,
and 93. This fraction is a function of the interest rate. the inflation rate. the
construction time and the expenditure pattern during construction. The interest
during construction shown for the RTFB uses a fraction of 0.1303, which is the
same as STARFIRE [4.1]. Use of this factor assumes that the RTFB has the
same expenditure pattern as STARFIRE, the same interest rate (5%/yr) and
the same total construction period (6 yr.). Note also that the factor of 0.1303

is for no inflation.

The total direct cost and ihe indirect costs (Accounts 91 through 94) are
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summed to give the total reactor capital cost (Account 99). Note that this is a
constant dollar analysis in which the total capital cost is in January 1, 19848,
assumed to be the beginning of construction. The total construction period of

6 years gives the beginning of operation date of January 1, 1990.

From the total capital cost and additional information, the cost of elec-
tricity from the RTFB can be estimated. It should be noted that the cost of
electricity which follows is estimated on the same basis as STARFIRE for com-
parison purposes. The costs related to the recovery of the bred fuel from the
multiplier are not included and the value of the fissile fuel produced are also not
included. These costs and credits are considered in the system economic analysis
in a consistent evaluation. The following evaluaticn is only for comparison with

STARFIRE.

The breakdown of the cost of electricity for the RTFB and STARFIRE
is shown in Table 4.6. The yearly carrying charges assumed for the RTFB are
10%, the same as in STARFIRE. The capacity factor assumed in the calculations
is 75% for both RTFB and STARFIRE. The operation and maintenance cost
was assumed to scale with the gross electric output. The scheduled component
replacement cost scales with the blanket lifetime. The fuel cost is for deuterium,
which is practically negligible in this analysis. The total cost of electricity is
6% less from the RTFB compared to STARFIRE. Note that this comparison
does not include the fuel cycle costs related to the reprocessing of the uranium

multiplier or the value of the recovered fuel.
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4.3.3 Sensitivity of Cost Estimate for RTFB

In the development of the cost analysis, many assumptions were made
regarding the cost of various components of systems. and the method by which
the cost of these components and systems could be estimated. This section
explores the effect on the RTFB capital cost of varving the cost assumptions

related to several components and systems.

The toroidal field coil system of the RTFB was estimated to cost $30/kg
in 19808 for the reference case cost estimate. Additionally, the thickness of the
outboard leg was 1.5 m. The cost of the toroidal field coil system is dependent
on the cost of the coils in $/kg. The mass of the TF coils in the reference case
is affected by the thickness of the outboard leg of the coil. As the thickness
of the outboard leg is decreased, the mass, and hence the cost, of the TF coil
decreases. However, the resistive power requirement of the TF coil increases
since the current density in the outer leg increases. This causes the cost of the
power supplies to increase and the net electric power output to decrease. These
effects must be considered in combination to determine the net effect on the cost

of electricity.

The effect on the cost of the toroidal field coils of varying the input unit
cost of the toroidal coils in 19808 from $0,kg to $100/kg is shown in Fig. 4.2 for
cuter leg thicknesses of 0.5. 0.75. 1.0 and 1.5 m. The cost of the toroidal field
coils is seen to vary from 0$ to 330 MS$ for the 0.5 m. thickness and 0$ to 580
MS for the 1.5 m. thickness as the unit cost increases from $0/kg to $100/kg.
The TF cost of $0/kg is not intended to represent an expected cost, but to show
a limiting value. The effect of varying the toroidal field magnet unit cost on the
total capital cost of the RTFB is shown in Fig. 4.3. The total RTFB capital

cost ?sseen to increase by a factor of 1.2 for the cutboard leg thickness of 0.5
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m. as the toroidal field magnet unit cost increases from $0/kg to $100/kg and
by a factor of 1.4 for the outboard leg thickness of 1.5 m., for the same increase

in unit cost.

The variation of the cost of capacity with the toroidal field coil unit cost
and the outboard leg thickness is shown in Fig. 4.4. From Fig. 4.4, it is seen
that each outboard leg thickness can give a iower cost of capacity than all other
thicknesses shown over a range of magnet unit cost. Thus, the cost of capacity
is lowest for the outboard leg thickness of 1.5 m. for $0/kg to $12/kg; for 1.0
m.. from S]2f’kg to $28/kg: for 0.75 m.. from $28 ‘kg to $60 /kg; for 0.5 m., from
$60 kg to $100,kg. Thus, as the toroidal field magnets become more expensive,
on a unit cost basis. the decreased mass of the thinner outboard leg more than

offsets the increased resistive power requirement of the thinner outboard leg.

The variation of the cost of electricity with the unit cost of the toroidal
field coil and the outboard leg thickness is shown in Fig. 4.5. Similar to the
cost of capacity. each outboard leg thickness can give a lower cost of electricity
than all other thicknesses shown over a range of magnet unit cost. The cost of
electricity is lowest for an outboard leg thickness of 1.3 m. for a magnet unit
cost from $0 kg to $16,kg; for 1.0 m.. from $16 kg to $30 'kg: for 0.75 m., from
$30 kg 1o $68 ‘kg: for 0.5 m., from $68 kg to $100'kg. Over a range of unit
costs from $20/kg to $80/kg, very little difference in electricity cost is seen for

the 0.5. 0.75 and 1.0 m. outboard leg thicknesses.

For the estimated cost of the toroidal field coil of $30/kg. the cost of
capacity is minimized with a 0.75 m. outboard leg thickness and the cost of
electricity is also minimized with an outboard leg thickness of 0.75 m. Thus. the
outboard leg thickness will be changed to 0.75 m. in the reference case and the
toroidal field power changed accordingly to 260 MWe since this configuration

minimizes both the cost of capacity and the cost of electricity in the previous
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analysis.

Other cost sensitivities are also of importance. These include the number
of turbine-generator sets. the capacity factor. the total capital cost and the

recirculating electric power.

The gross electric output of the RTFB is 2094 MWe. This is larger than any
single turbine generator unit currently in existence. Thus. consideration will be
given to dividing the electrical output between multiple turbine-generator units.
This sensitivity will also examine the effect of the capacity factor. since using
multiple turbine-generator sets may increase the availability of the RTFB since
one turbine-generator unit could stay in operation while the other was being
serviced. It is not clear that the capacity factor would increase, so the effect of

lower capacity factor will also be considered.

Variation of the cost of Account 23. which contains the turbine plant equip-
ment. the total capital cost and the cost of capacity with the number of turbine-
generator sets is shown in Table 4.7. The change in the cost of Account 23 is
due to the difference in cost assuming the cost of the unit scales with the square
root of the size of the capacity of the unit. Thus. two turbine-generator sets
would cost 2 times the cost of one unit of twice the capacity. Note that the
turbine-generators are only one part of Account 23, so that the total cost of Ac-
count 23 does not follow this scaling. Thus. as the number of turbine-generator
set increases the total capital cost and the cost of capacity increase. as shown

in Table 4.7.

The cost of electricity also increases with the number of turbine-generator
sets. as shown in Fig. 4.6. However. as also shown in Fig. 4.6. the capacity
factor is also important to the cost of electricity. This is because the RTFB is a

very capital intensive plant; most of the cost of electricity is due to the capital
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cost of the plant. These costs are fixed and must be paid even when the plant
is not operating or operating at reduced capacity. The variable charges, such as
fuel. which depend on the level at which the plant operates. are small relative
to the capital charges. It should be kept in mind that for the RTFB operating

at full power. 1 mill ‘kWhre translates into $11 M/yr.

As an example of the importance of the capacity factor. for the base case
of 0.75 capacity factor, the cost of electricity is 42.4 mills/kWhre: for a de-
creased capacity factor of 0.65. the cost of electricity is 49.5 mills/k Whre: for
an increased capacity factor of 0.85. the cost of electricity is 37.0 mills/kWhre.
Thus. an increase of 0.1 in the capacity factor results in a decrease in the cost
of electricity by 13%. However. a decrease of 0.1 in the capacity factor results
in an increase in the cost of electricity of 17%. The rewards of a higher capacity

factor are not so great as the penalties of a lower capacity factor.

Fig. 4.6 can be used to determine the increase in capacity factor necessary
to give the same cost of electricity for an increased number of turbine-generator
sets. For example. to produce electricity at the same cost as a plant with
one turbine-generator set and a capacity factor of 0.75. the plant with two
turbine-generators would need a capacity factor of 0.772: the plant with three
turbine-generators would need a capacity factor of 0.790. These capacity factors
represent increases of 3.0% and 5.3% over the base case capacity factor of 0.75.
Alternatively, for the same capacity factor of 0.75. the cost of electricity from the
single turbine-generator plant is 41.0 mills 'k Whre; for the two turbine-generator
plant, 42.4 mills 'k Whre: for the three turbine-generator plant, 43.4 mills /kwhre.
These costs of electricity represent a decrease of 3.4% and an increase of 2.4%

over the base case of 2 turbines.

Variation of the cost of electricity with the total capital cost is shown in

Fig. 4.7. The cost of electricity is linear with the total capital cost over the range
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of capital costs shown because the capital cost dominates the cost of electricity.
The cost of electricity is seen to vary from 24 to 78 mills /kWhre as the capital
cost varies from a factor of 0.5 times the reference estimate to a factor of 2 times

the reference estimate.

The recirculating power is also of importance. If it is necessary tc use more
of the gross electric production of the RTFB within the plant, less net electric
power will be available for sale. Additicnally. any use of the power internally
may require the provision of additional power supplies which will affect the
capital cost of the RTFB. Thus. the sensitivity of various parameters to the

recirculating power is evaluated.

Variation of the recirculating power is simulated by changing the toroidal
field coil power requirement. Note that this also changes the capital cost since
the capacity. and thus the cost, of the power supplies changes with the power
requirement. Additionally, the net electric output is changed, which affects the

cost of capacity and the cost of electricity.

The decrease in the net electric power with increasing magnet power re-
quirements is shown in Fig. 4.8. Note that in addition to the magnet power
requirements. additional recirculating electric power is required for pumping and
auxiliaries (72 MWe for 200 MWe magnet power). The additional recirculating
power increases by 7 MWe as the magnet power requirement increases from
200 MWe to 1000 MWe due to the increased pumping requirements for magnet
cooling. The toroidal field magnet power requirement is varied to simulate the
additional recirculating power. The range of 200 MWe to 1000 MWe magnet

power requirement is intended to be illustrative only.

As the magnet power requirement increases. the total capital cost also

increases due to the increased capacity of the magnet power supplies. This
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increase is shown in Fig. 4.9. Since the magnet power supplies are a small
fraction of the total capital cost (1.2% for 200 MWe magnet power) The total
capital cost only increases by 6% as the magnet power increases by a factor of

5 (from 200 MWe to 1000 MWe).

However. the more important effect can be seen in F ig. 4.10. The cost of
capacity rises as the magnet power requirement increases due to the decreased
net electric output. For a cost of capacity equal to STARFIRE (82566 /k We),
the magnet power requirement could increase to 485 MWe from the reference

case value of 452 MWe.

The cost of electricity as a function of magnet power is shown in F ig.
4.11. The trend in the cost of electricity is very similar to that of the cost of
capacity since the cost of electricity is dominated by the capital cost. It may
be seen from Fig. 4.11 that, similar to the evaluation for the cost of capacity,
the magnet power requirement for the RTFB could rise to 500 MWe from the

reference case of 452 MWe and still maintain the cost of electricity the same as

STARFIRE (45 mills, kWhre).

Thus, if the magnet power requirement is larger than calculated by a factor

of 1.07. the RTFB would have the same cost of capacity and cost of electricity

as STARFIRE.

The above evaluations are all for the reference case with shield in which
the BOC blanket thermal power is 4071 MWth. It was shown in Chapter 3 that
the blanket will experience a power swing from BOC to EOC due to the buildup
of ***Pu in the multiplier. This power swing must also be taken into account in

the cost calculations. The method is as follows.

The blanket power variation model used for the multiplier is
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Pmult = Pmult,BOC(l + 226E) (42)

where E is the atom fraction of 22°Pu in the multiplier. The power variation in

the molten salt is given by

Pm. = Pmepoc(1 - 1.78E) (4.3)

The blanket power variation models are derived from the calculations discussed

in Chapter 3 for 0.01 and 0.02 a0 2*>“Pu in the multiplier region.

If the blanket power is maintained constant, the fusion power must steadily
decrease as the concentration of ***Pu in the multiplier increases. In this mode
of operation, the plant components must be sized for the initial fusion power.
Thus. the capital cost of the plant is fixed and the electricity output of the plant
is also fixed. As the fusion power decreases. the rate of fissile fuel and tritium
production decreases due to the decrease in fusion power. Note that the values
of T and F increase due to the increased number of fissions and the resulting
increased number of neutrons. For the present analysis. the cost of electricity
would not be affected. since the value of the fissile fuel is not taken into account.

This case will be discussed in more detail in the system economic analysis.

If the fusion power remains constant, the blanket power will increase due
to the increase of 2*“Pu in the multiplier. Hence. the size of the plant must

be such that the heat generated in the blanket at EOC can be removed and

converted into electririty.

This mode of operation is modelled in the COST code by setting the blan-
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ket power equal to the power at EOC. The EOC power is determined by the
RTFB fuel cycle length. which is limited by the 229Pu a/o in the multiplier,
as discussed in Chapter 3. This sizes all components for the maximum power
output of the blanket. The variation of power from lower power at BOC to
maximum power at EOC is simulated by calculating the ratio of the average net
electric output to the peak net electric output. The cost of capacity and the
cost of electricity can then be calculated based on average net electric output

values.

The total capital cost of the plant as a function of the RTFB fuel cycle
length is shown in Fig. 4.13. The total capital cost is seen to rise almost linearly
from $2.7B to $3.0B as the RTFB fuel cycle length increases from 1 to 4 years
because the large capital cost items which vary in size with blanket power are
generally estimated based on unit costing. An exception to this is the turbine-

generator set, which scales with the square root of the thermal input.

Similarly, from Fig. 4.14. it may be seen that the net slectric output scales
linearly with the RTFB fuel cvcle length. increasing from 1100 MWe to 1550
MWe as the fuel cvcle length increases from 1 to 4 vears. However, as seen in
Fig. 4.15. the cost of capacity decreases bv 957 as the RTFB fuel cyvcle length
varies from 1 to 4 years. This occurs because as the total capital cost rises by
11%. the net electric output rises by 41% and ratio of the average to peak power

decreases from 0.93 to 0.80.

The cost of electricity variation with the RTFB fuel cycle length is shown

in Fig. 4.16. The cost of electricity is seen to decrease by 8% as the RTFB fuel

cycle length varies from 1 to 4 years.

From these figures, it would appear that the >**Pu a/o. and hence. the

blanket power, could be increased even further with resulting lower electricity
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costs. However. the value of k. limits the 2**Pu a/o as discussed in Chapter
3. Additionally, the maximum pressure for the lithium pumping calculations
is shown in Fig. 4.17. The increase in the maximum pressure drop would be
limited by the pressure allowed in the duct, as discussed in Chapter 3. This
issue will be explored more fully in the system economics evaluation, where the

cost of reprocessing the multiplier is evaluated.

4.4 Summary

This chapter has presented the cost estimating methodology and the cost
estimate for the RTFB. The cost was estimated by using two methods: system
cost scaling and unit costing. In system cost scaling, the cost is estimated by
using a previous cost estimate for a similar system and adjusting the cost for
the RTFB by an appropriate factor. In unit costing, the cost of the RTFB
item or system is estimated by calculating, for example, the capacity or mass
(such as, MWth or kg) and multiplying by the unit cost (for example. $, MWth
or $ 'kg). The costs of the various systems are summed to give the cost of
each account. The standard accounts for fusion reactor cost estimating have
been established to insure uniformity among fusion reactor cost estimates. The
accounts are assigned contingency allocations and summed to give the total cost
of the reactor. A construction time and expenditure pattern are then assumed to
give the interest during construction. The interest, along with construction and
management charges. is added to the total direct cost to give the total capital

CcOost.

The costs used in the RTFB cost estimate are taken from many sources
which estimated costs at different times. Hence. the costs must all be adjusted
to the same point in time. The prescribed method for this adjustment is to

use indices from the Handy Whitman Index or the Department of Commerce
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Survey of Current Business. Most of the cost information was taken from the
Non-Proliferation Alternative Systems Assessment Study, the Battelle Pacific
Northwest Laboratory report “Fusion Reactor Design Studies - Standard Unit

Costs and Cost Scaling Rules,” and the STARFIRE design study.

The RTFB is compared to STARFIRE. which is the basis for the cost
estimate. Although the RTFB fusion power is lower than STARFIRE by a
factor of 5.8, the input power to the turbine is higher by a factor of 1.45. This is
due to the energy multiplication in the RTFB blanket. The recirculating power
of the RTFB is a factor of 2.3 higher than in STARFIRE. The net electric output
of the RTFB is 1552 MWe at EOC. compared to 1202 MWe for STARFIRE.
The average electric output of the RTFB is 1247 MWe.

The RTFB capital is 2% less than the STARFIRE capital cost. Although
the RTFB nuclear island is more compact than STARFIRE, the reactor plant
equipment account is only 14% less expensive than STARFIRE. This is due to
the different cooling system of the RTFB. which uses liquid metal and molten
salt. STARFIRE uses water cooling. which eliminates the need for an intermedi-
ate cooiunt loop between the primary cooling system and the main steam system.
However, the RTFB does not require the massive shield used in STARFIRE to

limit nuclear heat deposition in the superconducting magnets.

It should be noted that the limiter cooling system for the RTFB is assumed
to be the same as STARFIRE. namely. water cooling. Other options for cooling
the limiter are available if water cooling is considered unacceptable from a safety

standpoint.

The cost of electricity for the RTFB was estimated, on the same basis as
STARFIRE. Note that this comparison does not include the fuel cvcle costs and

the value of the fissile fuel produced by the RTFB. The comparison is on the
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same basis as the STARFIRE financial assumptions. On this basis, the cost
of electricity from the RTFB is 42.4 mills;kWhre and 44.9 mills/kWhre from
STARFIRE. These costs are in 1984$.

The sensitivity of the RTFB cost estimate and cost of electricity to various
parameters is also investigated. The cost of electricity is seen to be a minimum
for each outboard leg thickness over a range of toroidal field coil unit costs. For
the estimated toroidal field coil cost of $30/kg, the cost of electricity is minimum

for an outboard leg thickness of 0.75 m.

The effect of the number of turbines and availability on the electricity
cost is also evaluated. Increasing the number of turbines increases the cost of
electricity from the RTFB. Decreasing the capacity factor increases the cost of
electricity and increasing the capacity factor decreases the cost of electricity. As
an example. the base case capacity factor of 0.75 gives a cost of electricity of
42.4 mills/kWhre; a decreased capacity factor of 0.65 gives a cost of electricity of
49.5 milis ‘kWhre. an increase of 17%: an increased capacity factor of 0.85 gives
a cost of electricity of 37.0 mills/kWhre. a decrease of 13%. Thus. the benefits
of an increased capacity factor are not as great as the penalties of a decreased

capacity factor.

It is also shown that the RTFB magnet power requirement could rise by

a factor of 1.07. from 452 MWe to 500 MWe. and maintain the same cost of

electricity as STARFIRE.

The blanket power variation with blanket lifetime is modelled in the COST
code by sizing all components based on the EOC power level, which is the highest
power. and calculating the cost of all electricity cost components on the basis
of the average electric output. The RTFB fuel cycle length is selected to be 4

vears, since this length gives the lowest cost of capacity and cost of electricity.
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consistent with the limitations on k.ss discussed in Chapter 3. Thus, the cost

of the reference design of the RTFB is $3.01B in 1984$.

References

14.1] Baker. C. C.. et al.. “STARFIRE - A Commercial Tokamak Fusion Power

4.2

4.3

4.4]

4 .6"

4.8,

Plant Study,” Argonne National Laboratory Report ANL FPP-80-1, (Sep-
tember 1980).

Evans, K., “A Tokamak Reactor Cost Model Based on STARFIRE /
WILDCAT Costing,” Argonne National Laboratory Report ANL/ FPP/
TM-168, (March 1983).

Schulte. S. C., Willke. T. L.. Young. J. R., “Fusion Reactor Design Studies
- Standard Accounts for Cost Estimates,” Pacific Northwest Laboratory
Report PNL-2648, (May 1978).

The Handy Whitman Indez of Public Utility Construction Costs, Whitman,
Requardt and Associates, Bulletin No. 119, To January 1, 1984, Baltimore,
MD.

. Survey of Current Business. United States Department of Commerce. Bu-

reau of Economic Analysis. Washington. D. C.. (July 19&4).

U.S. Department of Energy. “Nuclear Proliferation and Civilian Nuclear
Power: Report of the Nonproliferation Alternative Svstem Assessment Pro-
gram.” DOE-NE-0001, (June 1980).

.7 Schulte, S. C.. et al.. “Fusion Reactor Design Studies - Standard Unit Costs

and Cost Scaling Rujes.” Pacific Northwest Laboratory Report PNL-2987,
(September 1979).

Smith. D. L., et al., “Blanket Comparison and Selection Study - Final Re-
port,” Argonne National Laboratory Report ANL /FPP-84-1, (September
1984).

152



TABLY 4.1

Standard Fusion Reactor Cost Accounts

Account

20
21
22
23
24
25
26
90
91
92
93
94
99

Description

Land Acquisition and Relocation

Structure and Site Facilities

Reactor Plant Equipment

Turbine Plant Equipment

Electric Plant Equipment

Miscellaneous Plant Equipment

Special Materials

Total Direct Cost

Construction Facilities, Equipment & Services
Engineering and Construction Management Services
Other Costs

Interest During Construction

Total Reactor Capital Cost

TABLE 4.2

Summary of Cost Adjustment Indices

January July January January

1978 1979 1980 1984
Survey of
Current Business 178 - 219 261
Handy Whitman
Index
Reactor Plant Equipment 151 173 181 235
Structures and Improvements - - 172 212
Turbogenerators - - 191 251
Total Distribution Plant - - 184 229
Misc. Power Plant Equipment - - 184 250
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TABLE 4.3
Power Flow Comparison — RTFB and STARFIRE

RTFB STARFIRE

Fusion Power 618 3608
Bianket Neutron Power 5209 457
Plasma Heating 0 90
Limiter Heating 35 200
Shield Reject Heat 0 65
Primary 5792 3800
Turbine Input 5864 4033
Gross Electric 2094 1440
Turbine Waste Heat 3771 2593
Turbine Reject Heat 3810 2620
Heating Reject Heat 0 63
BOP Auxiliaries 13 13
Magnets 452 5
Heating 0 153
Cryogenics 0 7
Pumping 37 33
Heat Transport 39 27
Thermal Power 5827 4065
Recirculating Power 542 238
Total Reject Heat 3810 2685
Net Electric 1552 1202
Average/Peak Electric . 0.804 -
Average/Peak Thermal 0.849 -
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TABLE 4.4

RTFB Cost Comparison With STARFIRE (January 1, 1984 MS)

Account liems RTFB STARFIRE
20 Land Acquisition and Relocation 4.01 4.01
21 Structure and Site Facilities 387.50 427.18
22 Reactor Plant Equipment 1075.52 1257.61
23 Turbine Plant Equipment 484.08 328.11
24 Electric Plant Equipment 1 58.64 145.96
25 Misc. Plant Equipment 55.39 55.39
26 Special Materials 0.30 0.30
90 Total Direct Cost 2165.43 2218.57
91 Construction Facilities. 216.54 221.86

Equipment & Services
92 Engineering & Construction 173.23 177.49
Management Services
93 Other Costs 108.27 110.93
94 Interest During Construction 347.05 353.57
920 Total Reactor Capital Cost 3010.53 3084.41
Cost of Capacity($,/kWe ave.) 2414 2566
Cost of Electricity (mills/kWhre) 42.4 449




TABLE 4.5

RTFB Cost Comparison With STARFIRE (1984 MS$)
Account 22 - Reactor Plant Equipment

Account Items RTFB STARFIRE
22 Reactor Plant Equipment 1075.52 1257.61
22.01 Reactor Equipment 345.38 765.06
22.01.01 Blanket and First Wall 80.72 106.93
22.01.02 Reactor Shield 32.96 241.58
22.01.03 Magnets 152.76 222.76
22.01.04 Heating and;or Current Drive 0.00 43.48
22.01.05  Primary Structure and Support 21.60 68.47
22.01.06 Reactor Vacuum System 1.64 6.31
22.01.07 Power Supply 53.04 68.68
22.01.08  Impurity Control System 1.82 3.18
22.01.09 ECRH Breakdown 0.84 3.66
22.02 Main Heat Transfer and Transport 345.81 90.68
22.02.01 Primary Coolant System 227.25 81.93
22.02.02 Intermediate Coolant System 110.15 0.00
22.02.03  Limiter Cooling System 3.86 8.04
22.02.04 Residual Heat Removal System 4.55 0.71
22.03 Cryogenic Cooling System 0.00 19.35
22.04 Radioactive Waste Treat. and Disposal 6.23 6.23
22.05 Fuel Handling and Storage 78.37 50.12
22.06 Other Reactor Plant Equipment 56.80 56.80
22.07 Instrumentation and Control 30.39 30.39
22.98 Spare Parts 83.07 86.19
22.99 Contingencies 129.45 152.79




TABLE 4.6
RTFB Cost of Electricity Comparison With STARFIRE

Cost of Electricity by

Component (mills/kWhre) RTFB STARFIRE

Capital Cost 36.9 39.1

Operation and Maintenance 4.5 3.0

Scheduled Component Replacement 1.1 2.9

Fuel Cost 0.0 0.1

Total Cost of Electricity 42.4 44.9
TABLE 4.7

RTFB Account 23, Total Capital Cost and Cost of Capacity for
Number of Turbines

Number of Total Cost of
Turbines Account 23 Capital Cost Capacity
1 421.56 2896.49 2322
2 484.08 3010.53 2414
3 532.05 3095.92 2482
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5. SYSTEM ECONOMIC ANALYSIS

5.1 Introduction

This chapter presents the economic evaluation of the system of the RTFB
and the associated client reactors. The discussion begins with a description of
the PWR which is used as the basis for comparisen. The once through fuel cy-
cle is the standard against which the RTFB-client reactor system is compared.
The client PWR fuel cvcle is then discussed. The client PWRs operate on two
different fuel cycles: the 233U and the 239Pu fuel cycles. The system economic
evaluation methodology is then developed. The syvstem economic evaluation is
then performed. including investigation of the sensitivity of the various figures
of merit to the many input parameters. Additionally, a comparison to a super-
conducting tokamak fusion breeder and a superconducting tandem mirror fusion

breeder is presented. Finally, the chapter is summarized.

5.2 Once Through and Client PWR Irformation

The basis for comparison to the RTFB-client reactor system is the PWR
on the once-through fuel cycle. The client reactor system consists of PWRs on
the 2%°Pu and 223U fuel cycles. The PW Rs are identica) for all evaluations, but
operate on different fuel cycles. This section describes the characteristics of the

PWR and the three (once through, 2%“Pu , 223U ) fuel cycles.

The PWR used for comparison is taken from the NASAP study |5.1.. Unit
size, capacity factor, mass flows and timing of mass flows for the PWR on the
once through, ?*3U based and 22Pu based fuel cycles are shown in Table 5.1.
The capital, operating and maintenance and fuel cycle unit costs are shown in

Table 5.2. All costs are shown for 1978% (the date of the NASAP estimate),
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19845 (for a comparison basis) and 19908 (the date of initial operation of the

RTFB).

The front end costs for the once through fuel cycle include vranium, en-
richment and fabrication. Front end costs for the 223U and 23YPu fuel cycles
only include fabrication. since the make up fuel is exchanged within the system.
Sufficient **2Th and 2%*U are available from within the system that make up of

these fertile materials is neglected.

The back end costs for the once through system include spent fuel shipping
and disposal costs since the fuel is discarded after discharge from the reactor.
The back end costs for the 23U and 2*°Pu fuel cycles include transportation,

reprocessing and waste disposal.

5.3 RTFB Fuel Cycle Information

A summary of the RTFB fuel cycle cost information is shown in Table
5.3. The cost of fabrication was taken from NASAP and is for uranium metal
breeder blanket assemblies {5.1,. The cost for transportation aﬁd waste shipping
and disposal was also taken from NASAP. The projected estimated cost of py-
rochemical processing was taken from a LLNL report in which the application
of pyrochemical reprocessing to fusion breeders was discussed [5.2]. It is noted
that the cost of pyrochemical processing is substantially lower than the aqueous

processing assumed for the client reactors.

The cost of the uranium multiplier is determined from the cost of U3Og in

~each analysis, since the purchase cost of the metal would depend on the current
~_ price of G305.
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A summary of RTFB performance parameters is given in Table 5.4. The

total fissile production is 3790 kg. yr.

5.4 System Economic Evaluation Methodology

This section is a discussion of the basic economic principles necessary for
an evaluation of the cost of electricity from the RTFB-client reactor system. It
begins with the concepts of the time value of money and proceeds to apply this
concept to a PWR on the once through fuel cycle and the RTFB-client reactor

system.

In the construction of any large project, expenditures are spread over a
period of many years. Additionally, the useful life of the project may spread
over a (hopefully) much longer period of time. Thus, in order to evaluate the
cost of the service provided by the facility. the time value of money must be

considered.

The time value of money has three components: basic return on invest-
ment, inflation and risk. The basic return on investment is normally called the
uninflated interest rate. Inflation is taken to be the general rate of escalation
of prices within an economy. Risk is directly related to the perception of the
probability of the successful completion and operation of the project, so that
the capital borrowed will be repaid. Of these three basic components, only the
basic return on investment. or interest, and inflation will be considered. Risk

will not be considered.

An additional economic factor is escalation. Escalation is the rate at which
the price of a commodity increases in excess of interest and inflation rates. This

is usually caused by increasing scarcity of the commodity. As an example. as
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the easily mined deposits of uranium are depleted. more expensive (i.e.. lower
grade) deposits will be developed. These deposits will require a higher price for
uranium to recover the increased investment necessary to recover the uranium.
This increase may exceed the increase due to inflation by s substantial amount.

This was seen to happen with uranium in the early 1970's.

In this analysis, all discounting and cash flows will be assumed to occur
at the end of the vear. All discount. inflation and escalation rates are discrete

annual. and not continuous.

5.4.1 Time Value of Money

The reference time used for present values is the beginning of operation.

The present value of an expenditure at some point in the future is given by:

(5.1)

where:

P = Present value of a future expense

F

Future expense in Year 0 Dollars
r = Annual inflation rate
t = Annual interest rate

n = Time at which the expense occurs

Similarly, for the future value of a present investment:
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(5.2)

Note that in the two previous equations, the annual interest rate includes an
allowance for inflation. These two equations will be used to adjust expenditures
occurring at different points in time to a common basis, including the effects of

inflation.

The capital recovery factor gives the annual payment required to “pay

back™ an investment over a number of years:

i(1+0)¥

A=PI g yr =1

(5.3)

where:

A = Annual payvment to recover a capital investment
P = Capital investment

K = Number of uniform annual payments

These are the basic concepts needed for the financial analysis.



5.4.2 Cost Components of Electricity Production

This section details the calculation of cost components of electricity pro-
duction. The calculational method closely follows Reference :5.3}, with the ad-
dition of inflation. The same method is applied to the fusion breeder with

appropriate modifications. which are noted.

The discussion is based on an LWR on the conventional once-through fuel
cvcle. Appropriate modifications for the client reactor system with recycle and

the fusion breeder fuel cycle are also noted.

The effective interest rate is:

1= (b x 1)+ (e x 2.) (5.4)

where:

b = bond fraction
1. = bond interest rate
e = equity fraction

1 = equity interest rate

Note also that the interest rate may include an allowance for inflation (i > r).

Typical utility values are shown in Table 5.4.

The return on a capital investment is:
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Cy = C[(’(];')A—} (5.5)

This is the annual amount, C,,, that must be charged to recover the capital

investment, C, in the plant. K is the lifetime of the plant.

The annual production of electricity is given by

E = Power x Capacity Factor x 8766 hr;yr (5.6)

Thus, the levelized capital cost contribution to electricity cost is:

Cy

Lcap = —E— (5°7)

The fixed charges on a capital investment (i.e., property insurance, prop-

erty taxes) are given by

x C .
Ly = %_ (5.8)

where [ is the fixed charge rate, typically 0.05. These charges are assumed to be
unresponsive to inflation since they are based on the capital cost of the plant.

which is a sunk cost. Additionally, the fixed costs are nontaxable.

The taxes on the income to recover a capital investment are given by:
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Letes = () (=2 =2) - (-1 (B (4

?

(5.9)
« 1+« 'l c- KC, _ _KiC
(1+9)K -1 (1+17)  (1+%)
where ? is the tax rate and straight line depreciation
cdep = (5.10)

K
has been assumed. These are taxes that must be paid on the income collected

to pay for the capital investment. The taxes are basically the income tax rate

times the revenue collected to pay for the plant minus the plant depreciation.

The operating and maintenance costs are given by:

_ fixed O & M -+ [(variable O & M) x (capacity factor)’ (5.11)
= i .

Lom

Fuel cycle costs will now be considered. The basis for the calculation is
a single equilibrium batch. Startup and final fuel batches are considered as
equilibrium batches. The reference time to which all transactions are adjusted

is the fuel load time.

The direct expenses for the once through and client PWRs are given by:

+q)id g+ N
F {1 4‘!)"’ + B(l+'-')l,,+N
L, = (1+7) (1+i) (5.12)
E|Q=xr)  (A-r)2  (1-r)¥
N | (I+) = (3+9)2 T (A=0)¥
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where:

F = Front end costs

ld = Front end lead time
B = Back end costs

lg = Back end lag time

N = Number of batches in fuel cycle

The lead time is the time before fuel load that all front end transactions occur.
The lag time is the time after discharge when all back end transactions occur.
Discharge occurs in N years after fuel load. It has been assumed that one batch
load produces T\r—lﬁ of the energy produced in each year of its NV years residence

in the core.

The direct expenses for the RTFB are given by:

(1+:)" | (14r)la*tid
Ly = F(l-f-r)"’ - B(lo;i)lu-w.ffl (5 13)
b= .
() | (n2 L (ent
E (1+1) - (1+1)° IR

where bfel is the RTFB fuel cycle length. Note that the entire multiplier region

is replaced at one time.

The front end costs are given by:

F = uranium — enrichment + fabrication (5.14)

for the once through PWR and



F = fuel + fabrication (5.15)

for the client PWRs with recycle. For the RTFB. the front end costs are given

by:

-

F = uranium ~ fabrication. (5.16)

The back end costs are given by:

B = spent fuel shipping and disposal (5.17)

for the once through PWR and

B = transportation. reprocessing and waste disposal (5.18)

for the client PWRs and the RTFB.

Taxes must be paid on this income. The fuel is considered a depreciating
asset for the once through PWR since it has no value after use. The fuel for
the client reactors, however, is not depreciated and is considered a capital asset
since it is recycled and reused within the system. Hence, a carrying charge will
be paid on the value of the fuel. Although the value of the fuel is not depreciated
in the RTFB-client reactor system. all expenses related to fabrication and re-

processing are depreciated. The depreciation allowance is directly proportional
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to the amount of energy produced by a batch in any year. All direct expenses
associated with a batch are depreciated. However. the time value of money can

only be considered for expenses occurring before or after operation.

The taxes on a single batch of fuel are given by:

L ooyid B

1
Lptoz = (i_—_t) Ly - E

Note that the front end costs include the value of the fuel for the once through

PWR and do not include the value of the fuel for the client reactor system.

The RTFB fuel cycle costs are calculated in the same manner as the PWR
fuel cycle costs, except the fuel cycle length for the RTFB may be different than

for the once through or *33U and 22°Pu systems.

The RTFB-client reactor system electricity cost is determined by averaging
the RTFB electricity cost and the client reactor electricity cost (without the
fuel charge. since the fuel is only exchanged within the svstem) over the total
electricity generation of the entire syvstem. This gives the system electricity
cost without the fissile fuel carrying charges. These charges are determined
by calculating the effective fuel cost to each type of client reactor fuel cycle
(**3U and ?*°Pu ) and using this cost, in conjunction with the make up fuel
requirements, to determine the value of each type of fuel within the system.
This value, along with the total inventories and carrying charge rate, determines
the carrying charges, with an allowance for taxes on the income related to the
carrying charges. The carrying charges are then added to the system electricity

- cost to obtain the total system electricity cost.
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Additionally, the cost of fuel from an alternate source to maintain the same
total cost of electricity from the client reactors as the once through reactor is
determined. This cost of fuel (in §,gm) is the price of 233U or 22°Pu from any
source which would keep the total fuel cycle cost the same as the once through

fuel cycle costs.

The preceding evaluation allows calculation of the cost components and
total cost of electricity for the once through PWR and the RTFB-client reactor
system. These expressions were incorporated into the COST code to examine
parametrically the system electricity cost and its sensitivity to the many input

factors.

The COST code implementation also allows inflated dollar analyses to be
levelized over the life of the plant by calculating year by yvear values for the
variable costs and levelizing, using Eqn. 5.3, and discounting these costs to the
beginning of operation. Escalation of uranium costs beyond the allowance for

inflation is also allowed.

An additional quantity which is calculated only for comparison purposes
with other fusion breeder systems is the average present value of the various
figures of merit. This is calculated by taking the year by year inflated and esca-
lated values, discounting these year by year values to the beginning of operation
and taking the average of all of the present values of each quantity of interest. It
is not clear what this figure of merit means in economic terms, but the average
present value is calculated here as a basis for comparison because it is commonly

used in fusion breeder evaluations.
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5.5 System Economic Evaluation and Sensitivities

This section presents the system economic evaluation. This evaluation
includes examination of the sensitivities of the total system electricity cost to

the many input parameters.

5.5.1 RTFB Fuel Cycle Length

The fuel cycle length of the RTFB is of importance due to the significant
fuel cycle costs associated with the purchase of the multiplier and the reprocess-
ing of the multiplier to recover the bred ***Pu . Thus, the fuel cycle costs vary
with the fuel cycle length as shown in Fig. 5.1 for uranium costs of 0, 50, 100,
150 and 200 $/Ib U3O3. It may be seen from Fig. 5.1 that the fuel cycle costs
decrease steadily as the RTFB fuel cycle length increases. This decrease is due

to several factors.

The miost important factor is the averaging of the expenses associated with
the multiplier over a longer period of operation and. hence, reducing the cost per
kWhre. Effectively, the cost per year of operation associated with the multiplier

is reduced.

As the fuel cycle is extended in length, the end of cycle power increases
since the EOC 2*°Pu concentration increases. Thus. the electric power output
is greater for the same fuel cycle costs. The cost of capacity also decreases since
the net electric output increases faster than the capital cost. The decrease in

the cost of capacity may be seen in Fig. 5.2.

Additionally, the reprocessing and other back end costs are deferred for

a longer period of time, which results in a lower cost when referred to the fuel
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load time. The RTFB fuel cycle costs are seen to be relatively insensitive to the
cost of U3Og with the fuel cycle cost increasing by a factor of 2 as U303 costs

vary from 0 $/b to 200$/1b.

Although the ??Pu production decreases slightly, the 233U production
increases as the RTFB fuel vcycle length is lengthened as shown in Fig. 5.3.
Note that this is the net ?3“Pu production. The result is an increase in total
fissile production. This increase in fissile fuel production is reflected in the
number of client reactors supported by the RTFB, which is shown in Fig. 5.4.
The number of client reactors supported increases from 7.8 for a RTFB fuel cycle
length of 1 year to 9.2 for a RTFB fuel cycle length of 4 years. This becomes
impertant in the system electricity cost evaluation since the higher costs of the
RTFB are “spread out™ over the client reactor system. Note that, although
the net 22°Pu production decreases, the number of 22?Pu fueled client reactors
actually increases slightly. This is due to the increase in the number of 233U
fueled client reactors, which each discharge 84 kg, 'yr of 22°Pu . This 23°Pu is
used as make up fuel for the 2*“Pu fueled client reactors, as well as fuel produced

by the RTFB.

The total system electricity cost for the reference case is shown in Fig. 5.5
for RTFB fuel cycle lengths from 1 to 4 years and U205 prices of 0. 50. 100,
150 and 200 $/1b. Additionally, electricity costs are shown for the once through

PWR for U303 prices of 0, 50, 100, 150 and 200 $/1b.

From Fig. 5.5, it may be seen that the system electricity cost decreases
as the RTFB fuel cycle length increases. The system electricity cost is seen to
decrease by a factor of 1.3 as the RTFB fuel cycle length is extended from 1
vear to 4 years. This is due to the decreased RTFB costs, as discussed above,
and the increased number of client reactors within the system. Also, the sys-

tem electricity cost increases as U303 prices increase. The once through PWR
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electricity cost increases as UzOj prices increase. also. F ig. 5.5 can be used to
determine the fuel cycle length necessary for the RTFB-client reactor system to

produce electricity at a cost equivalent to the once through PWR.

5.5.2 RTFB Capital Cost

A great deal of uncertainty is contained in the RTFB capital cost estimate
due to the uncertainty in the technology relative to present technology. There-
fore, the effect of an increased and decreased capital cost of the RTFB over the

estimated cost was investigated.

The variation in the RTFB cost of capacity with capital cost is shown in
Fig. 5.6. From Fig. 5.6, it may be seen that as the RTFB capital cost varies from
$1.5B to $6B. the cost of capacity increases from $1200.kWe to $4800, kWe. It
should be noted that these factors of variation in the RTFB capital cost are for

illustrative purposes only.

The effect of the increased capital cost of the RTFB on the total system
electricity cost for uranium costs from 0 to 200$/1b U305 is shown in Fig. 5.7.
Additionally, electricity costs for the once through PWR are shown in Fig. 5.7.
This information can be used to determine the factor by which the RTFB capital
cost could exceed the estimated cost and still remain competitive with electricity
from the once through PWR. As an example, for 100%/1b U3Og the RTFB could
cost 0.8 times the estimated cost and competitive with the once through PWR.
At a price of 200$;/1b U305 , the allowable cost of the RTFB is 1.2 times the
estimated cost to remain competitive with the once through PWR. It is noted

that this analysis assumes no inflation and escalation.
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It may also be seen from Fig. ©.7 that the total system electricity cost is
relatively insensitive to the range of uranium costs from 0 to 200%/1b U330y .
This is consistent with the data shown in Fig. 5.5 for a breeder fuel cycle length
of 4 years. Additionally, it is noted that an increase in the RTFB capital cost of
a factor of 2 increases the system electricity cost by a factor of 1.3 and shifts the
breakeven U305 cost to beyond 200$ ,/'lb.- Decreasing the RTFB capital cost by
a factor of 2 reduces the system electricity cost by a factor of 0.85 and shifts the
breakeven UzOj cost to 25%/1b. Thus, the system electricity cost is significantly

affected by changes in the RTFB capital cost.
This capital cost sensitivity evaluation may also be used to evaluated the

effect of any required heating for start up, which would affect the capital cost,

but have a small effect on the power balance if used only for start up.

5.5.3 RTFB Fuel Cycle Costs

Another area of uncertainty is the fuel cycle cost of the RTFB. Specifically,
the costs related to the fabrication and reprocessing of the uranium multiplier
are a significant fraction of the cost of electricity from the RTFB alone. Thus,
the effect of both reducing and increasing the fabrication and reprocessing costs

are investigated.

The variation of the RTFB fuel cycle costs is shown in Fig. 5.8. From Fig.
5.8, it may be seen that an increase in UzO3 cost from 0 to 200$ /Ib increases the
system electricity cost by approximately the same amount (2.5 mills/kWhre or
5%) as doubling the RTFB fuel cycle costs (2 mills/kWhre). This doubling of the
fuel cycle costs only includes the fabrication and back end costs of reprocessing.
transportation and waste shipping and disposal. The cost of uranium metal in

the multiplier varies with the cost of U305 .
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5.5.4 Client Reactor Fuel Cycle Costs

The client reactor fuel cycle costs are also subject to uncertainty since no
reprocessing industry currently exists. Additionally, no industry which fabri-
cates fuel which has been reprocessed and recycled exists. Thus. the effect of

variation of the client reactor fuel cycle costs as also studied.

For reference, the once-through and client reactor electricity cost compo-

nents are shown in Table 5.6 for 508/1b U;0; and no inflation or escalation.

The effect of varying the client reactor fuel cycle costs on the total system
electricity cost is shown in Fig. 5.9. The effect on the total system electricity
cost of doubling the client reactor fuel cycle costs (an increase of 5.4 mills/kWhre
or 10%) is approximately 2.3 times the effect of increasing the U3;0g cost from
0 to 200$/1b (an increase of 2.4 mills/kWhre). Doubling the client reactor fuel
cycle costs also shifts the breakeven UzOjy cost, compared to the once through

PWR. from 145%/Ib U305 to in excess of 200$/1b U305 .

Decreasing the client reactor fuel costs by a factor of 2 results in a decrease
in the system electricity cost of 2.8 mills/kWhre. This is approximately the same
as the increase in system electricity cost as the cost of U30; is increased from
0 to 2008/1b. The decrease of a factor of 2 in the client reactor fuel cycle cost

also results in a decrease of the break even U304 cost from 1458 /1b to 105$/1b.
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5.5.5 RTFB Breeding Performance

The RTFB blanket breeding performance affects the system electricity cost
through the number of client reactors supported. The variation of the number
of client reactors supported as the RTFB breeding performance is increased and
decreased is shown in Fig. 5.10. From Fig. 5.10. it may be seen that decreasing
the breeding performance below the reference level results in a large decrease
in the total number of client reactors supported. This decrease in the total is
due primarily to the smaller number of 232U fueled client reactors. The rapid
decrease in the number of 223U fueled client reactors as the breeding performance
is degraded is due to the requirement to maintain the tritium breeding at a fixed
value of T=1.05. Thus, not only is the value of breeding of 233U decreased due
to the application of the factor of reduction, but the 232U breeding is decreased

further to maintain the tritium breeding at the specified value of 1.05.

A change of breeding performance from the reference configuration could
take conceivably take two forms: An increase or decrease in breeding values with
the blanket power remaining constant or an increase or decrease in breeding
values accompanied by an increase or decrease in blanket power. Both effects

on the total system electricity cost were examined.

The effect on system electricity cost of the varied breeding performance
with constant blanket power is shown in Fig. 5.11. From Fig. 5.11, it may be
seen that the penalty of reduced breeding is greater than the benefit of compa-
rably increased breeding. For example, decreasing the reference breeding values
by a factor of 0.8 increases the breakeven U303 cost from 145%,1b to in excess
of 2003 /Ib. Increasing the reference breeding values by a factor of 1.2 decreases
the breakeven U303 cost from 145%/Ib to 110$/1b. Similarly, the correspond-

ing effects on system electricity cost are an increase of 2.9 mills /kWhre and a
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decrease of 1.5 mills/kWhre at a U303 cost of 50$/1b.

This case is for the situation in which a change in breeding does not result
in a change of the blanket power. Thus. this case could represent the operating
condition discussed in Chapter 3 in which the blanket power remains constant
and the fusion power is decreased as the concentration of 23°Pu in the blanket
decreases. Note that the blanket power swing of an increase of 45% over 4 vears
of operation would represent an effective blanket coverage factor of 0.7 on Fig.
5.11. Thus. this mode of operation wouid result in a large increase in system

electricity cost due to the reduced breeding and does not appear attractive.

Additionally. this case could represent if additional materials were placed
in the blanket which affect breeding but have negligible effects in the neutron
energy range above about 1 MeV, which is the energy range in which fast fission
occurs. Most of the energy production in the RTFB blanket is due to the fast
fission of #**U at BOC and ?**U and 22°Pu at EOC. It is, however, considered
likely that any perturbations that affect the breeding performance will also affect
the blanket power. Hence, an additional examination was done in which the

breeding performance and blanket power are both varied by the same factors.

The case in which the breeding and blanket power are varied by the same
factors is shown in Fig. 5.12. From Fig. 5.11 and Fig. 5.12, it may be seen that
the effect on the total system electricity cost is greater when the blanket power
varies in addition to the breeding. From Fig. 5.12, the change in the U305
breakeven cost increases from 145$/1b to 200%/1b as the breeding and blanket
power are decreased by a factor of 0.9 and decreases from 145$/1b to 908/Ib as
the breeding and blanket thermal power are increased by a factor of 1.2. As in
the case in which the breeding alone was varied, larger penalties are seen for
lower values of breeding and blanket power than the benefits of correspondingly

higher breeding and blanket thermal power.
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Fig. 5.11 and Fig. 5.12 can be used to estimate the effect on total system
electricity cost and the breakeven U303 cost of the effective blanket coverage
factor. This factor is a combination of the effect on breeding and blanket thermal
power of the various penetrations and discontinuities in the blanket. Note that
the fraction of the first wall area occupied by penetrations is not the same
as the effective blanket coverage factor since the neutrons may still enter the
breeding region of the blanket after entering the penetration. Careful design
of the blanket around the penetrations can minimize the loss of breeding and
thermal power due to the penetrations. However. the determination of the
effective blanket coverage factor depends upon a detailed blanket design, along
with penetration location information, coupled with detailed three-dimensional
neutronic calculations. This detailed evaluation was beyond the scope of the
present study. However, the message that can be extracted from Fig. 5.11 and
Fig. 5.12 is that the effective blanket coverage factor be allowed to decrease
below 1.0 as littlz as possible. Note also that this statement depends upon the
cost of achieving an effective blanket coverage factor, which also depends on a

detailed design.

A neutronic evaluation was done in Chapter 3 for a case in which a shield
was present and displaced a segment of the inboard side of the blanket and a case
in which no shield was present. The shield is required to protect the insulation
in the toroidal field coil such that the magnets last essentially the lifetime of
the plant. However, the shield displaces a segment of the inboard molten salt
and multiplier region, which reduces the breeding and blanket power. If an
insulation material could be developed which would not require the shield to
survive the life of the plant, the breeding and blanket power level could be
increased. Another alternative could be replacement of the toroidal field coils
when insulation damages reaches limits. An evaluation was therefore done to

determine the effect on the total system electricity cost of removing the shield.

186



This evaluation is shown in Fig. 5.13. From Fig. 5.13, it is seen that
the system electricity cost decreases by 1.5 mills/kWhre if the shield in the
RTFB is replaced by blanket. The break even cost of U3Oz drops from 145 to
1258/1b. This shift is due to the decreased cost of capacity of the RTFB at the
higher power level (a portion of the shield is replaced by the multiplier) and the
increased breeding, which results in an increase in the number of client reactors

from 9.2 to 10.6.

Note that use of this option would require use of an insulating material in
the inboard leg of the toroidal field coil which could withstand higher radiation
damage by a factor of 27 than the material assumed in this analysis. Alterna-

tively, the inboard leg of the toroidal field coil would need to be replaced almost

yearly.

Additionally, the use of a thicker multiplier region was investigated. The
effect on the total system electricity cost of increasing the thickness of the mul-
tiplier region from the 11 cm. reference thickness to 16 cm. is shown in Fig.
5.14. From Fig. 5.14, it may be seen that a very small benefit may be gained at
U303 prices less than 15$/1b, but beyond this cost, the lower electricity cost is
given by the 11 cm. multiplier. This is due to the slight increase in breeding and
power discussed in Chapter 3 (6% and 11%) and the higher cost of purchasing,

fabricating and reprocessing the multiplier due to the increased volume.

5.5.6 Financial Parameters

An evaluation of a project such as the RTFB includes. in addition to the
cost estimate, assumptions regarding the interest rates, inflation rates and esca-
lation rates in excess of inflation. This section will examine the sensitivities of

the system economic evaluation to these parameters.
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The effect of inflation on the levelized total electricity cost from the system
of the RTFB and its client reactors and the once through PWR is shown in F ig.
5.15. From Fig. 5.15, it-may be seen that an increase in the rate of inflation
has a much larger effect on the levelized electricity cost than an increase in the
cost of Uz03 . As the inflation rate increases from 0% to 5% and 10%, the
levelized system electricity cost increases by a factor of 1.7 and 2.5, respectively.
This contrasts with an increase in electricity cost of a factor of 1.07, for 10%
inflation, as the cost of U3Oj rises from 0S$/1b to 200$/lb. Even for the once
through PWR, the effect of inflation rate increases on levelized electricity costs
from 0% to 5% and 10% are greater thaﬁ the effect of increasing the cost of

U305 from 08.'1b to 200$/1b.

It is also seen from Fig. 5.15 that increasing inflation rates do not cause

the break even cost of U303 to shift from the no inflation cost of 1508 /1b.

The average present value (APV) of the total system electricity cost is
shown in Fig. 5.16. This figure of merit is shown because it is commonly used
in fusion breeder economic analyses. Comparing Fig. 5.15 and 5.16, it is seen
that the APV electricity costs are lower than the levelized electricity costs with
no inflation by a factor of 1.8 for the system and the once through PWR. The
relative effects of inﬁatioﬁ and U;Oj; cost are also reversed between Fig. 5.15 aﬁd
5.16: for Fig. 5.15, increasing inflation is a more important effect while for Fig.
5.16. increasing uranium cost is a more important effect. This apparent change
of the relative importance of these two parameters. inflation and U303 cost,
of has implications for identifying the relative importance of other parameters
using the APV electricity cost as a figure of merit. It is noted that the APV
electricity cost still gives a breakeven cost of Us0g of 1508 /1b, the same as the

levelized electricity cost.

Escalation of U3O;s prices is next investigated. The escalation rate is
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the rate at which U3Os prices increase in excess of inflation. For the initial

discussion. inflation is assumed to be zero.

The levelized cost of electricity for U304 escalation rates of 0%. 5% and
10% and U305 prices from 0 to 200 $/1b is shown in Fig. 5.17. From Fig. 5.17, it
is seen that the system electricity cost is relatively insensitive to the escalation
rate. with a maximum effect of an increase of a factor of 1.15 as escalation
changes from 0% to 10% at a U305 price of 2008 /Ib. This contrasts to the once
through PV/R, for the same increase in escalation and at the same U305 price.
where an increase of a factor of 1.9 is seen. Additionally. the break even cost
of U3Os is seen to shift to lower values as the escalation rate increases. The
break even cost shifts from 150 §‘lb for an escalation rate of 0% to 758 /1b for
an escalation rate of 5% to 35 $,/Ib for an escalation rate of 10%. This occurs
because the RTFB-client reactor system electricity cost is relatively insensitive
to the cost of uranium, while the once through PV/R is much more sensitive to

the cost of uranium. particularly when the cost of U305 is assumed to escalate.

The variation of the APV electricity cost with the escalation rate and U305
price is shown in Fig. 5.18. Qualitatively. the behavior of the APV is similar to
the levelized electricity cost. but the magnitude of the APV electricity cost is

lower than the levelized electricity cost by a factor of approximately 1.8.

5.5.7 Summary of Sensitivity Analyses

Several factors related to the system electricity cost were evaluated in this
section. This subsection summarizes the sensitivity of the system electricity cost

to these parameters.
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The breeder fuel cycle length has a large effect on the system electricity
cost since lengthening the fuel cycle reduces the cost per kWhre of the fuel cycle
costs by distributing the fixed cost of fabricating and reprocessing the multiplier
over a longer period of time. The system cost of electricity decreases by a factor

of 1.3 as the RTFB fuel cycle is lengthened from 1 year to 4 years.

The RTFB capital cost also has a large effect on the cost of electricity
from the system. Increasing the RTFB capital cost by a factor of 2 increases
the system electricity cost by a factor of 1.3 and shifts the breakeven U304
cost beyond 2008 /Ib. Decreasing the capital cost by a factor of 2 decreases the
system electricity cost by a factor 0.85 and shifts the breakeven Uz0; cost to

25%/1b.

Increasing the client reactor fuel cycle cost by a factor of 2 results in an
increase in the system electricity cost a factor of 2.3 greater than the increase in
system electricity cost as the cost of UzOj; increases from 0 to 200$/1b. The effect
of decreasing the client reactor fuel cycle costs by a factor of 2 is approximately

the same change as increasing the U3O; cost from 0 to 2005 /1b.

The effective blanket coverage factor also has a large effect on the system
electricity cost, particularly for values less than 1. The break even cost of U3Oy
shifts from 145 to 2008 /1b as the effective blanket coverage factor decreases from

1.0 to 0.9.

If an insulating material is developed which would allow deletion of the
inboard shield, the power and breeding of the RTFB could be increased. This

increase would result in a decrease of the break even cost of U303 from 145 to

125 §/1b.

Including the effect of inflation in the analysis results in an increased sys-
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tem electricity cost as the rate of inflation is increased. The break even cost of
U303 does not shift with inflation. The APV electricity cost indicates that an
increase in uranium cost causes a larger increase in system electricity cost than
an increase in inflation. The levelized system electricity cost indicates that, for
the same range of inflation and U3Oj costs. an increase in inflation gives a larger
increase in system electricity cost than an increase in U303 cost. This is also

true for the once through PWR electricity cost.

Adding the effect of escalation of U305 prices results in a decrease in the
breakeven cost of Uz05 primarily due to the increase of the electricity cost from
the once through PWR. The RTFB system is relatively insensitive to the cost
of G305 . The APV system electricity cost behaves similarly to the levelized

cost when escalation is included.

5.6 Comparison to Other Fusion Breeders

This section compares the RTFB to two other fusion breeders which have
been previously evaluated by other groups. These two fusion breeders. one a
tokamak [5.4; and the other a tandem mirror {5.2], are based on fission sup-

pressed blankets and use of superconducting magnets.

In order to evaluate these two machines on the same basis as the RTFB.
the COST code was modified to permit direct input of the appropriate data.
such as capital cost and net electric power. to the system economic evaluation

portion of the code. This subset of the COST code was called MINIC (for Mini
COST).

The information for the two superconducting fusion breeders is summa-

rized in Table 5.7. The direct cost was taken from the reference and the same
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factors for indirect cost and interest during construction were applied that were
used for the RTFB. It is noted that the superconducting fusion breeders have
the fuel cycle facilities included in the capital cost shown. Thus, the fuel cycle

components in the system evaluation using MINIC are zero.

The comparison between the RTFB. the Fission Suppressed Supercon-
ducting Tokamak (FSST) and the Fission Suppressed Superconducting Mirror
(FSSM) is shown in Fig. 5.19 through Fig. 5.26. The levelized and APV cost of
electricity with no inflation and escalation are shown in Fig. 5.19 and Fig. 5.20.
It may be seen that the cost of electricity from the FSST and FSSM systems is
not sensitive to the cost of UzOjy . since the thorium used is recycled within the
system. The small cost of make up fertile material is not considered. The break
even costs for the RTFB, FSST and FSSM are 150, 160 and 175 $/1b U30g .
It is noted that the cost of electricity from the RTFB system is lower than the

FSST or FSSM systems over the range of U3Og costs of 0 to 200 §/Ib.

Next, the effect of inflation is considered. The levelized and APV electricity
costs for the RTFB. FSST and FSSM are shown in Fig. 21 and Fig. 22 for no
escalation and an inflation rate of 5%. The RTFB is seen to have a higher
cost relative to the FSST and FSSM than in the case with no inflation. This
occurs because the RTFB fuel cycle costs become more important relative to
capital costs in the inflated analysis. Since the FSST and FSSM fuel cycle costs
are included in the capital costs, this does not affect the two superconducting
machines. However, it is seen that the RTFB has a lower system electricity cost
than the FSST over a range of UsO3 cost from 0 to 135%/1b and a lower system
electricity cost than the FSSM over the range of U3Ojy cost of 0 to 200 $ /1b. The
break even U303 prices for this analysis for the RTFB, the FSST and the FSSM
are 145, 145 and 160 $/Ib. Thus, the RTFB and the FSST are equivalent. The
APV cost of electricity gives a slightly lower break even cost than the levelized

cost for the FSSM of 155 $/1b U305 .
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Escalation of U3Ojs prices will now be considered. The levelized system
electricity cost and the APV system electricity cost are shown in F ig. 5.23 and
Fig. 5.24 for no inflation and a UzO; escalation rate of 5%. As expected. the
break even cost for UzOj shifts to substantially lower costs than the cases with
no escalation. The break even cost of U303z for the RTFB, the FSST and the
FSSM is 75. 85, and 90 $/1b. Note also that the dependence of the RTFB fuel
cyvcle cost on U305 cost results in the RTFB system electricity cost exceeding
the FSST above 125%/1b and the FSSM above 1758 /1b. 1t should also be noted,
however. that the break even cost with the once through PWR is lowest for the

RTFB, which would indicate a preference for the RTFB.

The levelized and APV system electricity costs are shown in F ig. 5.25 and
Fig. 5.26 for an inflation rate of 5% and a U;Og escalation rate of 2%. This
case is shown to compare to the inflation and escalation rates considered in the
evaluation of the FSST and the FSSM. It may be seen that the U30g break even
cost is 1153 /1b for the RTFB and the FSST and 125$/1b for the FSSM. This may
be compared to the break even cost for the FSST evaluation of 41$ ‘Ib U3Og in
19838. Using the values from the FSST evaluation to adjust this valae to 1990%
(return on investment=9.1%, inflation=5% and escalation=2%) the break even
cost of U205y is 117$/Ib, which is essentially equal to the break even cost for the

analysis method used in the present work.

Thus, the RTFB is essentially equivalent in performance to the FSST and
marginally better than the FSSM, based on the break even cost of U205 com-
pared to the once through PWR. It is also noted that the RTFB performance
could be improved somewhat by allowing recvcle of the uranium in the multi-
plier. The effect would be to eliminate the RTFB system electricity cost de-
pendence on UzO; price at the penaltv of an increased cost of fabricating the
multiplier from recycled uranium. The increased cost of fabricating recycled

uranium was not estimated, due to the uncertainties. An indication of the effect
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of increased fabrication cost and recycling the uranium can be seen from the

earlier sensitivity analysis of increased RTFB fuel cvcle costs for 0$/1b C:0s .

An additional figure of merit used in the FSST and FSSM evaluation is
the net system benefit. The net system benefit is defined as the integrated
present value of the year-by-year difference between the value of electricity from
the client reactors and the value of electricity from an equal number of once
through PWRs. This figure of merit is shown in Fig. 5.27 through Fig. 5.30
for the cases of no inflation or escalation, 0.05 inflation and no escalation, no
inflation and 0.05. escalation and 0.05 inflation and 0.02 escalation, the same
cases as considered previously. The net system benefit is seen to give the same
breakeven costs, for the corresponding cases. as the average present value of the

total system electricity cost.

It should be noted that the mode of operation of the FSST and the FSSM
could also be adopted to the RTFB. Both the FSST and the FSSM include in
the capital cost a fabrication facility and a reprocessing facility for the thorium
metal used in the blanket. The thorium in the blanket is recycled and refabri-
cated after processing to remove the bred fissile material. The capital cost of
this additional facility is $330M. which includes bervllium fabrication. The dis-
charge enrichment (0.0143) and the average fissile production (4905 kg/yr) give
a required Th processing rate of 343 MT/yr. For the carrving charges (15%/yr)
used in the FSST study, this gives a cost of fabricating and reprocessing the Th
of 1448 /kg. The cost of remanufacturing the Be is also included. This should be
compared with the total fabrication, reprocessing and waste disposal (including

transportation) cost of 400$/kg used for the RTFB.

Additionally, it is noted that the RTFB fuel form (plates clad in steel) is
more conventional than the fuel form in the FSST and FSSM (Th snap rings

around Be pebbles).
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If the RTFB is operated in a mode in which the fuel cycle facilities are
‘ncluded in the capital cost. similar to the FSST and the FSSM, the total system
electricity cost would decrease. This can be evaluated by increasing the RTFB
capital cost by a factor of 1.038 and setting fuel cycle costs to zero. The factor
of 1.038 applied to the capital cost adds $114M to the capital cost for fuel cycle
facilities. The $114M is based on the FSST fuel cycle facility costs and the
relative throughput of the RTFB and the FSST (86 MT . vr for the RTFB and
343 MT/yr for the FSST). Although the capital cost increases. the total system
electricity cost decreases due to the elimination of the fuel cycle charges. Thus,
the reference RTFB levelized system electricity cost for inflation of 5% and
U303 escalation of 2% decreases from 88.1 mills/kWhre to 84.7 mills/kWhre.
The breakeven cost of U305 decreases from 1155 /1b to 805 /1b, as seen from Fig.

5.25.

5.7 Summary

This chapter presents the system economic analysis for the RTFB and its
associated system of client reactors. The basis for comparison is the PWR on
the once through uranium fuel cycle. The client reactor system is composed
of PWRs identical to the once through PWR. but operating on the 2°°Pu and

2321 fuel cycles with recycle.

A system economic evaluation methodology is developed which allows for
the time value of money in adjusting the cost of the various fuel cycle transac-
tions to a common point in time, the time of fuel load. General inflation and
escalation of U3zOj prices are allowed. The cost of the bred fuel within the system
is determined and carrying charges are paid on the value of the fissile fuel within
the RTFB-client reactor system. Levelized values are calculated. Additionally,

for comparison to other fusion breeders. the average present value (APV) and
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net system benefit are calculated. The average present value is defined as the
average of the year-by-vear costs. discounted to the beginning of operaticn. The
net system benefit is defined as the integrated present value of the year-by-year
differences in cost of the number of client reactors selling electricity at the to-
tal system electricity cost and the same number of once through PWRs selling
electricity at the cost determined by the U303 cost. The breakeven U3Og cost
is the cost of U305 at which the cost of electricity from the once through PWR

and the RTFB-client reactor system is equal.

The fuel cycle length of the RTFB was determined to be 4 years. This
is the length of time that the multiplier remains in place before removal for
reprocessing. The system cost of electricity decreases by a factor of 1.3 as the
RTFB fuel cycle length increases from 1 year to 4 years. The concentration of
289Puy after a 4 year exposure is 0.02 a/o, which is the limit imposed in Chapter

3 from criticality considerations.

An increase of a factor of 2 in the RTFB capital cost increases the system
electricity cost by a factor of 1.3 and shifts the breakeven U20; cost to beyond
200$ /Ib. Also. a decrease in the RTFB capital cost by a factor of 2 results in a
decrease in the system electricity cost of a factor of 0.85 and shifts the breakeven

U20; cost to 255 /1b.

The fuel cycle costs of the RTFB are also varied. It is shown that an
increase of a factor of 2 in the RTFB fuel cycle costs increases the system
electricity cost by 2 mills/kWhre (5%), which is similar to the effect of increasing
the cost of U304 from 0 to 2008/lb. The breakeven U303 cost is 145$/1b for

the reference case.

The fuel cycle costs of the client reactors are shown to have a larger effect

on the system electricity cost. Increasing the client reactor fuel cyvcle costs by a
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factor of 2 increases the system electricity cost by 5.4 mills/kWhre (10%). The

breakeven cost of U305 is seen to shift to bevond 200$/1b.

The effect of the breeding performance of the RTFB is also evaluated. The
penalty of decreased breeding is shown to be greater than the benefit of increased
breeding. Decreasing the breeding by a factor of 0.8 shifts the breakeven U305
cost from 145§ Ib to bevond 200S/Ib. Increasing the breeding by a factor of
1.2 shifts the breakeven cost of U305 from 145$/1b to 110$/1b. These values
are for the case in which the breeding changes. but the blanket power remains
constant. If the blanket power and breeding are decreased by a factor of 0.9,
the breakeven Uz;0j4 cost shifts from 1458/1b to 2008/1b. An increase in the
breeding and blanket power of a factor of 1.2 shifts the breakeven U304 cost

from 145%/1b to 90$/1b.

The effect of removing the shield required in the RTFB is to shift the
breakeven U303 cost from 1458 /1b to 1258/1b. This is due to the increased
blanket power and breeding resulting from replacing the shield with multiplier
-and molten salt. Note that this option would require development of an insu-
lating material which will withstand a radiation dose of 27 times allowable with

currently available materials.

Increasing the thickness of the multiplier region from 11 cm. to 16 cm.
is seen to result in higher system electricity costs for U504 costs in excess of
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