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Accurately estimating the required tritium breeding
ratio (TBR) A, in fusion reactor systems is necessary to
guide fusion research and development and to assess the
feasibility of fusion reactors as a self-sufficient energy
source. This is especially true when one considers the
limits imposed by the present-day breeding performance
of breeder blanket candidates. Studies of this subject have
been performed in the past, with particular emphasis on
developing appropriate dynamic simulations of the fuel
cycle. In the last few years, development of new dynamic
and integrated fusion fuel cycle tritium computer codes
has moved away from general residence-time models and
instead incorporated more comprehensive and realistic
models. Furthermore, detailed and rigorous computer
codes that model the dynamic retention behavior of in-
dividual components inside the fuel cycle, in particular
the torus plasma-facing components in a tokamak, have
been vastly improved with uncertainties identified.

A more efficient and intuitive methodology for tri-
tium self-sufficiency analyses is developed based on an
analytical scheme that makes use of different types of tri-
tium inventories inside the fuel cycle as calculated from
detailed numerical simulations. Short-term and long-

i

I. INTRODUCTION

The scarcity of natural tritium leads directly to the
need to breed tritium from manufactured sources. In a
future grid of DT fusion reactors, such breeding will most
likely be performed primarily inside the reactors them-
selves rather than from any available outside sources.
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term tritium inventories are differentiated as well as tri-
tium lost through waste material. Also, the tritium fuel
cycle is split into a number of independent tritium mi-
gration paths to aid in the development of an integrated
tritium balance for which A, or other parameters of in-
terest can be solved analytically. Tritium startup require-
ments are also examined. An important side benefit
derived from using the aforementioned methodology is
that the uncertainty in A, for a given reactor design can
easily be calculated from uncertainty ranges character-
izing a number of relevant reactor operation and fuel cy-
cle parameters. Maximum tritium inventory limits were
considered from safety and operational standpoints. A
wide range of parametric studies were conducted with
various scenarios to forecast changes in A, when the re-
actor design is modified. For example, it was deter-
mined that with most current estimates of the achievable
TBR A, ranging from 1.04 to 1.07, a small design win-
dow for both the fuel fractional burnup and the down-
time of tritium reprocessing components severely limits
any proposals for a reactor operating scenario that will
be valid for a reasonably paced fusion growth rate.

Moreover, a significant tritium startup inventory will be
required during the initial period of their operation. The
fuel self-sufficiency condition for a DT fusion reactor,
A, = A,, was defined and analyzed in detail by Abdou
et al.' The value A, is the required tritium breeding ratio
(TBR), and A, is the achievable TBR given a particular
reactor and blanket design. For this previous work, A,
was derived using a simplified first-order linear system
model, which made use of mean tritium residence times
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to simulate the tritinm dynamics. In addition, other re-
lated efforts to evaluate DT fuel self-sufficiency have been
conducted, although they have adapted more or less the
same methodology.*

The purpose of this work is to develop a more de-
tailed, accurate, and efficient methodology for tritium
self-sufficiency analyses, based on detailed numerical
simulations that evaluate tritium inventories both lo-
cally and globally. The main reason for using such de-
tailed numerical schemes [e.g., Kuan et al.,* CFTSIM
{Ref. 10), DYNSIM (Ref. 11}, TMAP4 (Ref. 12), and
coupled erosion and plasma codes as in WBC/REDEP/
DEGAS+ (Ref, 13)] is to model different parts of the
fuel cycle in a more realistic manner to more accurately
quantify the impact of changes on tritium self-sufficiency
caused by subsystem operation. As a result, the use of
localized subsystem tritium residence times is replaced
by calculated tritium inventories. An important side ben-
efit, derived from using the aforementioned methodol-
ogy, is the ability to easily calculate the uncertainty in
the required TBR and the startup inventory requirement
for a given reactor design based on the uncertainties from
a number of relevant reactor and fuel cycle parameters.
In short, an alternative approach to the tritium self-
sufficiency problem is proposed and developed in this
work using an analytical scheme for which a quantita-
tive evaluation of the tritium breeding and startup re-
quirements is then conducted.

Il. FUEL CYCLE DYNAMIC MODELING

A key part of the evaluation of A, is the calculation
of time-dependent tritium flow rates and inventories
throughout the entire fuel cycle—in other words, the mod-
eling of the fusion fuel cycle. In past fuel cycle dynamic
meodels, average tritium residence times, average non-
radioactive loss fractions, and the tritium decay time were
all utilized within a coupled system of first-order linear
differential equations as follows (see Nomenclature on
p- 350):

; i L
E=2 ; —(1+a;);—fu,- (1)

7 i
where

i = subsystem of interest

J = other subsystems.

In the aforementioned linear model, the nenradioactive
loss fraction is formulated as a linear function of the pro-
cessing rate I;/7;. More-general formulations for this loss
fraction can also be used, for example, by relating this
loss fraction to the subsystem inventory by adding an-
other proportionality constant b; as in a;(I;/7;) + b;I;
(Ref. 5).
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A block diagram of the tritium fuel cycle has proven
to be a valid tool in the understanding of both integrated
dynamic modeling schemes and tritium self-sufficiency
analyses. It is thus worth summarizing the block dia-
gram of the fuel cycle briefly. The fuel cycle can be de-
composed into various subsystems that are linked in
various ways to one another through various processing
lines. The major subsystems that can be represented as
independent blocks are

1. plasma

plasma exhaust vacuum pumping
impurity separation

impurity processing
plasma-facing components (PFCs)
PFC coolant

hydrogen isotope separation

fuel management

N L o

long-term storage

._.
o

fueling

[a—
p—

. breeding blanket
12. blanket coolant,

A few more minor fuel cycle subsystem blocks (e.g., the
tritium waste treatment and the blanket tritium process-
ing) can also be included in the preceding list. Each of
these subsystem blocks provides a specific function .in
the gradual processing and eventual recycling of the DT
fuel. More detail on the actual processing tasks can be
obtained from Refs. 6, 7, and 10.

It is also worthwhile to briefly discuss the current
status of integrated fuel cycle dynamic models, as well
as localized models, that are being used in the estimation
of the tritium inventories. With respect to integrated mod-
els, as previously mentioned, computer simulations using
a system of linear differential equations characterizing
each subsystem were the starting point (with progres-
sively more species being tracked). With more-detailed
fuel cycle designs becoming readily available, such as
International Thermonuclear Experimental Reactor
(ITER) designs, it became possible to model each sub-
system, in addition to the components inside each sub-
system, in a more rigorous manner to capture the essential
dynamics of the subsystems. It was found that most com-
ponents that made up the tritium plant, i.e., outside the
vacuum vessel, were dynamically driven by batch oper-
ations that controlled their inventories.®"'®

Localized tritinm inventory models have also under-
gone more rigorous modeling to understand and predict
the inventories and flow rates inside single fuel cycle com-
ponents, Such localized models have been applied to the
breeding blanket,'*"'7 a variety of relevant PFC tritium
retention processes,®2® and the Isotope Separation Sys-
tem!! (ISS). Great improvements in modeling (dynamic
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and steady state) have gradually been attained, with the
result that inventory predictions for many compenents
are now much more accurate than past models. The cal-
culations of these models, both integrated and local, have
thus been used for the analysis in this work.

Ill. A NEW ANALYTICAL APPROACH UTILIZING
INVENTORY PREDICTIONS FROM OTHER MODELS

With the development of more-accurate integrated
models of the fuel cycle that make use of component
operating parameters, which are optimized for runs that
normally simulate fuel cycle operations up to about a
few days or weeks, simulation runs up to typical valucs
of the doubling time will require a fair amount of time.
Furthermore, rigorous localized dynamic models that
most likely model the retention levels in the spatial di-
mension as well as in time are also characterized by
long execution times. The large divergence in values be-
tween characteristic time constants in fuel cycle process-
ing lines and the tritium radioactive decay constant, as
well as the iteration needed to solve for the appropriate
A, will result in the direct use of current simulation
models for tritium self-sufficiency analyses. This is an
inordinately inefficient process. More efficient methods
should then be pursued for self-sufficiency studies that
make use of current capabilities in tritium inventory pre-
diction. Working with this vicw in mind, an analytical
approach was developed that directly solves for a num-
ber of tritium self-sufficiency parameters of interest, such
as A,, by utilizing direct values of guasi-steady-state
trifium inventories that can be calculated from current
levels of inventory predictions for future DT fusion re-
actors. Iterations of many simulation runs are thus
skipped while a more thorough analytical formulation
is provided, making parametric analyses more practical.

The best approach, then, toward the advancement of
a more efficient solution of the tritium self-sufficiency
problem, as encountered in feasibility, safety, and eco-
nomic analyses, is to usc an analytical approach without
the use of general average residence times characterizing
each subsystem. Thus, we take advantage of the detail and
accuracy available from present numerical solutions for es-
timating the tritium inventory while making use of effi-
cient and fast analytical solutions. Some reasons for this
choice are as follows:

1, Because we are dealing with the fuel cycle as a
whole in this study and the accumulation of inventory for
aspecific period of time, it would be expected that only the
total inventory and the accumulated oss to unrecoverable
sinks for the period of interest, 2,7 and f{ 3_,p eno F),
would directly affect self-sufficiency problems. This to-
tal fuel cycle inventory ;7 can be further subdivided
into inventories located within various tritium flow paths
as discussed later in this paper.
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2. Present dynamic models arc normally used for
simulating short periods of time when the tritium inven-
tory reaches a quasi-stable regime, with the notable ex-
ception of fuel cycle components exposed to long-term
irradiation.

3. A much better understanding of the tritium dy-
namic behavior throughout the fuel cycle with respect
to tritium self-sufficiency is obtained. This is especially
true with regard to the different tritium migration paths
and their comparative importance in self-sufficiency
analyses.

With regard to tritium self-sufficiency, only the in-
ventory still held in the reprocessing units at specific
points in time are of interest, and the actual dynamics
arc unimportant, However, in most instances found
throughout the fuel cycle, the tritium inventory will never
stabilize to a single value due to various batchwise op-
erations and also due to regular maintenance and/or ac-
cident conditions. Because of such expected inventory
fluctuations, the inventory at any point in time as de-
scribed by quasi-steady-state operation will range in
values driven by the batchwise operations in use. As a
result, both a minimum and a maximum inventory con-
dition will exist in the tritium reprocessing subsystems
2idmin and 31, respectively. An average quasi-
steady-state inventory can also be calculated, 3, I,,,.
Therefore, these fluctuating inventories will have some
significance in tritium breeding requirement studies.
These inventory fluctuations will also add another con-
dition that has not been included in previous work done
in this area, This condition is the minimization of the
tritium inventory during the quasi-stable regime of
the entire fuel cycle tritium inventory, which may affect
the initial required supply of tritium. The difference be-
tween X, I, and X, /... will be the primary driver for
the aforementioned minimization condition.

In summary, a two-step process can be identified in
the aforementioned scheme for solving tritium self-
sufficiency preblems. The first step is to identify the quasi-
stable regime found in tritium inventory dynamics and
to calculate such quasi-steady-state trititum inventories.
Long-term irradiation tritium retention processes will also
need to be taken into account, though they may also be
described by quasi-steady-state values as discussed in
Sec. IV.C. Thus, tritinm inventory prediction codes are
used within this tritium self-sufficiency framework to pro-
vide such quasi-stcady-state inventories as well as aver-
age losses to the environment and to waste material. In
addition, the effect from changes in operating param-
eters characterizing fuel cycle components on >; 7.,
i dnax, and 21, can be more readily analyzed with
these more detailed codes. The second step will then make
use of such tritium data to obtain the required TBR A, or
other tritium fuel sclf-sufficiency-relevant parameters
using an analytical approach.
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Before discussing the details of the analytical method
used in the preceding framework, the different migration
paths of the tritium flow must be understood, because
breaking up the fuel cycle into such flow paths will help
in analyzing the tritium fue] self-sufficiency problem. Dur-
ing reactor operation, tritium will migrate through four
possible retention/precessing lines that make up the fu-
sion fuel cycle as pictured in the simplified flow sche-
matic of Fig. 1. From a tritium self-sufficiency point of
view, only the aggregate inventories inside each of these
processing lines are of concern. In other words, local-
ized tritium inventories, retained in individual subsys-
tems or components that are part of a specific processing
line, will affect tritium self-sufficiency issues on equal
terms. This observation will be used in the upcoming fuel
cycle analysis.

In conventional fusion reactors, most of the tritium
will flow through the plasma fueling/exhaust line be-
cause the tritium fractional burnup in the plasma is rel-
atively small, for example, on the order of a few percent.
Because of this burnup inefficiency, most of the tritium
fuel does not participate in fusion reaction burn but is
exhausted through the divertor/limiter and ento the
plasma-exhaust-reprocessing components. The tritium in
the long-term storage subsystem will feed this loop dur-
ing the start of operation when the tritium produced in
the breeder has yet to flow through this loop. Moreover,
tritium on or within PFCs may be processed within this
same plasma fueling/exhaust line during various watl-
conditioning intervals, so a noncontinuous flow will char-
acterize tritium trapped inside PFC materials. For our
purposes, the subsysiems within this processing line can
further be categorized into either critical or noncritical
subsystems with regard to the capability of the reactor to
operate continuously even when process interruptions
caused by component or operational failure occur.

The breeder line only interfaces with the plasma
fueling /exhaust line through either in-line storage or com-
mon reprocessing equipment, such as the I8S, and so is

impurity Processing
Plasma Exhanst Line Line

Plasma Fueling Line

Fusion Reactor %,

Chamber

S} 4 Long Term
Storage

4
i
Breeder Line ]|

e
Pt

P
these rwo trillum processing lines may be served by one
single line {e.g., liquid breeder as coclant design)

Fig. 1. Tritium migration paths in the fuel cycle.

312

REQUIRED TRITIUM BREEDING RATIO AND STARTUP INVENTORY

independent of reactor operation except for the neutron
load to the blanket. This is not so for the coolant line,
which interfaces with both the fusion reactor chamber,
acting as the tritium source, as well as the plasma fueling/
exhaust line. Note that both the breeder- and coolant-
processing lines can be served by a single processing line,
as in the case of a design incorporating a liquid breeder
simultaneously serving as the PFC coolant. Last, an
impurity-processing line branches out from and back into
the plasma fueling/exhaust line. This line carries only
tritiated impurities, so the tritium flow rate within this
tritivm path is low. The breeder-, coolant-, and impurity-
processing lines are considered noncritical with regard
to operational interruptions. For example, if the helium
purge flow is lost in a solid breeder, flow of tritium
through the blanket breeder subsystem will stop, so the
breeder line will not process any tritium during this time.
However, the fusion reactor can still be operated in a nor-
mal manner. Figure 2 shows a schematic of the fuel cy-
cle subsystem network and illustrates the subsystems that
are part of each precessing line. Much of the subsequent
discussion focuses on the different effects on tritium self-
sufficiency and startup inventories due to these four pro-
cessing lines.

IV. FUEL CYCLE INTEGRATED TRITIUM BALANCE

The calculation of the required TBR has been mod-
ified to utilize the quasi-steady-state tritium inventories
and integrated tritiated losses in the fuel cycle as op-
posed to tritium residence times used in previous work.
Integrated nonradioactive losses {e.g., those that are not
due to tritium decay) can be found by keeping track of
the accumulated loss of tritium that is discharged to the
environment as well as that which is retained as waste.
More simply, the environmental losses can be estimated
from the safety limits imposed by operation standards.
These losses will be negligible compared to the inven-
tory present in the fuel cycle at any given time. The loss
due to waste material is more difficult to estimate, and a
method for estimating such waste is presented later. The
analytical methodology presented here is based on an in-
tegrated tritium balance during any given period of in-
terest, .e., a doubling time, with the fuel cycle/reactor
system as the control volume. This approach requires ac-
counting for all sources and sinks that will affect tritium
flow during said period of interest. Note that, unlike the
previous modeling effort focusing on the operational as-
pects of the fuel cycle and for which all molecular spe-
cies were tracked, only tritium, whether in molecular form
or held up in impurities, is to be racked during the dis-
cussion in this section.

Table I lists the general initial and final inventory
conditions found in the fuel cycle within a specified time
period. This list applies to all self-sufficiency problems
VOL. 35
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Fig. 2. Fuel cycle schematic with tritium-processing lines.

TABLE I

Fusion Fuel Cycle Initial and Final Tritium Inventories

Initial inventory conditions

Final inventory conditions

Startup storage inventory, ;g
Required inventory in storage, I,., (doubling-time requirement = £, 5)

Reserve inventory in storage, I,

Total short-term quasi-steady-state inventory, 2 7

Total long-term steady-state inventory,

short termi

{
long term

w1

i

that are constrained within this time period. During start-
up of the reactor, the only initial inventory originates from
the long-term storage subsystem. This initial condition
assumes a clean reactor chamber, especially the vacuum
vessel walls, with regard to tritium. It is expected that
during startup, protium, deuterium, and impurities will
MAY 1999
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most probably exist in some form in the fuel cycle, but
tritium should not be present. The integrated tritium bal-
ance is as follows:

net production = required production 2
sources — sinks = required production 3
313
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A B C D E

tr 1] dlx tong term
f Fne:dt-l_f (_“_O)dr_ 2 [_Iwasm|g = !req »
a 4] dr i
(4)

where A through E are labels corresponding to each term
of Eq. (4). The net production is that production from all
tritium sources minus the losses to all significant tritium
sinks during reactor operation.

The tritium source terms in the fuel cycle originate
mostly from both breeder production or external sources.
It is assumecd that most of the tritium necessary to start
the reactor for continuous operation is initially stored in
the storage subsystem, with the remaining tritium fed from
external sources, if at all. Conversely, many different tri-
tium sinks exist throughout the fuel cycle. These can be
grouped into the following:

1. tritium decay (12.3-yr half-life}
. fusion reactions

2
3. loss to environment

4. loss to waste material 7, o [J
5

. long-term retention inside the fuel cycle
2{0:&3 rers i

Tritinm decay affects tritium sources and startup tri-
tium inventories, which will gradually be redistributed
throughout the fuel cycle in a dynamic manner. The re-
quired production is that production necessary to sat-
isfy various conditions within a certain period of interest,
80 it is governed by the desired ratc of accumulation of
next-generation fusion reactors.

The right side of Eq. (4} is thus made up of /,,, the
required inventory that is located in the storage subsys-
tem for subsequent removal to another reactor. The star-
tup tritium inventory inside the reactor plant, I; 5, which
is initially in storage, will be redistributed to the plasma
exhaust-line-processing units and so is not included in
the aforementioned balance becaunse it will cancel out on
both sides of the equation. Each term is discussed sepa-
rately in Secs. IV.A through IV.E, corresponding to la-
bels A through E in Eq. (4).

Inclusion of pulsing, maintenance, and shutdown pe-
riods in simulated reactor operating scenarios are taken
into account in this analytical scheme with both general
pulsing and downtime availability paramcters as pro-
vided by the following definitions, Total reactor avail-
ability is calculated by multiplying these parameters
together:

tbum Ioﬂ

= (5

o =
124 op Lo + toﬂ

P =
r."mra'i + rd\\'t'”

Both parameters arc utilized only in calculations involv-
ing sources or sinks, which are associated with the reac-
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tor power level, to account for its time-dependency. Dur-
ing shutdown, it is assumed that all the mobile inventory
will be returned to the storage subsystem for subsequent
use during the next startup phase.

IV.A. Net Tritium Production Due to Continuous
Sources and Sinks

The net production of tritium during a given time pe-
riod because of continnous production or loss of tritium
inside the fuel cycle will gradually be accumulated and
transferred into the storage subsystem. Therefore, we need
to account for all continuous sources and sinks of tritium
in the fuel cycle. Tritium breeding inside the breeder blan-
ket as a resull of », Li reactions is the major, and possi-
bly the only, Jocal source of tritium in the fuel cycle. If
plasma-facing walls are made of beryllium, this will serve
as another source of tritium, though a minor one relative
to the blanket breeder source. In a breeding blanket, the
tritium preduction rate is the product of the actual net
TBR A and the rate of DT fusion reactions in the plasma,
This breeding is thus coupled by way of the neutron flux
to the reactor power level Pr. The reactor operation sce-
nario must also be taken into account through e, and e,
to provide an average rate of tritium production, For the
special case of a steady-state power level with no reactor
downtime, Fy,.., the average tritium production rate in
the breeder, will be constant because o, = 1 and a,, = 1.
In the following equation, Qy is the energy produced in a
fusion reaction:

o, o, P
mm(%f) . (6)
) . S

Fusion inside the plasma is considered a continuous
tritium sink due to nuclear burnup of tritium. This burn-
ing process is again coupled to the reactor power level.
Therefore, the equation is similar to the Eq. (6) bred tri-
tium source equation, where now F,, is the average tri-
tiumn loss from fusion reactions:

=)
F_‘fi.rs - ap aop af . (?)

These two equations are coupled through A, which is de-
fined as the ratio of the rate of tritium bred in the breed-
ing blanket versus that of the rate of tritium lost through
fusion reactions. Nonradioactive losses will likely exit
from the reactor plant through the heat transport coolant
line and then to the environment. They may also be
trapped inside replaced material that is not processed for
detritiation. However, only environmental losses are con-
tinuous or nearly centinuous in nature, whereas waste tri-
tium is lost only during specific periods, which are few
in the lifetime of a commercial reactor. Therefore, waste
tritium is taken into account separately in the integrated
tritium balance, so only environmental losses concern us
here. These environmental material tritium losses can

FUSION TECHNOLOGY VOL. 35 MAY 1999
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be calculated for specific simulation scenarios using in-
tegrated simulations or from operating limits set for safety
reasons. Again, continuous natural tritium decay will have
an impact. Thus, we can estimate an average rate of the
nonradioactive tritium loss to the environment F,,, for
this purpose. This can be accomplished by averaging the
accumulated losses during a specified period of opera-

tON 2,
Lsim
J— F,,,dt
0

Fenu= -5 - (8)

tsr’m

With the integrated simulations as used in Eq. (8), it
is assumed that the short simulation scenario that is char-
acteristic of any integrated simulation run is duplicated
on a larger scale for the time period of interest such as
doubling time. With respect to environmental losses, a
more straightforward way of estimating this rate of loss
is to use the imposed environmental loss limits on reac-
tor operation. Such environmental losses are very small
and so are expecied to be negligible in tritium self-
sufficiency problems. For typical reactor design con-
cepts, £, is taken to be ~10 Ci/day, which corresponds
to a loss of only ~1 g of tritium during 1000 days of
operation.

Fuel from external sources may be added to the re-
actor’s fuel cycle after the reactor has started operating.
Such external fuel may originate from dedicated tritium
production plants, fission reactors, military stockpiles, or
concurrently operating fusion reactors. This external fuel-
ing rate can be any general function with respect to time.
In fact, it will most likely be intreduced into the reactor’s
fuel cycle at discrete time periods during the course of
operation. Nevertheless, since such discrete time periods
will most likely be much shorter than the timescale of
any tritium self-sufficiency problems, it can be assumed
that the fuel is fed to the fuel cycle at a constant or nearly
constant rate F,},, relative to f. The value F, is thus
considered an additional continuous source of tritium for
the fuel cycle. Conversely, a continuous or nearly con-
tinnous flow of tritium can be extracted from the fusion
reactor, Fjf, to aid in the tritium needs of any external
operation such as starting another reactor or for supply-
ing tritium for other applications such as weapons replen-
ishment,

The dynamic behavior of the loss rate is not needed
in this analysis because only the initial and final con-
ditions contribute to the problem. As a result, the net
rate of tritium production, including all of the afore-
mentioned continuous sources and sinks in the fuel cy-
cle, is

FnerzFbredwm"thei?r_I?g?_Fenv- (9)

When we substitute the Fp,eq and Fy,, relations of
Eqgs. (6) and (7), respectively, we then have
MAY 1999
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Fr Py :
Fow= A, | A af — Wp Qg af* + F2,

—Ft—F,, . (10)

In Eg. (10}, «, and a,,, remove the time-dependency
of the right side for both Fy..; and Fj,. In addition,
Ffi, Fo%, and F,,, are time-averaged values because
their time-dependency is not important for the time-
scale in the studies conducted here. When tritium decay
is included in the net accumulation of tritium as previ-
ously defined, the accumulated net production tritium
gain [ F,..dt is governed by the following first-order dif-
ferential equation;

M= ”e,—,\(ane,dr) .y

When we substitute the equation for F,,,, we then
have

U)o a2

dt Qf Qf
+F::,~@~F;—A(ane,dr) :

(12}
The solution to this nonhomogeneous linear differ-

ential equation when solving for [ F,., dt within the pe-
riod of interest (limits 0 and #) becomes

t Py — o
J‘ o dt = (A - 1)apaop =]+ Fe‘;lf_Fec::‘"_Fenv
0 O

— Al .
X (_1__;,,_2 . (13)

IV.B. Loss from Startup Storage Inventory

IV.B.1. Startup Storage Inventory Dynamics

Now, with respect to the net production term in the
integrated tritium balance in Eq. (4), the problem is re-
duced to calculating the correct value for [; 5. Physically,
I; 5, the startup tritium inventory in the reactor plant, wilt
subsequently diffuse out throughout the plasma exhaust
line of the fuel cycle (with a trace amount in the coolant
line) and ultimately achieve a quasi-steady-state condi-
tion during the reactor lifetime. In addition, it will sub-
sequently experience losses to sinks in the fuel cycle
during the period of interest #;. In this methodology, the
loss will originate from both tritium decay and tritium
losses to the environment and waste, which are nonradio-
active. However, nonradicactive losses are taken into ac-
count separately as formulated in the expression for F,,,.
Thus, only tritinm decay must be included to estimate
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dl; o/dt, which can be expressed with a simple exponen-
tial decay behavior as foltows:

dI, o _
dt

with the integrated solution given by
J
dt =
dt
Now the problem is reduced to calculating the cor-
rect value for I; 0. Note that /; 5 can be any value as long
as the inventory in storage does not run out before the
bred tritium is able to replace this startup fuel supply for
fueling the plasma. In other words, /I, the inventory lo-
cated inside the storage subsystem, should not drop to a
negative value during reactor operation. The goal should
then be to estimate 175, the lowest tritium inventory that

allows continnous operation of the reactor, taking into
account any resupply from outside sources.

—Alg ' (14)

~lo(l = ™M) (15)

IV.B.2. Optimal Startup Inventory

Mathematically, 17 will be satisfied when I, = O at
the storage inventory inflection point ¢/ {i.e., when the
storage subsystem switches from a role as an effective
source to one of an effective sink), as illustrated in
Fig. 3. This can be formulated as follows:

d21,(t™")
IV=L(t™)=0 and —>—>0. (16)
dr :
For such an optimized condition, a satisfactory start-
up inventory will have enough tritinm during startup
within the storage subsystem to compensate for the ini-

tial holdup in all relevant processing lines before bred -

/ time

inveniory inflection

point, I;"f

Fig. 3. Optimal startup inventory in storage.
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tritinm from the breeder line can be used and recycled as
fuel, e.g., a short-term global inventory 37" ™ I. Fuel
cycle inventories will thus reach a quasi-steady-state
short-term inventory level in a relatively short time at
the start of reactor operation as compared to typical times
of interest for tritium self-sufficiency problems such as
doubling time. Relevant processing lines in the fuel cy-
cle include the plasma-exhaust-processing line and the
coolant line but not the breeder line, so we only need to
account for 24" ™ I and 357°7*™ [. This is because
the breeder line’s source of tritium is not the tritium orig-
inally exhausted or permeated from the storage subsys-
tem but that which is newly generated from nuclear
transmutation processes in the lithium breeder. Stated an-
other way, during the carly phase of reactor operation,
the plasma cxhaust line’s tritium holdup originates solely
from the startup inventory in the storage subsystem.

The startup storage tritium inventory will be redis-
tributed solely throughout the plasma exhaust line. This
statement holds true because the tritium holdup in the
coolant line is negligible during the period when the stor-
age subsystem acts as the sole supplier of fuel to the re-
actor, The tritium is considered to be short term because
the bred tritium is recycled into the plasma exhaust line
for refueling back into the torus in a much shorter time
than any long-term (i.e., radiation-induced trapping) tri-
tium inventories that exist in the fuel cycle. We can sep-
arate shori-term from long-term tritium inveniories
because of relatively fast batchwise operations for the
reprocessing of tritium. Table II lists the short-term iri-
tium inventory characteristics for the tritium-processing
lines found in the fuel cycle along with tritium inventory
estimates for an ITER-type reactor. Similarly, Table III
lists the corresponding long-term tritium inventories.

Tritium can be lost to the following processes during
this all-storage source fuel phase: fusion burnup, tritium
decay, tritium lost to the environment, and tritium lost to
waste material recovered from the fuel cycle. Now, tri-
tium decay is already accounted for in Eq. {15) so that
only the first and third process losses need to be included
in a formulation for I4". Moreover, availability consid-
erations in different areas of the fuel cycle need to be
quantified. A total reserve inventory I, implemented to
account for operational interruption scenarios, is thus in-
cluded for availability considerations. The following equa-
tion will hold true in this case:

short term

> 1
el

shortterm

= 2 I+
' pltil

g _ —
+ f (Ffus + Fpp — F Fe?r‘:‘r) ds
0

ff"ﬂ

+ 7 g +1.. (17)

weste

The tritium inventories in Eq. (17} originate only from
the plasma-exhaust- and coolant-processing lines, and not
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the breeder line. The breeder line is not relevant in calcu-
lating the optimal startup inventory because none of the tri-
tium from startup will flow through the breeder line. Only
the tritium generated inside the breeder blanket during nor-
mal reactor operation will flow through the breeder line,
which is of no concern for startup calculations. In addi-
tion, each of the processing lines is characterized by short-
term and long-term retention of tritium, For the plasma
exhaust line, the long-term tritium retention is due only to
the trapping of tritium on the surface or inside the bulk of
PFC materials. The portion of the plasma exhaust process-
ing line that exists outside the plasma environment con-
tains no long-term tritium inventory because of the fast
processing rates for all subsystems within this processing
line and the existence of most of the components here out-
side the vacuum vessel, e.g., in the tritium plant complex
and hence outside the radiation environment that causes
radiation-induced trapping of tritium,

With respect to variables that depend on ¢, one
needs to first estimate the time for the tritium bred in
the blanket to make its way into the plasma exhaust line
so that it is available for refueling in addition to the
tritium fed from storage. One way to estimate this char-
acteristic time in the breeding blanket 7, is to divide
the quasi-steady-state short-term inventory in the breeder
(not taking into account any radiation-induced trapped
inventories) by the tritium generation rate, which is equal
to Aletpao, Pe/Qy):

shart term
Py as)

Cr
Now, the continuous nonradioactive losses due to fusion
burnup and environmental losses, in addition to any con-
tinuous source of tritium from outside the fuel cycle, dur-
ing the period of nonrecycling of tritium from the breeder
line, can be included by multiplying the corresponding
less rates by 7

sharsterm short term
= 3 I+ 3 I
pl+it cf
&, ., P
proptf - —_—
+ TbI(T + Fenv - FeT: + Fe‘;‘:r)

+ Ir + Iwam iE"" ' (19)
As a result,

short term short term 1 short ternt
g3 s (1) S
pl+il of L2
short term
o X 1

b F— __ pi . pou

—_— — + Fou

A @, 0, Pf (F eny ext ext
+ Ir + Iwas:elam . (20)
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Due to the relatively long time it takes for tritium to
permeate through solid walls and into the coolant for con-
ventional fusion reactors, 357" ™ | = (). Fyrthermore,
if we note that any tritium loss to the environment is neg-
ligible compared to the tritium burn rate (ie., F,,, <
(@paep Pr/Of)) and that no waste material is likely to be
removed (i.e., 1,5 = 0) during this short initial all-
storage-source fuel phase, then we can approximate 1%’
with the following;

shart term 1
= 3 I+ (X)

Pt

short term

O X NFL-Fu
b

short term

x| ¥ I-
bl

+ I .
,,, Fy

21)

Note that the quasi-steady-state tritium inventories, as
calculated by more detailed integrated or stand-alone codes,
are only used for the calculation of this initial inventory es-
timate. The variable 7., is the characteristic holdup time in
the breeder line, which has been redefined for our pur-
poses to include the inventory variable 357" I. The
aforementioned short-term inventories will be time-
averaged values when quasi-steady-state conditions are
reached in the various fuel cycle components, Most fuel-
reprocessing components are operated or are character-
ized as having such quasi-steady-state inventory levels.
However, components that are directly affected by radia-
tion, e.g., the PFCs and breeding blanket, will only reach
such a level in a characteristic time much higher than the

fuel-reprocessing line due to slow trapping processes, Thus,

hort b hars t Frerrt 8
prvitd X L and 257 ™ I must be properly

accounted for by estimating the inventory levels during this
short-term period. In conventional tokamak fusion reac-
tors, Soran'™™ I will be dominated by codeposition pro-
cesses, while S5 "™ I will be dominated by the mobile
inventory in the breeder. Figure 4 shows the general dy-

namic behavior from such short-term inventories.

IV.B.3. Allowable Reserve Inventories
and Reduction of Reactor Availability

Due primarily to economic reasons, increasing reac-
tor availability is desirable during the lifetime of the re-
actor. This leads to implementing operating scenarios that
will lead to increased operational availability. One such
solution is to introduce additional tritium fuel for on-line
storage in the tritium plant building at the start of oper-
ations. This tritium inventory, which can be quickly and
easily connected to the fuel cycle, can then be available
throughout the reactor campaign to safeguard against pos-
sible component failure conditions by allowing for con-
tinued reactor operation. Such an auxiliary or reserve
inventory of tritium has been termed the “minimum
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v sy
TABLE
Fuel Cycle Subsystems with Estimated/Calculated
_ Major Subsystems Type of Processes Failure/Availability
Processing Line in ITER Involved Considerations
Plasma exhaust line Codcposition Plasma/wall interactions Safety limits
{~5 h = 18 1000-s shots)
Wall saturation Plasma/wall interactions Frequency of conditioning
Cryopumps Batchwise Stagger operation
FCU { permeators) Continuous holdup Multiple stages
IS8 Continuous holdup Multipte columns, flexible operation
Storage beds Mostly batchwise operations | Multiple storage beds
Fueling Mostly batchwise eperations | Flexible extruder operation
Buffer tanks Mostly batchwise operations | Multiple tanks (e.g., for assay)
Breeder line Solid breeder blanket Continuous holdup Temperature constraints
Dedicated reprocessing units | Mostly batchwise operations | Multiple stages
Impurity processing line | Dedicated repriféssin#inits | Mostly batchwise operations | Multiple stages | e
*Based on the latest {early 1998) ITER dcéign considerations. '
TABLE

Fuel Cycle Subsystems with Estimated/Calculated

Major Subsystems

Processing Line in ITER

Type of Processes

Failure /Availability

Involved Considerations

Dust

Bulk soluble

Bulk trapped

Neutron transmutation
Codeposition

Plasma exhaust line

Breeder line Neutron multiplier

Coolant line Coolant

Dedicated reprocessing units

Plasma,/wall interactions
Solubility

Radiation-induced
Radiation-induced (for Be only)
Plasma/wall interactions

Radiation-induced

Continuous holdup
Continuous holdup

Frequency of conditioning
Wall replacement frequency
Wall replacement frequency
Wall replacement frequency
Frequency of conditioning

Blanket replacement frequency

Coolant loss
Multiple columns, flexible operation

*Bascd on the latest {early 1998) ITER design considerations.

tritium inventory reserve” in past work." This is because
the reserve inventory can be as high as needed but must
be above a certain minimum quantity set by the dynam-
ics of the fuel cycle. Obviousty, such a minimum tritium
inventory reserve is equivalent to an oplimum guantity
for minimizing the amount of scarce and radioactive tri-
tium located in the plant, However, the drawback to this
design implementation, as a means of increasing reactor
availability, is that it may lead to a very large increase in
the amount of tritium needed at startup. This may signif-
icantly affect the global tritium supply for first-generation
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fusion reactors. The question is thus raised regarding how
much of a reserve inventory of tritivm is needed for re-
liable, safe, and economic reactor operation. We try to
analyze this question with emphasis on trying to quan-

tify optimum inventory values for a reserve supply.
Once more, the reserve inventory [, is the inventory
that is set aside for continuous reactor operation during
any fuel cycle component failure under normal reactor
operation. For instance, if one of the reprocessing com-
ponents in the plasma exhaust line fails and is not able
to function, the gas can then be rerouted to an alternate
FUSION TECHNOLOGY
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11
Short-Term Tritium Inventories in ITER*
Inventoary
ITER Reference Quasi-Steady-State Uncertainty in
Inventory Fluctuations Inventory Estimate
(T) (gT) (gT) Dynamic Model Used
360 10 +180 CFTSIM, DEGAS/REDEP
5 Negligible Negligible CFTSIM, PERI
150 +10 =10 CFTSIM
5 Negligible Negligible CFTSIM
245 +50 +100 FLOSHEET
1000 +50 +500 ITER baseline design
50 +50 +25 Kuan et al.
100 50 +50 Kuan et al.
25 +30 +20 ITER baseline design
50 +50 —50/+100 Estimated
50 +50 —-50/+100 Estimated
1T
Long-TFerm Tritium Inventories in ITER*
ITER Reference Quasi-Steady-State Uncertainty in
Inventory Fluctuations Inventory Estimate
(gT) (gT) (gT) Dynamic Model Used
1000 +1000 + 1000 Estimated {safety limit)
210 Negligible —200/+1000 TMAP4
1425 Negligible +900 TMAP4
96 Negligible 130 ITER baseline design
820 +820 +820 Safety limit
800 Negligible 800 Various beryllivm models
5 Negligible +5 Estimated
12 Negligible +10 ITER baseline design

pipeline from which it can be stored in some temporary
storage device. Accordingly, this gas, containing fritium,
is lost during this off-normal phase of the processing line
(though reactor operation continues normally). The sce-
nario to be avoided will then occur when such opera-
tional interruptions take place at the same time as the
tritium inventory in the storage subsystem, as calculated
from the previously derived optimal startup inventory with
I, = 0, reaches a value near zero. Not enough fuel is then
available to continue normal fusion bum reactor opera-
tion. A makeup tritium inventory must then be included
VOL. 35
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until the component is fixed, replaced, or an alternate com-
ponent is brought on-line.

Previous analyses have made use of a general time
for reserve fueling that accounts for the number of days
required to supply fuel to the plasma while the plasma-
exhaust-processing subsystem is not operational to cal-
culate the required reserve inventory."® This time for
reserve fueling is equal to the time it takes to replace or
repair a failed fuel-cycle-reprocessing component. For ex-
ample, if redundancy of a particular component is used
in the design, then the time for reserve fueling constitutes
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time
time when quasi-
steady stuie
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Fig. 4. General short-term tritium inventory dynamic hehavior.

the time it takes to switch to the new component from
the failed one. Now, the tritium inventory, if any, in the
component at the time of failure or nonoperability can
either be recycled back into the fuel cycle during the
replacement /repair duration, recycled back into the fuel
cycie at a later time, or, in the worst case, not rceycled at
all. If a conservative approach is undertaken in this analy-
sis, then the worst case must be included in the analysis,

In this work, we expand on the concept of a required
time for reserve fueling by further making a distinction
between failures occurring within different processing
lines of the fuel cycle. As discussed previously, the fuel
cycle can be subdivided into four distinct tritium path-
ways: the plasma exhanst vacnum pumping line, the
plasma exhaust impurity line, the breeder line, and the
coolant line. Correspondingly, a reserve inventory should
account for operational interruptions in cach of these
tritinm pathways separately. In other words, times for
reserve fueling that are appropriate to each of these pro-
cessing lines will have varying impacts on tritinm self-
sufficiency issues. Note also that reserve inventories
may be constrained by a localized tritium inventory limig,
apptied to the flow and diversion of the resulting inven-
tory into temporary storage devices, as determined from
safety analyses rather than from any characteristic repair
or replacement times. It may be more valid to think of a
maximum level of tritium storage capability during off-
normal events, Hence, in some cases, it may be more rel-
evant to make use of the allowable reserve inventorics as
parameters rather than the corresponding times for re-
serve fueling. These multiple interpretations in defining
the reserve inventory lead to the adoption of a more flex-
ible approach when incorporating a reserve imventory in
tritium self-sufficiency calculations.

For each processing ling in the fuel cycle, an overall
line reserve inventory is coupled to the time for reserve
fueling by way of the average flow rate flowing through
the line during normal operation. If 1, £, t?, and ¢
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correspond to the times for reserve fueling in the plasma
exhaust, impurity-processing, blanket, and coolant lines,
respectively, then the reserve inventory appropriate for
each line is as given in Table IV. The reserve inventories
required for failures in the plasma exhaust line, impurity-
processing line, blanket line, and coolant line are I¥, I¥,
1P, and I¢, respectively, while F*, F7 F¥ and F¥ cor-
respond to the average flow rates in cach line. The in-
stantaneous fritinm flow rate will, in fact, vary in an
oscillating manner for the typical batchwise reprocess-
ing units. The average tritium flow rates flowing through
these four processing lines can be calculated from the
reactor power level and are also given in Table 1V. In
these flow rate estimates, e, is not necessary in the cal-
culation (i.e., &,, = 100%) because it is implicit that no
downtime occurs during such operational interruptions
when a reserve inventory is to be provided. However,
pulse operation, characterized by e, is part of normal
operation and so needs to be included,

The value F*' corresponds to the fueling rate to the
reactor during normal operation. Though the down-
stream reprocessing subsystems experience a lower flow
rate, through loss of tritium in fusion reactions and any
surface trapping processes, the storage subsystem necds
to provide the full fueling rate to continue reactor oper-
ation in the cvent of a failure causing operational inter-
ruption within the processing line. The F* value will
thus take care of any failures in fucl cycle components
downstream of the torus. A failure in the fueling sub-
system or fuel management subsystem, i.c., upstreamn of
the torus subsystem, though part of the ptasma-exhaust-
processing line, will result in automatic stoppage of re-
actor operation. The value for F< can be estimated from
permeation studies for the case of solid breeders with
coolant channels. The trapping rate of tritium on the PFCs
during normal reactor operation is F''C, which will be
governed by codeposition in carbon-lined tokamaks. The
radiation-induced tritium inventory need not be in-
cluded because of its long timescale compared to that
of tritium reprocessing units in the plasma exhaust line
and breeder line. For solid breeders, we can thus ne-
gleet F¥, because the typical timescale of tritiom holdup
in the plasma exhaust and breeder processing line is on
the order of a few hours to a day, while during this same
period, only surface layer saturation takes place in the
PFCs. In other words, permeation into the coolant line
is assumed to take much longer than it takes for bred
tritium to be recycled into the plasma exhaust line. This
assumption also leads to neglecting 305 *™ I, For lig-
uid breeders, the coolant-processing line is equivalent
to the breeder line.

Two ways to define the reserve inventory I, can be
formulated using the reserve inventories required for
each of the processing lines: (a) a reserve inventory to
account for single-component failures /7, meaning that
only one component can fail at any one time in the fuel
cycle, or (b} a reserve inventory to account for compound

FUSION TECHNOLOGY VOIL.. 35 MAY 1999
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component failures 7, whereby more than one compo-
nent can fail simultancousty:

short term

F=max(IH+ > 1 (22)
i€ max (£}
and
short ferm
=3+ X I, (23)

all f allt

where ! represents a tritium processing line.

As noted earlier, a conservative formulation must
include the inventory at the time of failure 33" |
which may or may not be recycled back into the fuel cy-
cle. The value I utilizes the worst-case scenario for a
single-component failure mode, which is equivalent to
the processing line with the largest specified reserve in-
ventory. For this case, failure modes from other process-
ing lIines with smaller reserve inventories are addressed
by I}, On the other hand, I7 is a mere restrictive defini-
tion of the reserve inventory due to the less likely occur-
rence of compound failure modes.

Whichever definition for {, is used, one can specify
which processing line requires an inventory in reserve
for any process upsets. Some processing lines may be
deemed to have too great an impact on the startup in-
ventory if the capability for continuous operation dur-
ing operational interruptions is to be included in the
reactor design. Such a capability may not be advanta-
geous, so operational interruptions and component fatl-
ures will, in fact, lead to a reduction in the operational
availability of reactor power production. Now, how-
ever, a significant reduction in the required startup in-
ventory may be achieved. This consideration will mainly
affect the main plasma-exhaust-processing line, where
most of the trittum is reprocessed, as opposed to the
other low-throughput flow lines. For instance, a failure
in the impurity-processing line will not affect w,, be-
cause of the very low tritium throughput through this
processing line. During such operational interruptions
of the impurity-processing system, this flow may be
stored inside a femporary storage vessel without inter-
fering with the main plasma exhaust flow.

Multiple component failures are unlikely to happen,
so we use the aforementioned definition of a single-
component failure to help quantify this design variable.
Now, any of the four processing lines can determine the
amount of reserve fuel required for reactor operation. As
discussed earlier, this will depend on which processing
line deserves to be buffered by a reserve inventory dur-
ing failure modes. Table V lists four possible options in
determining the reserve inventory where a localized in-
ventory limit is also inclnded. However, as noted earlier,
the coolant line is not expected to contribute any re-
tained tritium during the short-term period when a re-
serve is needed, so this processing line is neglected. The
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effect on the startup inventory is very likely the deter-
mining factor in deciding which option is selected in a
given fuel cycle design. For next-generation commercial
fusion reactors with low burnup, i.e., low f},, the through-
put in the plasma exhaust line is much higher than that in
the breeder line. The impurity line throughput will be
much lower than the plasma cxhaust line’s throughput
becanse fusion reactors require low impurity concentra-
tion. The plasma exhaust line will thus determine the re-
serve inventory, unless it is decided that continuous
operation during failure modes in this line are not worth
incorporating in the design, which wilt make either the
breeder line or impurity line the maximum reserve in-
ventory line, depending on the corresponding compo-
nent reliabilities. The reserve inventory can thus be
formulated with different design options as follows:

4 ( tr,m‘) ( &, Pf) . shagerm ;
f b Qf pli{nc)
for reserve inventory option 1

1— ﬁ) a, f-'-:‘r N short term
i T FPFC I:! + I
ool (L) 2] S

il

for reserve inventory option 2
a, Pf short rerm
A, th+ DI
Qf Bf

for reserve inventory option 3

short term

i+ 201
!

\ for reserve inventory option. 4
(24)

Note that only noncritical tritium inventories are used
in the estimation of the lost inventory in the nonopera-
tional subsystem. Once more, critical subsystems or com-
ponents in the fuel cycle are required to operate in a
satisfactory maunner to provide continuous reactor oper-
ation. For example, failures in vacuum vessel compo-
nents will result in reactor shutdown. An example of
this discrepancy are cryopumgp failures, becanse the cryo-
pump plasma exhaust subsystem is operated using a num-
ber of pumps, Failure in a number of cryopumps that
does not significantly affect the total pumping speed will
not hinder reactor operation, Equation (24) can thus be
substituted back into Eq. (21) to obtain a relationship
using rescrve inventories or times for reserve fueling,
whichever definition is appropriate for the respective pro-
cessing line. This relationship is optimal in terms of min-
imizing the fuel required to start up a reactor with the
operating scenario selected. Finally, the use of a single
quasi-steady-state average inventory for each modeled
subsystem may be inadequate due to the inherent wide-
ranging fluctuations characterizing each subsystem. Thus,
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TABLE V¥

Four Design Options for a Tritium Reserve Inventory

Reserve Inventory

with an adequate reserve inventory

with an adequate reserve inventory

limits) is used for estimate of reserve
inventory

Design Option Characteristics Design Requirements
1 If plasma-fueling/exhaust-processing line ({7 ot
is to be buffered with an adequate reserve 717 At
inventory AT ,
17N\ f) T—fo) @ty
L > o FPFC t ,!:!'
h(f,,)( o )7\ )
2 If impurity processing line is to be buffered ( ( 1—f,\ 2 Fr - NN LAY
Io Qr NG /T

3 If breeder processing line is to be buffered ([ r,p*)

4 If localized inventory limit (from safety design

4
o, P,
- ref
I > Ar(?f)tﬁ”

{ Il'i’mi.' = (t-‘.:',I ap}}

focal re

fo Oy
1

- e T N L A
I{;?gf> g - FPPC f}”
fiocct = J ;[( % )0

design factors could be included in the preceding calcu-
lations for the short-term inventories.

The previous discussion focused on making sure that
the reactor does not run out of fuel by having a reserve
inventory available for any process upsets. Neverthe-
less, this reserve inventory is necessary in only a small
time frame when the inventory available in storage is near
its minimum value. When the storage inventory is large
encugh due o bred inventory above that needed for any
tritium losses, the reserve inventory included during start-
up does not contribute to the prevention of reactor stop-
page during fuel cycle component failures.

If no reserve inventory is used in the operating design
of the fusion reactor, then reliability considerations for each
of the components in the fuel cycle will need to be ad-
dressed along with the reduction in overall availability of
the reactor. In more general terms, if we consider each of
the subsystems separately, then the availability of each sub-
system during reactor operation can be calculated by the
following relationship, which makes use of subsystem fail-
ure rates:
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B MTBF,
~ MTBF, + MTTR;

o; (25)
The mean time between failures (MTBF) for subsystem i,
MTBF;, and the corresponding mean time to replacement
MTTR; will be determined by the components used
within the subsystem’s design. Consequently, different
parts of the fuel cycle will be characterized by different val-
ues for availability, which will have varying effects on A,
and will depend on the design approach toward a reserve
inventory. For example, if one is required to design a fuel
cycle system to handle a given A,, a minimum require-
ment for the availability for different subsystems can be
calculated using this approach. A minimum impurity-
processing line availability can be estimated and com-
pared to a minimum torus availability. As predicted, the
minimum torus availability is much more restrictive than
the corresponding availability in the impurity-processing
line. We will return to availability considerations later when
we examine the variation of the required TBR against
changes in reactor availability,
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IV.C. Long-Term Tritium Retention Processes

Long-term tritium retention processes, as exem-
plified by radiation trapping, will affect the tritium
self-sufficiency problem differently from short-term in-
ventories. As discussed previously, such short-term
inventories are characterized by a rapid rampup to quasi-
steady-state inventories. In contrast, long-term invento-
ries possess a different timescale and are likely to stay
trapped and localized without migrating throughout the
fuel cycle. Thus, they will not be transferred to the stor-
age subsystem and subsequently will be unavailable to
new reactors as a part of the startup inventory unless
active removal of this tritium is effected. From an inte-
grated fritium balance point of view, long-term inven-
tories 3, “™ I will mainly originate from the tritium
that is bred inside the breeder during reactor opera-
tion. Again, the startup inventory does not need to take
into account the value of 3" *"™ I because long-term
retention is negligible during the short time that the
tritium bred from the breeder line is unavailable for re-
cycling. Thus, 31 “™ [ can be considered as a tritium
production requirement of the breeder, or equivalently a
loss of tritium, and so is taken into account on the right
side of Eq. (4).

Most of this long-term tritium inventory is located
imside the vacuum vessel, where the irradiation environ-
ment is important. The long-term tritinm inventory in the
plasma-fueling/exhaust-processing line will then all be
retained inside a few of the critical components, namely,
the torus PFCs. The long-term coolant inventory will be
due to typical fuel-processing equipment and not to ir-
radiation trapping because the coolant is not affected by
irradiation damage, and the coolant-reprocessing equip-
ment exists outside the radiation enclosure. Impurity pro-
cessing is only characterized by short-term inventories.
Thus,

long term {ong term Tong term fong term

Doi= > I+ > I+ 3 1.

1] ple)

The main physicochemical processes that play a role in
this long-term retention of tritium are radiation-induced
trapping withiu the bulk of the vacuum vessel materials
and surface interactions, such as tritiurn codeposition and
tritiated dust formation. Radiation-induced trapping in-
side the bulk material is a slow process that can take a
fairly long time to reach steady state, depending on the
quantity of traps created through irradiation. Tritium co-
deposition, which seems to apply to only carbon-based
materials, will be very significant because large quanti-
ties of tritium can be retained at a relatively fast rate,
thus making active removal a necessity for adequate re-
actor operation. Depending on the plasma and material
conditions, tritivm codeposition can vary within a large
range of invenlory values. Estimates from 5 to 10% of
the fueling rate have been given® or from 20 and up to a
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possible 100 g per ITER pulse, depending mostly on the
assumed chemical sputtering yield.!* Finally, a funda-
mental lack of understanding is currently the state of af-
fairs with regard to tritiated dust formation. To summarize,
Table VI presents the nomenclature associated with each
type of tritium inventory.

IV.D. Tritium Lost to Waste Material

Tritium losses also arise from waste disposal that
has not undergone tritium detritiation or have very low
tritium decontamination factors. Such fucl cycle waste
material will be removed periodically during reactor op-
eration. An approximate relationship of the dynamics of
this tritiated waste {most likely retained in the bulk of
solid material) can be provided using the following
parameters:

1. €eptace, the fraction of the total long-term in-
ventory 3% I that is removed during one
material /component replacement interval

wrisie

2. €/i5¢e, the fraction of tritium in the removed tri-
tium that can be recycled back into the fuel cycle

3. Vreptace> the average rate of periodic replace-
ments.

The total tritium loss to waste material during a speci-
fied period of time can then be formulated as follows:

long ferm
= WL
In' el T (1 Er.er.'ycie)frep.'ace z Iyrepe’ace{f .
i

(26)

It is expected that »,,,4,. Will be infrequent, i.e., on the
order of a few replacements during the lifetime of the
reactor. In addition, with respect to estimating long-
lerm inventories, tritiated waste material and process-
ing components removed from the fuel cycle are assumed
to be infrequent enough that all of 3" "™ I will build
up again to its steady-state value.

IV.E. Storage Gain Requirements

IV.E. 1. Doubling Time Inventory

For this study, a general inventory requirement /.,
is used in tritium breeding requirement calculations. The
value for 7., will depend on different reguirement ob-
jectives. Previous work has focused on the doubling time
inventory Iz as the required inventory buildup in stor-
age to produce enough tritium to fuel another equivalent
fusion reactor. The definition of the doubling time inven-
tory was given as either

Iy = 2L or Ipgy=1lo+ 1, . (27)

For our case, where we have developed a procedure
to estimate I,,,, it is the second definition that will be
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used in this work. Note that the second definition gives
a more accurate representation of the inventory needed
to fuel a single new reactor when no improvements in
system reliability, e.g., L., for the new reactor is equal
to I, for the current reactor, are taken into account as
illustrated in Fig. 3. For use in the integrated tritium
balance, I,., = I; o with respect to doubling time consid-
erations. This is because /.., is the required net inven-
tory bred in the fuel cycle as opposed to the total storage
subsystem inventory I, which already includes I,,,,. In
other words, when the optimal startup inventory is used,
Iz 1s the inventory located in the storage subsystem
when the doubling time is reached, which is at most
I L.

In more general terms, it is possible that the relia-
bility of next-generation fuel cycle systems will im-
prove during the time needed to meet the inventory
objective. Mathematically, this will cause all the re-
serve times in future reactors to be reduced, e.g., /' <
tP e < g P < P e < ¢!, Thus, I, in future
reactors will be lower than the [, used for the current
reactor’s tritium breeding requirement calculations. As
a result, a formulation for I, which includes the ef-
fects of improvements in reliability, can be reformu-
lated by simply substituting the improved reserve times
in the equation for 1%,

IV.E.2. Other Inventory Requirement Considerations

Anather inventory requirement of interest, from a
tritium self-sufficiency perspective, is the inventory
needed for the self-sustaining operation of a single re-
actor. Such a requirement will most likely characterize
first-generation commercial power reactors such as
DEMO, where the primary goal is the achievement of
reliable and safe operation in a fusion reactor. For this
case, I, = 0, because no net breeding requirement is
needed for external use. On the other hand, inventory
requirements that lead to a more rapid pace in the intro-
duction of new fusion reactors than the doubling-time
concept may be relevant if fusion is widely accepted as
an energy source in combination with the decline or re-
duced viability of other energy sources and an in-
creased global energy demand. To generalize and quantify
such varying rates of introduction, the following rela-
tionship can be used: 1., = (n — I, where n is the
rate of introduction of new DT fusion reactors, For the
self-sustaining operation of a single reactor, n = 1; for a
doubling-time inventory, n = 2. Accordingly, the re-
quired inventory in the storage subsystemn will be I, =
(n — DIFF + Ly, Again, we need to always have at
least [, stored in the storage subsystem to account for
component failure scenarios in the current reactor even
after (n — 1)I§¥ is removed to fuel new reactors. As
noted carlier, 1., inside /75’ can be different from the
aforementioned 1,,;,. Last, another possibility is the re-
quirement for a particular inventory value at a specific
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point in time. For example, 5 kg of net bred inventory
may be specified as an objective requirement for avail-
ability 1 yr into the future. For this case, values for Licq

as well as ¢ are then provided with no reserve inven-
tory needed for consideration.

IV.E 3, Lag-Time Considerations

If a lag time #, is included that takes into account
the inventory loss to tritium decay between reaching Ireq
and its transfer and startup use in a new reactor, then
the required inventory needs to be increased from 175
to a higher value using the following relations, where
I+ 18 the reactor-to-reactor transfer inventory:

dl,r
dr
with boundary conditions:

{I,,f >, att=t

= —A .!n_.,r

I.l'rf:Ireq art= If"‘tl ) (28)
Then the solution to Eq. {28) with the given boundary
conditions is

Ly = Loge M9 (29)

Time variable ¢ starts when the storage tritium in-
ventory reaches I,,,. If we now solve for I, the vari-
able of interest, by using the second boundary condition,
we then obtain

Leg = I e™ (30)

V. SOLUTIONS OF INTEREST

All the previous independent solutions calculated for
each of the terms in Eq. {4} ¢an be substituted back into
the balance equation to solve for those variables of in-
terest in tritium self-sufficiency problems. Previous work
has focused on estimating the required TBR, which can
be accomplished by solving Eq. (4) for the TBR. Re-
quired tritium startup inventories can be estimated from
I8 in Eq. (21). Due to the direct dependence of the
required TBR on the estimated reserve inventory, an es-
timate of the required TBR will depend on which re-
serve inventory design approach is selected, as given in
Table V. It can be observed from this table that the re-
serve inventory is only a function of the required TBR
when the breeder processing line is selected for buffer-
ing. All other options do not involve the required TBR,
Therefore, two slightly different solutions can be de-
rived to account for all reserve inventory options.

Such a formulation involves solving a quadratic equa-
tion for A,, the required TBR, so two separate solutions
will exist. However, one of the two solutions will always
result in a negative value, a physical impossibility, so we
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use only the (+) solution. Using the approximation for 175 in Eq. (21), the positive solution for the A, quadratic
equation hecomes

(O +
for reserve inventory options 1, 2, and 4
204
A, = 0+ ; (31)
for reserve inventory option 3
o (prp =t
L A ¢ Xy
where
b
{=a,ay, 7 (32)
@ = (n— De*n (33)
l;/ =1—- e_‘“:f (34)
f short tevm fong rerm l,!'l o
(@+lf’)( g'g [+Ir) + E I+Iwasreig+;(g—'_Fenthe{gr'i-Fz\:&;r
piti i
for reserve inventory options 1, 2, and 4
short term short term fong term (,!'l . — _
(e +¢)( 2 It X I) 2 It bl + 3§+ Foy — Fl o+ P
pi+i i
L for reserve inventory option 3
and where
¢ = factor containing the effective power production
¢ = factor that accounts for the lag time and introductory rate of new reactors
¢ = lactor that accounts for the time requirement objective
)} = effective inventory term.
For simplification purposes, ® represents the square root term in the quadratic equation for A, as follows:
Q%+ 4l + 4}y ‘m"g:em - (F& — F3r for reserve inventory options 1,
A m e 2,and 4

(D:

tﬁ"' shart term @“_ F;i;
\/112 +4(@ + :p)(% —(¢+¢) () > 1(1 — (—L—’— for reserve inventory option 3
b

&op é’
(36)

More specifically, the main tritium pathways for typical next-generation fusion reactors will exist in the plasma-
exhaust-processing line and the breeder line. Including an inventory reserve to account for interruptions in the im-
purity line and coolant line can thus be neglected in this assumption. If component reliabilities in the processing lines
do not differ by a large margin and if lecalized inventories are not limiting, then the condition £, ' > A,, i.e., when
the plasma-fueling /exhaust-processing line dominates, is easily met in most future fusion reactors. This is because
Sy ' is much greater than any achievable TBR in candidate breeding blankets. On the other hand, if a localized in-
ventory limit characterizes the plasma-fueling/exhaust-processing line and this limit is less than the inventory needed
to buffer the breeder line, then the solution calculated for reserve inventory option 3 must be used.
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V_v’e note that the short—ta;rm inventory variables in Eq. (36) are related to the / variable, which is, in turn, a
functu_:un of ay, Py, and' Jo. It is not related to a,, because any reactor downtime is assumed to take place at a much
later time than the attainment of the quasi-steady-state inventories characterizing short-term inventories. Therefore,

any changes in the aforementioned three variables are also translated into changes in 32t f Sihortierm p o g

h
>l ™ I Thus,

short term short term

E f= % I:f(ap,Pf,fb) .

pitit

pl{c} pli{nc}

Coqversely, long-term retention is not a function of £ because inventory in this category is governed by trapping
mechanisms that are not related to reactor operating variables but are rather related to material properties. We assume
that the trapped tritium inventory, due to irradiation, will reach steady state before the time to satisfy the inventory

requirement objective is reached.

Nf)w, consider the case where the achievable TBR A, is known for a certain reactor design. Since we are inter-
ested in finding out how much inventory is allowed to be held up in the critical plasma-line-reprocessing units to
produce a given doubling time, then we would need to solve for X557/  and 3 /o8t | Reformulating the fuel

pil pl

cycle b_alanc_:e from Eq. (4), the equations for the allowable inventory heldup in the plasma-exhaust/impurity-
processing line are then, for the case when the plasma exhaust processing line determines the reserve inventory,

long term 1

Z Iah‘ow = 1+ (l wiste

Pt

— €recycle ) € replace Vreplace tf

X {A“(éﬂ)—%(g+m~—ﬂ€+f§

A

shart term 1 Fel;l —_ Fe(jtuf shart term
—(¢+¢;)( > 1+1,+—(1—(‘—‘ > I
pl

long term fong term

Ag 4

bt

- % I- 2’ I- Iwas:elg} (37)

and

short term : {l}l ) l’l
2 o = ““((qo A

Aﬂ g’

i

T e+ P)A

1 Fo— P&
_(Ir+_'(1‘_;

(§ + Foy — Fli + F3i¢

xhgrfterm
)5
&

1 fong term
- m( 2 I+ Iwag,elg) . (38)

Other inventory variables in the equation can be
solved in a similar manner, Calculation of the startup in-
ventory is given in Eq. (21), where the optimal startup
inventory was discussed. Accordingly, a high level of flex-
ibility is achieved by way of the tritium balance formu-
lation of Eq. (4). Table VII lists reference values for the
fuel cycle parameters used in this analytical scheme. The
short-term inventory reference values were obtained from
the Table I ITER reference inventory column. On the
other hand, the reference value for the long-term inven-
tory was estimated by adding the ITER reference inven-
tories and the upper-limit inventory uncertainties of
Table IIT (corresponding to more conservative values).

For validation purposes, the solution for A, using
this analytical formulation is compared with a few sce-
narios from Abdou et al.’s' tritium self-sufficiency
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research. Base parameters from this previous work were
used and reformulated when necessary. For example, this
previous work utilized a burn rate of tritium, i.e., 500 g T/
day, as a reference parameter for which conversion to
the fusion power and associated parameters was re-
quired. In addition, the quasi-steady-state tritium inven-
tories that characterize the scenario were needed, for
which only two cases were mentioned. Values for the
quasi-steady-state tritium inventories were taken from
the time-dependent inventory plots of the major subsys-
tems. These two scenarios with the fue! cycle param-
eters that were used are listed in Table VIII, where entries
in bold are values that are different for each case. The
value for A, was the same for the two different scenar-
ios examined, namely, A, = 1.08 and A, = 1.03, as given
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TABLE VII
Fuel Cycle Parameters Used in the Analytical Tritium Balance Scheme
Fuel Cycle Fuel Cycle
Parameter Reference Value Parameter Reference Value
i 3T | nEl 0.9
17 2 days €replace 0.9
Pf 1.5 GW Vreptace 02/yr
fb 29, h)n%e!m ! 8930 g T
shart ferm
ap 100% S 1965 gT
il
short term
2, 100% S 7 75T
b
] 0 yr (no lag) Fi% and Four Okg T/yr
(no external sources/sinks)
€ony 0 g T/day (negligible) n 2
TABLE VIII

Values of Parameters Used in the Analytical Scheme Corresponding to the Ref. 1 Values

tong term short ferm sHart term
. _Scen‘ario Op | Xpp P} 1 I F:nr; E;: Toaste Ig ? ! p%ﬂ ! g!: ! fo ;I
(doubling time 7 = 2) | (%) [{%) | {GW) | {y0) | (y0) [ (g T/day) [(g T/day) | e T) | T) | T | T [(%)|(day)
Jo = 5%, tr=35yr 1001100) 327 { O 5 11 0 Q 0 10450 5400 5
Jo = 10%, t=10yr |100[100| 3.27 | O (10 5.5 0 _ 0 0 5200 5400 10

*Values in bold are those that are different for each case.

TABLE IX
Comparison of Present Analytical Scheme with the Ref. 1 Model
Results from Ref, 1 Modeling Scheme Results from Present Analytical Scheme
Scenario I 1 I 1y
(doubling time n = 2) (g T} A, (gT) eT) A, (gT)
Jo=5%, t;,=5yr 20000 1.08 35500 20000 1.08 35500
fo=10%, t;, =10 yr 10000 1.03 20500 10000 1.03 20500

in the comparison of the two models in Table IX. The  The quasi-steady-state inventories used in our scheme
required tritium startup inventories and minimum inven-  were taken from the convergence of all the dynamic
tories also matched. The nonradicactive loss rates that  inventories to a steady-state value, as calculated using
were used in both scenarios in the previous work were  general tritium residence times in the aforementioned
quite high, equivalent to a loss of 5.5 and 11 g T/day. work.
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V1. UNCERTAINTIES IN FUEL CYCLE PARAMETERS

Uncertainties in parameter values along with inven-
tory fluctuations characterizing fuel cycle component op-
eration (i.e., batch operation) will produce an uncertainty
in the calculation of A,. We can obtain a relationship for
this uncertainty in the required TBR, 8A,, by propagating
uncertainty and inventory fluctuations into all the param-
eters of Eq. (31). The inventory uncertainties, 6 >, I, will
be composed of both operational fluctuations as well as un-
certainties in their calculation. Operational fluctuations in
tritium inventories can be gathered from integrated fuel cy-
cle simulations,®”' while uncertainties in calculations, i.e.,
as when physicochemical processes are involved, can be
obtained from detailed simulations or estimations.'*!?

The general formula for random error propagation
in a function that is composed of several variables,
g(x,...,z), where (8x,...,8z) are the uncertainties in the
independent variables (x,...,z), is given as

B dg _\? (aq )2
Sq—\/(axﬁx) +...+ 823Z ,

which assumes that the uncertainties in (x,...,z) are all
independent and behave in a random fashion, so quadra-
ture addition is used. In our problem, the primary vari-
ables (x,...,z) are as follows:

(39)
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8. Fo
9. Iwas.relg
10. 1,
short term
11. X 1
bl
long term
12, X 1
bl
short term
13. X 1
pi{c)
short term
4. X 1
plinc)
long term
15, 3 I
i
shart term
16. ¥ I
il
long term
17. ¥ I

of

Moreover, J, can be further decomposed into other vari-
ables, depending on the reserve inventory design option
selected. However, for the inventory uncertainties, we
must take into account the inventory fluctuation inherent

l. @, in the design because we have no knowledge of where
2 the actual inventories will be during the quasi-steady-
TR state cycle when the time to reach the inventory require-
3. Fr ment is reached. Furthermore, reserve inventory design
4, 4 option 2, when the impurity-processing line dominates,
5. ¢ can be neglected. A general solution for [, accounts for
-7 reserve inventory design option 4, which makes use of a
6. fi localized inventory design limit. The partial derivative
7. Fin calculations for the variables in the quadratic equation
for the required TBR are as follows:
aA,. 1 short term (ijﬁ:_ Fﬁ A sHort term 0
= [ — Hl-——--\+{=—= I+ )l1+=1, 40
% (cp) > ( Z 200 )\ 2 o o
A 1 0 _ e short term
L= | 1+ = e+ Fon — F+ FO + A I+1,
A (2§¢)( ‘I’)[g " f ( przu )]
@ + 24,) FRort term ( (@_ @‘)) A
-+ e — O+ @), (41)
(o Z ; 2
8A, 1 ( ﬂ) (q‘) + l,l!) short term A
=— |1+ ]| +{— I——{({+d), {42)
" u\te) e ) 2 It
¢ T .. pout
+ Fo -~ P . .
%—-@ (l - (—r?*—'"—) for reserve inventory options 1, 2, and 4
dA, _
=4 ¢+ ) (Feo — F&F' Mg + ) £ ) (43)
short term 11 - + 14+ —
8 > I P 4 244 ¢
" for reserve inventory option 3
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oA o __1 R (o + )”"’Eem;
oFE ok 2\ @ \@)¢r & 1) “9
A, oA, M, Ae+d)[ Q
short term - short term = —é}: = 2 g’w + 3 L] (45)
DS B DY
pi(e) plne)
aAr A @ wmre.
long term = 2§¢ 1+ g [1 +{1- emcycfe)primevmpface’}'] ’ (46)

o > I

and

oA, A (1 + ﬂ)
el 200\ T ) - “n)
The uncertainty in the required TBR can then be obtained from the following quadrature relation using tritium

self-sufficiency variables when no uncertainty is associated with A, the tritium decay constant, and the loss of tritium
to the environment, namely, F,,,, is neglected:

;= o) +{ o - iz =
4 e % oFf, ") \oFgr
aA shortrerm \ 2 aA shorteerm \ 2
A, 2 . —_—
+ (_"""'"— SIwmlelg) + short term 8 % ! + short term 8 2 !

Hyasre§ 3 > 1 s> 1 P
b plic)
JA shortterm \ 2 A long term \ 2 1/2
- r . T A, 2
+ shart term o 2 ! + fong term o 2 1 + i .} I8 . (48)
pi(nc) i
o 2 I o > I o,

pline) i

These equations can then be further decomposed to more basic parameters by the chain rule of integration. For
some parameters of interest, we have the following:

A, _dA, dp ~ (1= D expian) A -
at; - 3g0 af; - °Xp b 6.;0 ’ (
A, AN, dpr\? N T S A
o Y\ ov by lvasiel§ Y
aAr 2 fong term 6A, 2
= J(A exp(_‘htf) '3%?) + ((l - ereg;::e-‘e)erept‘ace z Iprepface M) s (50
and
short term 2 short term 2
9 I 8 I
A, o, 9\ A, % A, p,% NP AT .
'5(-1; - a{ aap short term aﬂfp short term aap a‘,r Bap
a > 1 o > 1
] pi+it

We must now evaluate 3¢/da,, (935" ™ I/da,), @™ 1/der,), and 3, /8?,,. The partial derivative 9 /da,
is simply equal to e,,(P/(Qf). On the other hand, (82;“,"’"””"}'/8%) and (3250 I/oa,) are dependent on
the tritium reprocessing line design and can be obtained from more detailed simulations. From integrated fuel
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cycle simulations,®™'° it has been observed that the short-
term inventories will vary as (1/100) 355 ™ 1 and
(1/100) S35em ™ I (for a, given in percentages), respec-
tively, where this linear relationship is due to the batch
operations that characterize the buildup of short-term in-
ventories. For example, in a vacuum pump system that is
operated in stagger mode, as in the ITER cryopump base-
line design, there exist two distinct dynamic modes of its
inventory corresponding to changes in a,,. First, as a,, is
reduced from a maximum of 100%, the dynamic fluctu-
ations diverging from a maximum short-term inventory
for the vacuum pumps gradually become greater until the
inventory fluctuations reach a level of zero inventory. Re-
ducing a, further results in burn periods with fluctuating
inventories that are separated by longer and longer peri-
ods of zero inventory. Both of these dynamic modes re-
sult in an average linear reduction in 3" "™ I with a,,.
On the other hand, for continuous holdup subsystems such
as distillation columns in the ISS, the tritium holdup is
more stable against changes in «,. However, for our pur-
poses, the overall 3™ is taken to decrease lin-
early with a,, as outlined previously. Finally, d/,./da),
for the time when the plasma-fueling /exhaust-processing
line is to be buffered by a reserve inventory and when a
time for reserve fueling is used, is given by the follow-
ing relationship:

o _(1\(E
weGlg) e

Note that some relationships of the tritium inventories
against some fuel cycle parameters will most likely de-
pend on the particuiar fuel cycle system design. As a re-
sult, variations in these relaticnships are to be expected
when comparing one design with another,

VIl. PARAMETRIC ANALYSIS OF THE TRITIUM
SELF-SUFFICIENCY PROBLEM

In this section, we examine the tritium self-sufficiency
problem through the analyses of a large number of widely
varying cases. Each of these cases is based on the refer-
ence design with the relevant fuel cycle parameters as
given in Table VII. Unless otherwise stated, it will be
assumed that any fuel cycle parameter not explicitly men-
tioned in the discussion has a value corresponding to the
reference design from Table VIL,

VILLA. Daminant Parameters

It is found that two fuel cycle parameters dominate
the calcnlation of the required TBR: the time to fulfill a
given inventory objective # (e.g., the doubling time) and
the reserve inventory needed to buffer operational inter-
ruptions I,. All other parameters have only a fraction of
the influence that these two parameters have on tritium
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Fig. 5. Variation of required TBR compared with the tritium
reserve inventory and the doubling time.

fuel self-sufficiency variables, namely, the required TBR
and the required tritium startup inventory, for realistic
parameter ranges. Figure 5 shows a three-dimensional
surface plot of the required TBR compared with the dou-
bling time (i.e., # = 2} and the tritium reserve inven-
tory. It can be seen from this plot that the required TBR
starfs to increase dramatically for values of the dou-
bling time less than ~8 yr. In addition, the effect from
the tritium reserve inventory starts to slowly increase as
the doubling time is reduced, although there exists a lin-
ear relationship between the required TBR and the re-
serve inventory. As a result, if the required TBR is limited
to a particular value, then there exists a curved area
within the doubling time-reserve inventory plane that
satisfies this limiting condition. This is most easily pre-
sented using a contour plot corresponding to the three-
dimensional surface as illustrated in Fig. 6. If the
doubling time is relaxed to a longer duration, then a
higher reserve inventory can be used. Conversely, if the
reserve inventory must be reduced to low values {e.g.,
for safety or tritium availability reasons) while the TBR
is kept constant, then the doubling time is accordingly
reduced and next-generation reactors can be introduced
at a faster pace. However, this condition may lead to a
reduction in reactor availability because insufficient fuel
is available during operational interruptions.

If the plasma exhaust line tritium throughput is used
as the buffer condition, the fuel fractional burnup plays a
large role as does the estimated time to fix any problems
that produced the operational interruption. This is the sce-
nario that was analyzed in earlier work; now, £, f;, and
tF' are the dominant parameters. However, as discussed
earlier, 7, is a direct function of #7!, while it is indirectly
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Fig. 6. Contour plot of required TBR compared with the tri-
tiom reserve inventory and the doubling time.

proportional to f,. Note that.f, does not play a role in the
estimation of the required TBR if this buffer/reserve op-
tion is not selected for the fuel cycle design. Figure 7
shows a plot of the required TBR compared with the fuel
fractional burnup and the plasma-exhaust-line reserve
fueling time. This plot ¢clearly shows the direct relation-
ship between A, and ¢ in addition to the 1/f, relation-
ship. Any values lower than ~4% fot f;, give rise to large

Fig. 7. Variation of the required TBR compared with the .
plasma-exhaust-line time for.reserve fueling and thefuel .

fractional burnap.
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Fig. 8. Variation-of the required tritium startup inventory com-
pared with the plasma-exhaust-line time for reserve fuel-
ing and the fuel fractional burnup.

- A, when the reserve time is set to values >8 days. A sim-

ilar relationship also characterizes the estimation of the
required tritium startup inventory 1,9, asin Fig. 8. In this
figure, the plot is reversed to more clearly show the in-
variance of ;5 with changes in the reserve time for high
f. Values of I o of less than ~50 kg of tritium can be
achieved by £, > 5% and t?' < 10 days. Again, a curved
area can be obtained to satisfy a required TBR,

VILB, Altarnate’ Resarve Inventory Design Options

The best way to dramatically relax the tritium fuel
self-sufficiency problem is to incorporate a plasma-
exhaust-line-reprocessing system, which can operate at .
100% availability, Either no failures arise during the life-
time ‘of the reactor or if a failure does occur, then the
flow can be routed:to an alternate local reprocessing sys-
tem, which can handle the flow during such operational
failures. If the fuel cycle features such a failure-resistant
exhaust-processing-line design, then the reserve inven-
tory can be planned to buffer other processing lines with
much lower tritium flow rates. Figures 9:through 16 show
the effects ftom provision of a different tritium reserve
scenario-as outlined in Table V for three different reserve
inventory design options. '

Figure 9 shows a contour plot of the required TBR
compared: with the fusion power and the time for re-
serve fueling for reserve inventory option 1, ie., buff-
ering the plasma-exhaust-processing line. It can be
observed that the required TBR is relatively insensitive

333




Kuan and Abdou  REQUIRED TRITIUM BREEDING RATIO AND STARTUP INVENTORY

ime for resarve fssling - reserve Inv, option #1 (deys)

Fig. 9. Variation of the requited TBR compared with the time
for reserve fueling (using reserve inventory design.op-
tion 1, i.e., the plasma-exhaust-processing line) and the
fusion power.

to changés in fusion power. A significant change.in the
required TBR for a given time for reserve fueling will
oceur only for reactors producing very low fusion power
(on the order of <0.5 GW). This variation seems to

apply to any value of ¢#*. Thus, to keep the TBR at a_

particular value, the time for reserve fueling must be
accordingly reduced as the fusion power is reduced. Flere,
the overall behavior of the variation characteristics can
be explained by noting that although the. extra: tritium
produced from fusion reactions and the reserve fueling
are both proportional to the fusion power, their slopes
will differ. For low-fusion-power cases, the extra tri-
tium gained from fusion reactions is not enough to coun-
terbalance the extra tritium required for resetve fueling.
Therefore, a higher A, is needed. As FPyis increased (while

keeping ¢#' constant), however, the higher rate of extra

tritium gained from fusion reactions serves to reduce
the TBR needed to produce the.extra tritium for reserve

fueling. Eventually, for high-enough Py, the tritium gained
from fusion reactions will balance out:the tritium needed
for reserve fueling so that A, will not be significantly

affected by further increases in Py, In other words, for
high enough fusion power, A, wil{ be a function of fuel
cycle parameters other than Pr. Quantitatively, the change
in A, against changes in. ## is almost insignificant
for operations with Pr > 3 GW, A reduction from 3 to
1 GW must be balariced by a reduction «in t# of
~0.7 days, From 1| GW down to 0.5 GW, the balancing
amount of reduction in £? is increased to ~1.3 days.
Finally, for very low power fusion reactors, i.e., from
0.5 to 0.25 GW, t?' must be further shortened by
~2.5 days.

In contrast, changes in fusion power have a signifi-

cant effect on the required tritium startup inventory, as
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_ obsetved in Fig. 10, which shows a similar contour plot

again for option 1. An inverse relationship between fu-
sion power and the time for reserve fueling characterizes
this-plot; in other words, increases in both Pyand 2! will
result in an increase in the tritium startup inventory (the
fusion fractional buraup is assumed constant in this case).
The tritium startup inventory surfaces with.constant val-
ues are seen to be equally spaced, A large change in the

© required tritium startup inventory, on the order of hiin-

dreds of kilograms of tritium, is thus seen to occur for
alternate scenarios in fusion power and time for reserve
fueling.

Buffering of the tritiated impurity flow is now con-

-sidered, where the time for reserve fueling is now

given by ¢/ rather than ¢/, with failure and replacement
characteristics due to reprocessing components in the
impurity-processing line as opposed to-that from the many
reprocessing components found in the plasma exhaust line,
Tritium throughput in the dedicated impurity-processing
line is a.small fraction of the tritium flowing through the

"main plasma-exhaust-processing line, for which the av-

erage tritiated fractional impurity content £, is the driv-

ing parameter. Figures 11 and 12 show contour plots of

-the required TBR compared with fusion power and the

time.for reserve fueling for reserve inventory option 2,

i.e., buffering the impurity-processing line, with fi,, = 2

and 5%, respectively. Similarly, Figs. 13 and 14 repre-

sent similar contour plots of the required startup tritium

inventory, Thus, both Figs. 11 and 12 correspond to .
Fig: 9, whereas Figs. 13 and 14 correspond to Fig. 10 but

with a.different reserve inventory option.

Figures 11 and 12 are charactetized by an insensi-
tivity of A, against changes in the time for reserve fuel-
ing, which is in contrast to Fig. 9, which shows A,
insensitive to fusion power for most of the parameter range

0 T T T T T L] 1 - T 1

o 2 4 6 B 0 12 14 1B 18 20
time for rasarve fueling - resarve Inv. option #1 {days}
“Fig. 10. Variation of the requited tritium startup inventory (in
_ kilograms) compared with the time for reserve fuel-

ing (using reserve inventory design option 1, i.e,, the
plasma-exhaust-processing line) and the fusion power.
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Fig. 11. Variation of the required TBR compared with the time
for reserve fueling (using reserve inventory design op-
tion 2, i.¢., the impurity-processing line) and the fu-
sion power with fi, = 2%,

oy, fractional
titiated Im purity
conlant = 5%

tima for reserve fusiing - reserve inv. aption #2 (days)

Fig. 12. Variation of the required TBR compared with the time
for reserve fueling (using reserve inventory design.op-
tion 2, i.e., the impurity-processing line) and the fu-
sion power with fin, = 5%. o

of interest. The reason for this change in sensitivity is
mainly due to the low reserve inventory required for op-
tion 2 as opposed to option 1. This can be attributed to
the fact that the driving force to a change in A, due to
variations in Py, namely, the tritium throughput for the
processing line that is designed to be buifered; is char-
acterized by very different values for both cases. The tri-

tium throughput in the impurity processing line is much-
smaller than that of the. plasma-exhaust-processing line, -
thereby reducing the resérve inventory for the former case.:

Thus, increasing the time for reserve fueling for option 2
does not have much of an effect: because only a small
VOL. 35
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reserve inventory is required. Only when FPyis increased

- to values above ~1-to 2 GW do we see a variation with

tf, Accordingly, as the fusion power is increased,
changes in fusion power gradually exert a greater influ-
ence, so increasing the fusion power reduces the re-
quired TBR. In addition, a greater average fractional
tritiated impurity content slightly increases A, for changes
in # when P; is held constant. For instance, increasing
P, from 1.5 GW to ~3 GW when fj,,, = 2% and ¢} =
16 days reduces A, from 1.04 to ~1.03, whereas if f;,,, is

45 : \},’\’&‘
g NS

1.8+ ' ' -
44 8. fractional \
titiated lonpurity : : :
054 content= 2% |
0 T Tt Y Y

1 1 i

T
-0 2 4 L] 8 10 12 14 18 18 20
time for reserve fueling - reserve inv. option #2 (days)

Fig. 13. Variation of the required-tritium startup inventory-(in
- kilograms) compared with the time for reserve fuel-
Ing (using reserve inventory design option 2, i.e., the
" impurity-processing line) and the fusion power with
Simp = 2%.

0 2 4 6 8 10 12 14 16 18 20
tima for resarve fualing - resarve inv. option #2 (days)

PFig. 14. Variation of the required tritium startup inventory (in
kilograms) compared with the time for reserve fuel-
ing {using reserve inventory design option 2, i.e., the
impurity-processing line) and the fusion power with
Simp = 5%.

136




Kuan and Abdou -

changed to 5% for the same parameter range, A, is re-
duced from 1.06 to only ~1.045. Increasing the tritiated
impurity fraction will thus result in a slight increase in
A, as expected. The relatively low values of A, i.e., up
to 1.2 when Py is reduced to 0.25 GW, are attributed to
the low reserve inventory required. From Figs. 13 and
14, the required tritium startup inventory reflects the same
variation pattern as in Fig. 10, except for much smaller
values. Moreover, we see an increase in the required-tri-
tium startup inventory, which roughly corresponds to the
increase in finy; i.e., when fi,,, is roughly doubled, the
required trittum startup inventory is also roughly dou-
bled. Again, this is expeoted from the corresponding
increase in the tritium throughput inside the impurity-
processing line as f,,, is increased. _
Finally, we examine the-effects from the third design
option for the reserve inventory, buffering of the breed-
ing blanket processing line with a time for reserve fuel-
ing given by ¢ this time. Again, similar contour plots
are shown as in the previous two design options. Fig-
ure 15 shows a contour plot of the required TBR com-
pared with the fusion power and the time for reserve
fueling for reserve inventory option 3, i.e., buffering the
breeding-blanket-processing line, whereas Fig. 16 shows
a similar contour plot for the required startup tritium in-
ventory. Figure 15 is also characterized by an insensitiv-
ity of A, to changes in the time for reserve fueling, which
is similar to Figs. 11 and 12, This is again-dué to the low
tritivm breeding production and the resulting low re-
quired reserve inventory forthis-design option, Only when
Pris increased to values above ~2 GW.do wesee a vari-
ation with ¢2'. Similar to the results of design option 2,
increasing F; from 1 to 3 GW reduces A, from 1.06 to
between 1.02 and 1.03 for a wide range of times for re-
serve fueling. The relatively low values of A,, i.e., up to

LI | 1 l.
4 18 12 2

tien for rasarve fueling - raserva inv. option #3 (days)

Pig. 15, Variation of the required TBR compared with the time
for reserve fueling (using reserve inventory design op-

tion 3, i.e., the breeder blanket processing line} and

the fusion power,
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Fig. 16, Variation-of the required tritium startup inventory (in
kilograms) compared with both the time for reserve
fueling (using reserve inventory design option 3, i.e,,
the breeder blanket processing line) and the fusion
power.

1.2 when Py is reduced to 0.25 GW, are very similar to
design option-3, which is due to the small influence that

the low reserve inventories for such low-throughput pio-
. cessing lines have on A,. From Fig. 16, the required tri-

tium:startup inventory again reflects the same variation
pattern as in the previous startup inventory contour plots

- and with values similar to design option 2,

Different buffering-designs have been examined for
the three major independent tritium-processing lines in
the firel cycle. Nonetheless, a constant supply of electri-
cal energy from fusion power is expected to be neces-
sary to meet energy demands. If a 100% reliable and
available plasma-exhaust-processing line is not avail-
able (which is most likely since a 100% reliable process-

ing component is very difficult), then a tritium inventory

reserve needs to be stored that takes failure operations
into account in the plasma-exhaust-processing line. Thus,
the figures that show the results using reserve inventory
design option 1 are more likely to be used than the fig-
ures for options 2.and 3. However, the large tritium start-
up requirements must be considered if other parameters
cannot be improved, such as the fuel fractional burnup.

VIL.C. Non-Steady-State Considerations

" The fuel fractional burnup can either have a direct

. influence on the fuel cycle short-term tritium invento-

ries, or the fuel cycle design can be modified to address
the higher throughput without increasing the tritium in-
ventory by changing the size or operating strategy of the
processing components, For example, if a cryopump de-
sign-is used as the plasma-exhaust-processing subsys-
tem, a stagger operating strategy is most likely to be used
to.reduce the tritium inventory. However, if the reactor is
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Fig. 17. Varation of the required TBR compared with fue] frac-
tional burnup for various values of the doubling time.

modified to be operated at lower f;,, then a more frequent
stagger operation with faster regeneration times may be
implemented to reduce the dynamic tritivin inventory. If

no modification is performed, the higher tritium through-

put will result in'a linear increase in the quasi-steady-
state short-term inventory, as verified from CFTSIM
simulation runs. Thus, in Figs. 17 and 18, the variation
of A, against f, for different reactor operating scenarios
is examined with both a linear relationship. between the
short-term inventory and f}, (short-term:inventory increas-
ing) and no correlation between them (short-term inven-
tory constant). Figure 17 shows the A, curves.for different

- doubling times—3, 5, and 10 yr—and shows an ~1/f,

relationship for all noncorrelated curves with the curves
displaced toward larger values of A, for lower ¢,. Fur-

thermore, the 5-yr doubling time is shown for both the -

correlated and the uncorrelated cases. As can be seenfrom
the figure, a correlated scenario produces a small in-

1.2

all curves: short-term Inwentories inoreasing
118+ with fuet fractional bumugp [correlated)
1.164 \ - 150W
1.14 4 - 3OW
E 1121 — 5 GW
5 1.1
oy,
1-.'03‘ ‘-"""'-—_...__———--_
1,06 ~—
‘----------n-----
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Fig. 1_8 Variation of the required TBR compared wnth fuel frac-

tional burnup for various values of fusion power.
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crease in A, after the initial fast drop in A,. Specifically,
A, does not gradually drop from ~1.08 to 1.04 when f;,

" is increased from 3 to 10% as in the noncorrelated case

but reachies a minimum value of ~1.07 at 6% f, and in-
creases to 1.08 at 10% f, for the correlated case,

Figure 18 shows A, curves for different operating
fusion power scenarios when f, is varied as in Fig. 17.
This time, however, all the curves correspond to-the cor-
related case (a more realistic scenario). The displace-
ment-of the curves-when the fusion power is reduced from
5 to 3 GW is small. However, when it is further reduced -
to 1.5 GW, A, is observed to be further displaced to higher
values, and the curve exhibits a minimum A, point,
~1.075 for this case, as. opposed to the other curves. The
reason. for this behavior is that the increase in bred tri-
tium that results from higher fusion power outweighs the

‘needto increase the tritium reserve inventory with respect

to A, caleulations. The variation of A, with changes in P,
at fy lower than ~1.5% does not seem to be sngmficant
“Figure 19 shows the impact of the short-term inven-
tory correlation-with reactor variables, This figure shows
the variation of both the required TBR and the required
tritium stavtupinventory with changes in the fusion power.
Both correlated (linear function of power) and un-
correlated {constant short-term inventory with changes
in fusion.power) curves are plotted in.the figure. The sharp
tise in A, when Py is lower than ~1 GW is due to the
corrgsponding reduction in neutron flux into the breeder
blanket, which affects the tritium production rate and the
time to reach the inventory objective (e.g., a doubling
time). Thus, fusion reactors that produce <1 GW of fusion
power will require higher A, than higher power reactors.
In fact, any reactors with fusion power greater than
~1'GW will be-characterized by the same A, if other re-
actor parameters are kept constant. Correlation of the
total short-term inventory is.observed to have an insigni-
ficant effect on modifying the value of A, so uncertainties

short-tarm tifum Inventories

5 ___ uncomelated With g
power (constant)

. conelated wih
power (Increasing)

Racuired Tritian Stankay Wywenkary {kg)

Fuslon Power (G“_n

Fig. 19. Variation of both the required TBR and the required
" tritium startup inventory compared with fusion power.
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with regard to fuel cycle design changes can be neglected
in the calculation of A, for reactors with- different fiasion
power. The required startup tritium inventory 1, o is seen
to have a strong linear correlation with fusion power. Re-
actors with Prgreater than ~3- GW will resultin an I, >
50kg, asignificant amount that may be restricted by safety
analyses. Again, the correlation of the short-term inven-
tory is seen to have a very small effect, though for Pr >
5 GW, asignificant divergence of afew percent (increas-
ing linearly with Py is observed.

Reactor availability and burn-cycle effects on tri-
tium fuel self-sufficiency are now considered. Reactor
availability (due to-both scheduled and nonscheduled re-
actor downtime) will affect tritium fuel self-sufficiency
through any relations involving the fusion power. Fig-
ure 20 depicts the variation of A, with changes in the
doubling time for fueling next-generation fusion reac-
tors. As before, a 1/t; behavior is observed, and the rise
in A, starts when the doubling time becomes less than
~8 yr. A change in A, of less than ~4% for all cases is
the result when ¢; > 8 yr. In this figure, three different
curves with different reactor availabilities are produced.
A significant divergence of the A, curves occurs for avail-
abilities ranging from 60 to 100%. Thus, loss of reactor

operation due to scheduled and nonscheduled mainte-
nance is seen to have a significant effect on the. re--

quired TBR, especially as the desired rate of fusion
growth is increased. Note. that these curves are pro-
duced using a buffering of the plasma-exhaust-processing
line of 2 days, which result in no loss of reactor opera-
tion from failures in the processing lines. If the achiev-
able TBR is limited to ~1.3 to 1.4 for any candidate
breeder material and design, then the fastest rate of in-
troduction of next-generation fusion reactors {(i.e., n =
2 for the doubling time) will be limited to those with
doubling times =1.5 to 2 yr, as given by the figure.
Faster introductory rates will not be possible.

15

\ reaclor availability
14 .‘ \ —_— 0% .
A : —ee B0%

1.1+

doulling ima {yoars) I

Fig. 20. Variation of the Irequired TBR.compared with the dou- .

bling time for various reactor.availabilities.
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. Required TBR and tritivm startup inventory as a func-
tion of the pulse cycle, assuming the fuel cycle inven-
tory remains the same (i.e., fuel cycle is changed
accordingly to accommodate more tritium throughput),

Figure 21 shows both the A, and required tritium start-
up inventory curves when the bum-dwell pulse cycle(i.e.,
for tokamaks) is varied. All the curves were produced
with the assumption that the short-term inventory re-
mained the same for all pulse-cycle scenarios. This is a-
safe assumption because redesigning the fuel cycle com-

‘ponents to keep the short-term inventory constant may

be required. The A, curves again show an inverse rela-

tionship that is characteristic of previous parameter vari-

ations, which is again due to the reduction in neutron
fluence. Three curves with different doubling times rang-
ing from 1 to 10 yr are shown. The change in A, when #;
changes from 5 to 10 yr is only ~15% of the change from
1to 5 yr in.#4 (though most of the discrepancy occurs as
tynears 1 yr). With regard-to any limitations imposed by
a reduced pulse cycle, the figure shows that for most value
sets of the doubling time, the pulse cycle does not have
much of an effect when &, > 50%. Significant variations
of A, occur when ¢, is less than ~25% for all doubling
times. The variation due to changes in the pulse cycleare
greater as 4 is reduced to values of less than or near 1 yr.
Finally, I, is not a function of the- doublmg time, as can
be seen by the single constant slope line in the figure. A
required tritium startup inventory of 25 kg will be re-
quired for all cases when the pulse cycle reaches 100%
(i.e.,:steady state). Thus, a significant reduction in.f; o may
result from the adoption of a shorter burn period (or,

‘equivalently, a longer dwell period) in the bum-dwell

pulse cycle. :

Effects on tritium self—sufﬁcwncy due to reductions
in both on-line availability and in the burn-dwell cycle
are combined in Fig. 22. This figure again shows the
inverse A, relationship, where the abscissa is now reac-
tor on-line availability a,,. A realistic range in the

MAY 1999

FUSION TECHNOLOGY

VOL. 35




Kuan and Abdou

burm dweX pulae cycla

e 1004
— 0%

reactor availability (%}

Fig. 22. Variation of the required TBR compared with reactor

availability for various pulse-cycles.

burn-dwell pulse cycle (50 to 100%) is seen to have a

neghglble effect for the entire range of op, partlcularly '

in the range from ~50 to 100%. For instance, the in-
crease in A, as «, is reduced accordingly from 100 to
50% is less than ~5%. For «,, < 50%, the-effect on A,
is slightly augmented, as shown in the figure. Neverthe-
less, practical operation of future commercial DT fusion
reactors will probably experience at least 70% reactoron-
line availability, whereby designs with different a, will
be characterized by very small differences in A,

VIL.D. Economic Growth Rate

As noted previously, various inventory breeding ob-
jectives (i.e., other than a doubling time inventory) may
be met during reactor operation. Such objectives will'de-
pend on the desired rate of introduction of next-generation
reactors. Obviously, economic considerations point to-
ward a faster introductory rate of reactors, though, of
course, other factors will limit this rate. To quantify the
effects from any future fusion growth rate, Fig, 23 shows
the TBR that is required for different values.of #, the num-
ber of future reactors descending from the curtent parerit
reactor. Five different slopes.are plotted, each one cor-

responding to a different time for reserve fueling, which
- ranges from O (i.e., no reserve tritium inventory avail-

able) to 20 days. A constant slope is characteristic of all - '

curves because the quantity of required tritium is simply

a multiple of n. The longer is the time for reserve fueling .

fot the reactor design, the higher is the TBR required.
Effects from restrictions in blanket- performa‘nce can be
visualized by including a horizontal line in Fig. 23. For
example, if the.achievable TBR in the blanket for a:par-
ticular design is limited to 1.3, then the number of reac-
tors that can be built for the next generation of fusion

reactors will be limited, depending on the amount of re-

serve fuel available. If 1, = 0.5 days, then at most two
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new reactors can take the place of a previous reactor,
whereas if 1, is increased to 2 days, then at most four to

five reactors can be constructed for the next-generation

line. In addition, if no next-generation reactors need be
built, i.e., # = 1, as when enough tritium is available ex-
ternally, then a.high-performance breeding blanket need
not be used in the design where A, < 1.1 would suffice
for most reserve inventory designs. The doubling time
inventory objective is given by n = 2.

VILE. Effeots from Different Tritium Inventory Types

The effects from variations in the tritium inventory
located inside the fuel cycle, as simulated by a great num-
ber of numerical.codes (both integrated and localized sim-
ulations), can be seen in Fig. 24, Variations in tritium

“inventory are set against the reference ITER-like design

mentioned previously. Since the reference case is char-
acterized by different inventories for each inventory cat-
egory, ¢.g., short-term inventories have a much lower

-tritium inventory than long-term inventories, the curves

in Fig. 24 are staggered from each other. Four different
types of tritium inventories are examined in Fig. 24: the
total long-term tritium inventory, the short-term tritium
inventory inside the plasma-exhaust/impurity-processing.
line, the short-term tritium inventory inside the breeding
blanket~processing line, and the tritium inventory lost as

‘waste during periodic replacements of wall materials and

processing components. All four types of tritium inven-
tory ate seen to have a similar linear effect on the re-

. quired TBR. In fact, three of the four inventory types

produce almost equivalent A, variation slopes, i.e., an

- increase in A, of ~0.003 for every kilogram increase of
retained tritium. The short-term plasma-exhaust/impurity-

processing line, however, produces a slightly higher
change in A, with equivalent changes in the retained
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Fig. 23. Variation of the required TBR compared with #, the
rate of introduction of new reactors.
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Fig.24. Variation of the required TBR compared with various
types of tritium inventories found in the fuel cycle.

tritium inventory. This discrepaﬁc:y leads to an increase

of only ~15% in A, from the three other tritium inven-
tory types. Thus, even if the uncertainty in breeding blan-
ket performance is small, on the order of a few percent,
a large range in fuel cycle trltlu,m inventory can be ac-
commedated. Tritium inventoriesin:the fuel cycle are thus
seen to produce a relatively small.effect on A, compared
to other variables. However, if the margin between the
achievable TBR and the requlred TBR is small, changes
in the fuel cycle design that considerably reduce the tri-
tium inventory may be sufficient to close the gap.

As formulated in this work, the waste tritium inven-

tory is a function of the. replacement schedule and effi-

ciency in detritiation of the removed waste. Figure 25
shows the effect from.changes 1mthese variables. 'I’he ref-
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Big. 25. Variation of the required TBR compared with the frac-
tion of tritiated waste remjoved and/or recycled.
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erence case indicates that the fraction of tritiated waste
removed is 0.9, fromm which, then, a fraction of this re-
moved tritiated waste that is recycled back into the fuel
cycle. is also 0.9. The values are expected to be high for
both.parameters in-order to efficiently process tritium in-
side the fuel cycle during reactor operation. Two sepa-
rate curves are plotted in Fig, 25 for variations in.each of
the preceding fractional parameters. These two curves cor-
respond to different rates of periodic replacéement: one
full replacement every 5 yr of operation and one full re-
placement every year. As the figure shows, the effect of
changes in the fraction recycled is much greater than
changes in the amount removed during such full replace-
ment periods. Such changes are greatly enhanced when
the replacement rate is increased from one in 5 yr to one
per year, The value A, drops significantly as the waste
that is recycled is increased, whereas it fises less steeply
as the amount of material removed is increased. It is sig-
nificant that if none of the tritium in the waste that is
removed is recycled but is left in the removed material.

“orcomponents, thén A, can increase to ~10% for a sched-

ule of one. replacement per year. However, it is ex-
pected that replacements will occur very infrequently

‘during reactor operation due to power-grid availability

considerations,

Afurther parametric study is shown in Fig. 26, which
shows the effects from changes in the quantity of re-
tained long-term tritium inventory on the variation of A,
compared with the rate of full replacement periods. For
the reference. case of 0.9 fraction of material removed
and 0.9 fraction.of tritium in the waste.material recycled,
the variation of A, compared with the number of replace-

‘ment periods during reactor operation is seen to be quite

insensitive if the long-term inventory is less than ~5 kg.
If this long-term inventory rises to 10 and then 20 kg, A
increases more as the replacement rate is incre'ased.

“tong tarm®inventory 20 kg
.15+
E . Tong tarm" Imeniony = 10 kg
i 4
1.4
] Tong kerm® lnventony = 5 kg
4.05 f—r—r D ————— M
0 0.25 0.5 0.5 1

full replacement pedods {# 1 year)

Fig. 26, Variation of the required TBR compared with the fre-
- quency of full replacement periods.
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Nevertheless, the long-term- inven;itor)r is-expected to be
restricted to a few kilograms for isafety reasons, so A,
should be somewhat insensitive in this respect.

ViLF. Effects from External Fualinuanurnés and-_l!slnvs

ing planned for the near future that will lead to a drastic
increase in the tritium available fo drive power fusion
reactors.2"2* If such dedicated tritium prodyction is in-
deed available and concutrently operating with commer-
cial power fusion reactors, it is véry likely that some of
the tritium generated externally will be shipped and fed

Dedicated tritium production Tactors-are already be-

fueling rate is continuous (or alinost continuous, e.g.,
shipped every day or so), then such an external feed will
alleviate the tritium breeding req}irements to be met by

to the reactor. If we assume that s%:ch an external teitium -

the breeding blanket inside the reactor. Figure 27 shows
the effects from variations in this ¢xternal tritium fueling
rate when it is varied from 0 to 10.kg T/yr. Curves that
characterize different doubling time periods are pre-
sented in the figure, It is apparemr that the required TBR
is reduced at a constant rate of ~0.05 for every 5 kg T/yr
of externally derived trittum fuel. /A variation-in the dou-
bling time has no effect on the dgwnward slope.
Conversely, tritium can be ¢ontinually extracted from
the reactor. The fusion reactor wil] act as a tritium source
for any external operations that reqtire tritium, as in weap-
ons replenishment. Thus, Fig. 27{shows the appropriate
curve for a doubling time of 5 yr, which is increasing at
a constant rate, This curve mirrors :‘he corresponding curve
for the external tritium source. Predictions that take into
consideration the near-term tritiym supply result in an
external tritium supply ranging frlom ~1.5 to 2 kg T/yr,
as is shown in the figure.?! Coincidentally, it is estimated
that if weapons replenishment is jeeded, a similar rate of

B naar tsmm asernal
_54’ HAu i e ot

p * doutling bme = \ yesr

- from exernal operations i

td extemal opsrations
1

0 1 2 32 4 5 :6 T 8 8 10
avg. tritlum fueling rate toffrom axﬁemal operations (kg/year)

Fig. 27. Variation of the required TBR compared with the av-
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Fig. 28. Variation of required TBR. compared with lag time for
various doubling times.

~2 kg T/yr will be required.* For this range, a reduction
or augmentation in A, is seen to be small, at. most-0.02.
However, if the margin between the required TBR and
the achievable TBR is small, then including an external
tritium source may be helpful. Extruding tritium to feed
external operations will have the opposite effect. Again,
note that increasing the doubling time to periods longer

~ than 5 yr have only a small impact on the value of A,.

If unforeseen events occur that delay the use of the
bred tritium of the parent reactor in the child reactor,
then such.a delay must be included in the analysis. As a
result, the impact from any lag time, i.e., delay, during
transfer of the tritium from the current reactor to next-
generation reactors is shown in Fig, 28. A lag time of
less than a year has a negligible impact on A,. How-
ever, if the doubling time is reduced to 1 yror less, the
effect from such a lag-time period is increased and may
be significant in tritium fuel self-sufficiency analyses.
One can then conclude that any delay in the use of the
bred tritium will be important only for very fast rates of
introduction of next-generation reactors.

VIL.G. Allowable Tritium Inventories

As noted earlier, another way of framing the prob-
lem of tritium self-sufficiency in fusion reactors is to de-
termine how much allowable tritium inventory can be
retained when.the achievable TBR for a particular breed-
ing blanket design is known, as depicted in Fig. 29, Four
separate cases are considered here. The allowable plasma
exhaust line long-term retention is examined for dou-
bling times of 5 and.3 yr, while the plasma exhaust line

_short-term retention is also examined for doubling times

of 5 and 4 yr. As indicated by the figure, a linear rela-
tionship with almost equivalent slopes characterizes all
four cases, as has been observed in previous results in-
volving fuel eycle tritium inventories and their effects.
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Fig. 29. Variation of allowable tritium. inventory. for various
inventory types as a function of the achievable TBR.

More tritium inventory is allowed for long-term teten-
tion than for short-term retention with the same doubling
time and for a given achievable TBR. Furthermore, as
the doubling time is reduced, the tritium inventory al-
lowed in all cases is correspondliugly reduced. For in-
stance, when a breeding blanket is able to achieve a TBR
of 1.13 at most, then the allowable tritium inventories
for the reference case are ~15 kg for long-term retention
and 7 to 8 kg for short-term retention. It is likely that the
long-term retention will be more restrictive in most fu-
ture reactor designs. However, if the doubling time is re-
duced to 3 yr for this particular case, then the design-does
not allow for any long-term tritium retention in the en-
tire fuel cycle. One can also determine the lowest TBR
required when any type of tritium inventory becomes neg-
ligible. For a doubling time of 5 yr, the lowest required
TBR when the tritium inventory reaches negligible val-
ues is ~1.09,

VIIl. ANALYSIS OF UNCERTAINTY IN PARAMETERS
INFLUENCING TRITIUM SELF-SUFFICIENCY

Uncertainty (due to system definition, random pro-

cesses; and an uncertainty in process behavior) is an im-
portant parameter to consider in any systemwide analysis.
The tritium self-sufficiency problem is also character-
ized by such uncertainties, so the required TBR will have

uncertainties because of the many parameters influenc-
- ing its calculation. Previous papers have discussed un-

certainties in the achievable TBR, but so far none have

considered uncertainties in the calculation of the re-

quired TBR. As outlined in Sec. VI, the uncertainty in
the calculation of the required TBR can be expressed as
a quadrature relation involving the uncertainties for each
parameter and the partial derivatives associated with the
parameter. '
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 TABLE X
Reference Values for Uncertainties
in Puel Cycle Parameters
Fuel Cycle Reference Value
-Parameter Uncertainty for Uncertainty
3.‘&0"2{'.‘“‘! 20 gT
bi
8FL 2 g T/day
s sho%iem I 0.5 kg T
it
a1, " 15kgT
5 I'ongz.‘em / 2 kg T
. d
Olyaste SkegT
84 0.5 yr
8t 2yr
Su,, 10%

Reference values for the uncertainties used in this
analysis are shown in Table X. With these reference
values and with the reference tritium self-sufficiency pa-
rameters given in Table VII, the uncertainty in A, (6A,)
was calculated as 0.02. Moreover, it is of interest to de-
termine 8A, for various values of the uncertainties in
the long-term tritium, tritium reserve, and tritiated waste
inventories. Such a study is of value because all three
of these tritium-retention processes characterizing the
fuel cycle have large uncertainties associated in the cal-
culation of their tritium inventories.

Figures 30 and 31 present contour plots of A, as a
function of the aforementioned variables. The variation

_of 8A, as a function of 81, and & 3 """ [ is shown in

uncertainty in “long termm® tritium knventory (kg)

N\

) Y T ; ' Y
/‘ 10 14

0.02 uncartainty in britium resense inventony (kg)

Fig. 30. Variation of the uncertainty in calculating the re-
quired TBR compared with the uncertainties in both
the reserve and the long-term tritium inventories.
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_Fig. 31, Variation of the uncertainty in calculating .the re-

quired TBR comphred with the uncertainties in both
the reserve and waste tritium inventories.

Fig. 30, while its variation as a function of 81, and 81,
is shown in Fig, 31. Both figures are characterized by
similar changes in 6A . compared with changes in either

axis, resulting in a wavelike expansion from the origin,

at which 8A, is not zero but 0.02¢ for Fig. 30 and 0.015
for Fig, 31, This is due to uncertainties in other reference
parameters when the uncertainties in the tritium inven-
tories for the types associated with both axes are zero.
We observe that there exists a slight difference in 8A,
when either 8 31 ™ I or 81,45, is changed as a func-
tion of changes in 8/,, which accoynts for the asymmaetry
of the curves with the origin as réference. As an exam-
ple, if SA, must be betow :0.025 for a certain fuel cycle
design, then the allowable uncertainty for the tritium re-
tained as long-term inventory is approximately +35Kkg,
whereas it is only approximately =4 kg for that held in
reserve, as illustrated in Fig. 30. On the other hand,
Fig. 31 shows an increased tolerance to changes in tri-
tium inventory for both tritium-retention mechanisms as-
sociated with the plot; i.e,, if SA, < £0.025, then the
allowable uncertainty in the tritiated waste estimate is
47 kg, whereas it is approximately +6 kg for that held
in reserve. Again, all other uncertainties are held con-
stant with their reference value for both cases. The rea-
son for this discrepancy is that the reference uncertainty
in the long-term inventory is different from that in the
waste inventory. If all three tritium inventori¢s are re-
duced to zero, then 8A, is only reduced to a value of
0.0147.

IX. A STUDY. ON THE EFFECTS OF TRITIUM
CODEPOSITION ON THE REQUIRED TBR'

Predictions that the tritium located inside the torus will
dominate the overall fuel cycle inventory, coupled with the
fact that the availability of the fusion reactor will be dic-
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" tated by the frequency of conditioning and maintenance of

the PFCs, will lead to significant effects.on the calcula-
tion of the required TBR. This is especially true when the
PFCs (especially the divertor) are designed to be com-

- posed-of carbon, e.g., carbon fiber composites and graph-

ite, with the associated recent estimates on the possibly very
large tritiuminventories found in the codeposited layer in-
side the torus walls. If there exists an inventory limit for
tritium inside the torus during normal operation I,
then a conditioning time given by the efficiency and rate
of cleaning will lead to reduced reactor operation avail-
abilities. For the TBR studies of this work, and by relating
wall inventory limits, ¢odeposition rates, and finally con-
ditioning parameters to the overall availability, we can ob-
serve theeffecton the required TBR from changes in torus
wall design for PFCs composed of carbon.

The time to reach the inventory limit if we assume

that all the inventory is held up in the codeposited layer
is then '

I!In}fl '

. wa

lodep = [Fretention (53)
&p ' codep

The value Fzw" is directly related to the plasma den-
sity and the etfective reflection coefficient. The plasma
density can be controlled by changing the fueling and
exhaust rates through fast-acting valves and feedback
loops. The overall reflection coefficient is related to the
implantation rate, which is determined by the plasma re-
gime of operation, However, a simplified relationship is

-valid because of the high uncertainties characteristic of

the codeposition process. In detailed studies, the codepo-
sition rate of tritium has been predicted to be ~20 g/shot
for ITER using beryllium and some carbon.!* This cor-
responds to an equivalent rate of Fiefo" = 72 g/h for
continuous fueling. :

. Conditioning that is performed to release this co-
deposited tritium can be performed either during the dwell
phase for the pulsing case within normal operation of the
reactor or during separate conditioning scenarios follow-
ing buildup of the inventory to the inventory limit. The
conditioning time is then

Timit
/] wall

tcodep = removal ¢ (54)
codep :

‘The downtime availability can then be related to the co-

deposition and conditioning parameters as follows:

retention

' Loodep
codep —
Qop P = 'tgg&e;gfon + rm%uél . (55)

For required TBR calculations, the inventory limit given
as a design parameter will become the maximum possi-
ble inventory due to codeposition during the lifetime of
the reactor. Note that the other types of tritium holdup
inside the torus (e.g., tritium trapped in the bulk, mo-
bile tritium in the bulk, and tritium trapped in dust) will
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Fig. 32. Characteristics of tritium' codeposition dynamics.

still need to be accounted for Using other methods of
calculation, :

Figure 32 is a schematic.of the expected tritium co-
deposition retention-and-release; dynamics during oper-
ation of a carbon-lined tokamak: The required TBR can
then be related to both Fisi" and Fleqior! for which a
contour plot is shown in Fig. 33, where the variation of
the required TBR can be observed as a function of the
rate of codeposition and the rate of tritium release from
periodic conditioning of the plasma-facing walls, In this
figure, the behavior of the required TBR can be ex-
plained through reactor availability arguments. For in-

stance, the required TBR decreajes for low Freieon and -

high FZ75 because of increasdd reactor availagility.as'
it takes longer for the tritium limit to be reached. Con-
versely, a reduction in reactor availability occurs when

the tritium codeposition rate is high, which leads to mote

frequent conditioning periods.
As can be seen in the figure, a wide range of re-
quired TBRs (i.e., from ~1.15 to 1.5) is-possible with
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Fig. 33. Variation of reguired TBRias a function of tritium co-
deposition and tritium release rates.
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the uncertainty that currently is associated with predic-
tions of the codeposition process. Research focusing on
the codeposition process and, in particular, the tritium
retention associated with this process has predicted a value
of ~20 g T/1000 s burn for ITER. However, the uncer-
tainty (mainly that due to chemical sputtering yields) is

. very high, leading to estimates as high-as 120 g T/1000 s

burn for ITER (Ref. 13). The 20 g T/1000 s burn esti-
mate as well as the associated very high uncertainties are

included in the figure for comparison. The performance

requirement of a breeder blanket design in a carbon-
lined tokamak is then expected to be influenced consid-
erably by the codeposition process. Note that the
maximum allowable tritium codeposition inventory used
in the analysis does not have an effect on the required

‘TBR because both the tritium codeposition rate and the

tritium release rate are equally affected by a change in

* the maximum tritium limit. Only if I is increased to

very high levels, e.g., 10 kg, will there be a small impact
on thie required TBR through a change in the short-term
inventory in the plasma-exhaust-processing line.

X. A:STUDY ON.THE VARIATION OF THE REQUIRED
TBR FOR CHANGES IN THE MTBF AND MTTR
OF MAJOR REACTOR COMPONENTS

The reliability and availability of the major compo-
nents inside the reactor will have a large impact on the
required TBR associated with a particular fuel cycle de-
sign. Since the components that make up the reactor are
critical in the successful operation of the reactor, the
MTBF and MTTR values associated with the major com-

ponents will have a significant impact. As 4 result, buff-

ering of failures in these components is not possible as
opposed to failures from noncritical processing compo-

- nents, as discussed previously. Reactot on-line-availabil-

ity, namely a,p, is a factor of the number of major
components as well as the MTBF and MTTR associated
with each of these components. In reality, the different
components will each have a different value for MTBF
and MTTR. However, for our purposes, we can assume
that each of these components will have an equal outage
risk. For this simplified case, the required TBR can then

be related to the average MTBF and MTTR for the re-

actor components as well as to the total number of major

“reactor components.

Figure 34 shows a contour plot of the A, variation as

 a function of the MTTR (in months) and the MTBF [in

full-power years (FPY)]. Reference-case parameters are
used to obtain this figure. Six major components in the
reactor are assumed. The required TBR is seen to in-
crease with higher MTTR and lower MTBF values. In
particular, very low values for MTBE, i.e., 3FPY or lower,
will cause a very high increase in A,. Increasing the

- MTBF to values higher than ~6 yr does not significantly

alter the required TBR in the design. -
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Fig. 34. Variation of required TBR as a function of MTTR and
: MTBEF for a single major reactor component (assum-
ing equal outage risk). _ :

For comparison, the range of MTBF and MTTR val-
ues of current blanket concepts is also shown in the fig-
ure, which corresponds to.a blanket availability of ~87%.
It is apparent that the current state of reliability in toka-
mak components leads to very high values for the re-
quired TBR. In fact, studies have shown that. different
solid breeder blanket concepts have very similar values
for blanket availability—between 85 and 88% (Ref. 25).
Therefore, increases in reliability for solid breeder blan-
ket designs may be difficult, so liquid breeder blanket-
designs may be better candidates from this perspective,

X1. RANGE OF ACHIEVABLE TBR

The primary purpose of tritium self-sufficiency analy-
ses is to investigate the interrelationships between the re-
quired TBR and the achievable TBR for different
scenarios. One then needs to compare these two TBR pa-

rameters to see if tritium self-sufficiency is possible. In-

addition, one must also consider the confidence level with
respect to achieving tritium self-sufficiency and eco-
nomic breakeven conditions, This can be accomplished
by considering the large number of uncertainties in-
volved in the calculations, This is.especially true for cal-
culating the achievable TBR for specific breeding blanket
design concepts. Such factors as:the blanket geometry,
the blanket multiplier/breeder composition, and the se-
lected neutronic calculation method will have a large in-

fluence on the operational TBR; in fact, a detailed study'
on the effects of such uncertaintigs has been conducted.! -

The variation of the achievable TBR and the energy

multiplication factor M for a large number of different

tritium breeding lithium-containing materials (both lig-
uid and solid breeders) lias been examinedrecently.?® Lig-
uid breeding materials (e.g., lithium and Li;4Pbys) offer
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vastly improved TBRs (>>1.6) as compared to solid breed-
ing materials (e.g., Liy0, Li;ZrO;, and LiAlO,) with
TBRs ~ 0.9 to 1.4. FLiBE is seen to be an exception for
liquid breeders because the TBR that-can be reasonably
achieved is only ~1.2. This low TBR for the FLiBE ma-
terial will be an important issue in determining the more

~ attractive materials from the standpoint of tritium self-

sufficiency. Such achievable TBRs have been calculated
for an idealized one-dimensional cylindrical geometry
with & 100% dense natural breeder blanket at room tem-
perature. For a more realistic evaluation, a range of achiey-
able TBRs can be estimated for various candidate breeding
blanket design concepts. The ranges of achievable TBRs
for these design concepts are lower than for previous con-
cepts. These uncertainty margins show the effect of the
design on tritium breeding. _

For lithium zirconate, the ITER reference breeding
material, a value between 1.04 and 1.07 is the current
range, with an-uncertainty of ~15%. For DEMO, a first-
generation commercial fusion power plant concept, the
particular blanket design is still under consideration with
emphasis on enhanced safety, environmental, and eco-
nomic features. As a result, tritium breeding require-
ments will be a major consideration in DEMO. Figure 35
is identical to Fig. 6, except that it only shows the curve
associated with the present maximum achievable TBR
of 1.07. Within-the constraint of a reference doubling time
of 5 yr or less, the required tritium reserve inventory is
found to be a maximum of ~12 kg. This tritium reserve
inventory is-related to both the fuel fractional burnup and
the plasma exhaust line time for reserve fueling, and a
design window for both parameéters with the constraint
of 12 kg of tritium inventery in reserve is shown in
Fig. 36.

The design window is observed to be small with a

~corresponding reduction in the required time for reserve

fueling as the fuel fractional burnup is reduced. ITER is
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Fig. 35. Design window with current estimates of the achiev-
able TBR.
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Fig. 36. Design window for a maximum tritinm reserve inven-
tory-of 12 kg (corresponding to an achievable TBR of
1.07 and doubling time periods <5 yr). .

currently set to operate with £ in the range of 1 to 2%, .

and this is shown in the figure for comparison. A value
of the MTTR for noncritical tritium-reprocessing com-
ponents in the plasma-exhaust-processing line, i.e,, the
fuel cleanup unit and the 1SS, of <1 day may not be pos-
sible with current technology. From these two figures, it
can be deduced that the current state of the art in breed-
ing blankets does not offer enough breeding to fuel com-
mercial fusion reactors and their required associated
growth rate for a wide range of the dominant parameters
as determined using this analysis.

XU, THE EFFECT OF TRITIUM BOSTS
FROM EXTERNAL SOURCES

A final study was performedé_on the evaluation of tri-

tium costs associated with external sources. Figures 37 -

and 38 illustrate the variation of the required annual cost
from external tritium for various breeding margins. As
observed in Fig. 27, the externalifueling rate has a linear
correlation with the required TBR. If 2 brecdmg margin

is given, i.¢., where the requlred TBR is slightly higher -

than the achlevable TBR, then it may be possible to close
this margin by continuously adding tritium fuel from ex-
ternal sources to the reactor. during its lifetime. If the an-
nual operating cost with this external tritium fuel is not

to exceed a certain cost (in this example, we formulate

this cost as a percentage of the annual operating cost of
the reactor), then the required cost of external tritium that
can satisfy the aforementioned requirements can be cal-
culated. Figure 37 thus shows this variation of the re-
quired cost of external tritium compared with the annual
cost of external tritium and the breeding margin when
the annual.reactor operating cost is $100-million, whereas
the plot of Fig. 38 shows the variation for an annual re-
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Fig. 37. Variation of the required cost of external tritium in

dollars per gram of tritium (annual operating costs = -
$100 million—solid breeder design).
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Fig, 38. Variation of the required cost of external tritium in
dollars per gram of tritium (annual operating costs =
$20 million—liquid breeder design).

“actor operating cost of $20 million. These values have
- been predicted to correspond to a typlcal solid breeder

and a typical liquid breeder, respectively.”

It is apparent that for a solid breeder design concept
(corresponding to Fig. 37), the cost of external tritium
must be below approximately $30000/g T to be cost-
effective. If external fueling is to be used, then the prices
of tritinm from external sources must be reduced to these
levels. Typical values of the price of trittum at present
range from $30000 to $100000/g T {Ref. 23). On the
other hand, for a liquid breeder design {corresponding o
Fig. 38), the reguired cost of external tritinm must be less
than $8000/g T. External tritium must then be further.
reduced in price to be cost-effective for liquid breeder
designs.

‘FUSION TECHNOLOGY  VOL.35 MAY 1999




Kugn and Abdon  REQUIRED TRITIUM B_REEDING RATIO AND STARTUP INVENTORY

XItl. DISCUSSION OF TRITIUM SELF-SUFFICIENCY
ANALYSES

Accurately predicting the tritium breeding invento-
ries throughout the fuel cycle as wg!l as the tritium losses
during a specified period of time when tritium breeding
is taking place serves to evaluate the research and de-
velopment (R&D) areas that gain most from technical
improvements. During the startup: of commercial fusion
activity, the tritium doubling time is expected to be a ma-

Jor factor in the continuing success of fusion energy pro- -

duction due to the scarcity of tritium. The objective from
an economic viewpoint is then to-shorten the tritium dou-
bling time as much as possible or otherwise to achieve a
lower tritium breeding requirement for given fusion en-
ergy production scenarios. Realizing such objectives must
be balanced with the limited resources available in R&D
as well as the finite time period before a tritium breeding
fusion reactor is constructed. _
The importance of shortening the tritium doubling
time, or any other tritinm inventotry objective, as well as
achieving lower tritium breedlng requirements was dis-
cussed, Considerable attention was paid to. evaluatmg the
effects from technical R&D areas in the trittum plant and

the fusion reactor. Parametric studies using this analyti- -

cal approach, in addition to detailed computational re-
sults for individual subsystems. and components from
other numerical models, were performed, As aresult, we
selected some technical R&D areas where a rangeof im-
provements, which are feasible in the future, had the great-
est effect on tritium breeding economic considerations.

We found that variation of the TBR does not change

much with changes in the tritium; retained in any of the

different types of tritium inventory categories mentioned -

in this paper. However, since the long-term tritium in-
ventory estimated to be trapped inside bulk material in
the radiation environment is foundito be much higher than

the short-term inventories due to.processing inside ded-

icated tritium. reprocessing components (mostly due to
batch operations), evaluation of the long-term inventory

- plays a larger role in the determination of the required

TBR and stactup tritium inventory. Since the accoun-

tancy of this trapped tritium is highly uncertain due to -

effects as varied as irradiation, helium bubbles, impurity
effects, sputtering, plasma disruptions, conditioning, and
blistering, which affect the: generation of traps in-the first
wall and blanket, it is recommended that R&D be fo-
cused in this area, . -

‘More research is needed on the effects from down-
time, in particular glow-discharge conditioning, bake-
out, and PFC replacement:schedules. The side effects-due
to tritium codeposition will be especially important.
Though it is the goal of a commgrcial reactor to operate
at steady state, this may not be possible with current de-
signs.that incorporate tritium retention inside the first wall.
The loss of tritinin during # and its effect on A, provide
a measure of the economic loss due to delays-in the con-

FUSION TE_CHNO].-‘.OGY VOL, 35 - - MAY 1999

struction.of new reactors and the need to start actual con-
struction of new reactors during operation of first-
generation reactors.

Future improvements in plasma performance will
drastically affect the R&D emphasis for the fuel cycle,
Increasing the fuel fractional burnup will reduce the load
into the plasma exhaust line but will keep the load into
the breeder line the same for a given fusion power oper-
ation. A's aresult, R&D may need to be siphoned.off from
the plasma exhaust line into the breeder line. Moreover,
due to the coolant line’s relatively low tritium load as
well as the long tritium appearance in this path, the cool-
ant line is not expected to have much of an impact on
tritium self-sufficiency issues if the tntmm is repro-
cesseéd in the tritium plant.

An investigation of the possible parameter space of

~ cryopumps®™? shows that design changes may lead to a

1:300-g change in its tritium inventory, Conversely, the
pellet injection subsystem will only change approxi-
mately 100 g T when its parameters have been changed
during appropriate simulations. Both subsystems exhib-
ited fluctuations in their inventory during the quasi-
stable regime of between +50 and +100 gT. By

‘examining the variation of A, due to changes in the short-

term tritium inventory in the plasma-exhaust-processing
line, we found that such design changes will have neg-
ligible effects on A,. Therefore, from a tritium self-
sufficiency perspective, such design changes in these
individual subsystems will hardly change the required
tritium breeding in the blanket.

An investigation of the impact on the tritium self-
sufficiency problem from design trade-offs can also be
performed. For example, if no coolant-reprocessing
subsystem is included in the fuel cycle configuration in
order.to cut costs, then the permeation of tritium into

‘the coolant must be minimized. This can be accom-
- plished by somehow ridding the PFCs of the trapped

and diffused tritium before permeation reaches a criti-
cal rate. Such an action requires ‘a shutdown-and-
maintenance period that will in turn increase TBR for a
given. doubling time. Therefore, if the shutdown fre-
quency of the reactor due to tritium bakeout in the PFCs
is known,?” then the increase in TBR can be estimated’
from Fig. 22 relating the variation of A, to changes in
@,p. The economic effect of such a design change car-
then be weighed against the fuel cycle configuration,
which includes coolant-reprogessing components.

-The loss rate of tritium to wagte material was found
to have an.almost equivalent effect in the calculation of
the required TBR as the inventories held up in the fuel
cycle if enough material (e.g., PFC armor) needs to be
removed during the lifetime of the reactor. However, the
greater uncertainties in estimating such tritiated waste ma-:

- terial make this more of a determining factor than other
- types of inventories. This is slightly counterbalanced by

the slightly higher tolerance of uncertainties in the esti-
mation of the total tritium inventory lost as waste when
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compared to corresponding uncertainties in other lypes

of tritium inventories. Therefore, research on the preven-

tion of such losses should be examined more closely.
Waste material is expected to be high in first-generation
fusion reactors.

A proposal for a more efficient use of multiple fu-

sion reactors from a tritium breeding perspective may be
to utilize one such reactor as an external tritium source
to feed the rest of the self-breeding DT fusion reactors.
A significant reduction in the required TBR may be
achieved this way, as shown in the analysis section. As
an example, we will assume that a DT reactor can pro-
‘duce ~240 g of excess tritium per day. Now, if there ex-
ist ten other similarly operated DT fusion reactors in the

grid, this single reactor would be able. to reduce the re-

quired TBR in the rest of the DT-fueled reactors by ~0.10,

XIv. RECOMIMENDATIONS FOR R&D

All fusion reactor studies that-have been conducted.

have provided alist of top-level objectives that mustbe ful-
filled for.the successful operation of a particular reactor de-
sign, A closed fuel cycle has always been included within
this list. This is due to the scarcity of tritium and the need
to show thatareactor can be self-sufficient. However, from
previous results, for the case when there are several fu-
sion reactorsin operation, it may be more advantageous to
have some reactors that are slightly more than self-
sufficient while the others are less than self-sufficient. The
excess tritinm from the self-sufficient reactors canthenbe

used to conunuously provide the other reactors with the .

needed tritivm so that they will not run-out of fuel. The re-
quired TBRs for the reactors that are s¢lected to operate
without self-sufficiency can then'be much lower and more
. thanbalance the increase in the required TBR of the slightly
more than self-sufficient reactors,

The blanket tritium release and inventory. have often
been cited as-important from both safety and economic
standpoints. However, as the results from the current para-
metric study on TBR requirements show, the:blanket tri-
tium inventory dynamics actually do not have much of
an effect on the estimation of the required TBR for real-
istic blanket inventory predictions. Variations in the ki-
logram range will only affect the required TBR ‘a few
percent. Purthermore, a variation of the tritium inven-

tory and release ingide the blanket is not much more sig-

nificant than corresponding changes in other parts.of the
fuel cycle. Other variables, such. as the burnup. of fuel
and availability con31derat10ns. are more significant.
Previous magnetic fusion energy (MFE) designs over
the past three decades estimated low tritium fractional
burnups. (of <<5%), but the ARIES-I and ARIES-RS MFE
reactor designs attempted to obtain higher values that
are much greater than 5% (reflecting different designs

as well as different assumptions). Specifically, the
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ARIES-I tokamak reactor study performed in 1991 re-
sulted in a design value of the fuel fractional burnup of

- 19.3% (Ref. 28). Later in 1997, the evaluation of an-

other reactor design based on an advanced reversed shear
configuratlon of the previous ARIES-II design, named
ARIES-RS, improvés on the tritium burnup perfor-
mance up to a design value of ~30% (Ref. 29).
Similarly, conceptual inertial fusion energy (IFE) re-
actors are also designed to achieve high fuel fractional
burnups and are actually expected to achieve higher
burnup than MFE designs. For instance, the HYLIFE-II
inertial confinement reactor design of 1994 operates at -
an fy, of ~50% (~900 g T/day of fueling required for a
steady-state fusion power of ~2.8 GW, equivalent to
~430 g T/day lost to fusion reactions).>® One can thus
infer that fusion reactor.designers believe that f, > 20%
may be necessary in a commercial environment. This
compares to the current design value of the ITER exper-
imental device of ~1 to 2%. A preliminary study of tri-
tium breedmg requirements for IFE designs has been

performed using Abdou et al.’s*" model. This work fur-
_ thers such studies of alternate and advanced designs,

Increasing f, from 1 to-2% to the 20% level will re-
quire advanced plasma confinement regimes in addition
to-divertor operation with high particle recycling, which
may:- be hard to achieve in a real setting. For instance,
increasing the effective confinement of D and T to achieve
high fuel burnup may also lead to a related-high confine-
ment of He particles, ultimately leading to unacceptable
levels of He ash in the plasma. In summary, the confi-
dence level in-reaching high £, will depend on-the plasma
physics progress in the near future. However, one can
conolude that R&D for reactor systems that can access
and-maintain higher f; is a key issue.

The great complexity of current MFE and IFE reac-
tor designs, in particular as they compare to the fission
reactor core, cannot be understated when commercial de-
velopment of fusion energy is discussed. This issue is .
related to the low power density of current design con-
cepts for fusion and the need to develop higher power

-density schemes. For instance, TFE offers the advantage

over MFE of possibly less complexity, higher power den-
sities, and correspondingly higher reliability and avail-
ability of the reactor core. It has thus been. argued that
this advantage of higher capacity factors inherent in the
IFE system design over MFE (even if all problematic
physics issues have been solved) make IFE reactor sys-
tems more desirable from an economic perspective.? The
results from the tritium breeding requirement study in this
work further lend support to this perspective, primarily
because of the higher fuel fractional burnups possible with
IFE (on the order of 30 to 50%) and the higher availabil-

‘ities inherent in a simpler c_lesign. Limitations of MFE

availabilities because of engineering considerations is an-
other key-issue here. However, one perceived IFE advan-
tage, the employment of liquid walls to shield the blanket
and so reduce operational interruptions due to radiation
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damage, is currently also being used for more advanced

MFE designs.*® Thus, availability reductions due to ra- -

diation damage may not be an issue/for both IFE and'MFE
concepts. A greater focus on R&D effort in liquid-wall
design is therefore encouraged,

A volumetric neutron source for testmg nuclear corn—
ponents under fusion-relevant conditions is deemed an
unportant step toward resolving critical issues of fu.

ston nuclear technology.** Such a device would be much -
smaller than an experimental tokamak reactor, such
as ITER, and can provide meamngful results, espe-
' cnally in the testing of compongnts in a relevant fu-

sion environment and under relevant values of neutron
fluences. Since the behavior of tfitium retention under
irradiation is expected to affect tritium breeding require-
ments as much-as other parameters when the fuel frac-
tional burnup and availabilities are high, R&D focus in
this ‘area will contribute to the reduction of uncertain-
ties in the estimation of the required TBR, Because en-
gineering constraints, as in reliabilities of the reactor
vessel components, may pose serious questions regard-
ing the validity of MFE design ¢oncepts for commer-
cial use, experiments (as in a: volumetric neutron
source) related to the effective availability of a reactor
should be studied more extensively. In addition, quanti-
tative studies of tokamak reactor availability are to be
promoted,

A significant trend from the discussion in Sec. XIII
is that the effects of various fuel-cycle-relevant param-
eters on the required TBR will reach an asymptotic level
whereby a further increase or decrease in the parameter
of interest will not lead to much of a change in the re-
quired TBR. This is similar to an:exponential behavior.
It is thus meaningful to explore the extent of this level of

insensitiv‘ity for various parameters that lead to large

changes in the required TBR. Table XI thus lists the pa-
rameter ranges for fuel fractional burnup, fusion power,
and reactor availability, which do. not yield much sensi-
tivity in the corresponding variation of the required TBR;
i.e., they only lead to an ~5% change in the required
TBR In addition, an approximate set of realistic param-
eter ranges, taking into account current technological lim-
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itations, possible future advances in plasma science and
reactor design technology, as well as the many types of
possnble fusion reactor designs:(i.e., not limited to MFE),

is also shown in the table,

- It is apparent that for realistic variations in the value

- of the fuel fractional burnup, the required TBR will change

significantly, Similarly, all values of fusion power will

- lead to possible significant variations in the required TBR.

On the other hand, the realistic parameter range and the
insensitive parameter range for reactor avallabxhty al-
most match, which does not lead to much change in the.
required TBR for realistic variations in reactor availabil-
ity. We can thus conclude that any technological ad-
vances or design changes that lead to variations in f, or
Py will drastically affect the reactor’s A,, as opposed to
changes in a,,. As discussed prviously, tritium inven-
tory changes result in a linear dependence of the re-
quired TBR: The particular range of inventory changes, -
whether low or high, will then not have an effect on the
variation of the required TBR. Only the magnitude of the

inventory will be important.

In this section we examined the R&D areas that
should be more extensively pursued from the perspec-

tive of reducing the tritium-breeding requirement of com-

mercial fusion plant concepts. Predictions or top-level

requirements for such ﬁrst-generauon commercial power
plants have been discussed in many conceptual reactor

studies of fusion. Such studies help provide estimates of
plant operation that are thought to be necessary for com-

mercial use, A discussion of R&D needs and minimum
levels of performance needed to provided adequate

tritium-breeding requirements will aid in more effi-

ciently advancing the development of an optimized de-

sign for a commercial fusion power reactor. This work

has tried to separate the evaluation of future DT fusion

reactors from physics issues that currently and severely

limit the operation of fusion.reactors, Walker and Haines™

have assessed the prospects of DT tokamak fusion in a

commercial setting and have stated that “such a study

should address the macroscopic, engineering and eco-

nomi¢-issues alongside the physics.” This work was con-

ducted with such a philosophy in mind.

TABLE XI _
Insensitive Parameter Ranges for Reduire_d TBE Calculations
Parameter : Realistic Parameter Range Insensitive Parameter Range
Fuel fractional burnup, fi . S 2to 50% 70 to 100%
Fusion power, Py 0.25t0 5 GW All values of fusion power can affect the
. : required TBR significantly.
On-line reactor availability, o, 50to0 100% 65 to 100%
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XV. CONCLUSION

A new approach to solving tritium fuel self-
sufficiency problems has been developed to realize more
efficient and accurate ‘solutions, An analytical scheme
was chosen that makes use of inventories. calculated from
more detailed and rigorous dyramic models. Using the
approach developed in this work, a direct relationship

between inventories and general fuel cycle parameters -

is provided. Such a scheme can more fully account for
reliability and availability considerations. An integrated
tritium balance was discussed to determine analytical
solutions for tritium self-sufficiency-relevant variables
such as the required TBR and startup inventeries for
specific reactor designs.

The effect from changing various fuel cycle param-

eters was investigated, Dominant-parameters again proved
* to be the time in fulfilling the inventory objective (e.g.,

doubling time) and the reserve inventory. The reserve
inventory is rolated to the fuel fractional burnup and the
time for reserve fueling if the plasma -exhaust-processing
line is to be buffered. agamst any operational mterrup-
tions. This work also examines: the possiblhty in buff-

ering other distinct processing lines in the fuel cycle _

with reduced tritium throughput; These other reserve in-
ventory demgn options provided a much lower requ:red
TBR and, in particular, a much reduced required tritivm
startup inventory. However, a future fusion reactor is

expected to operate in steady state for. commercial rea- .

sons, so more stringent buffering of the plasma-exhaust-
processing line may be required.

Availability effects were also studied in relation to
the reserve inventory requiremsnts. A small impact can
be seen from changes in reactor availability and the:pulse
cycle selected. The variation of the required TBR and
the required tritium startup inventories as a function of

fusion power was also-examined for a number of scenar-

ios. For reference parameters assumed in this work,
the required TBR for an ITER-type commetcial fusion
reactor is 1.11 # 0.02, and the required tritium startup
inventory is 25 kg. The impact from tritium inventories
of all types was found to be small, though it may be sig-
nificant when small margins between the required TBR
and the achievable TBR exist. In, partlcular tritiated waste
may have a more significant impact. A number of more

focused studies were conducted with respeét to tritium

codeposition and the MTBF-MTTR for major- reactor

© components.,

Usmg the aforementioned methodology, the uncer-
tainties in the required TBR and the startup inventory
requirement for a given reactor design were ¢asily cal-
culated. Uncertainties in tritium breading requirements
due to predicted parameter variations were evaluated, and
we found that an uncertainty of 0.02 in the required TBR
existed for reference uncertainties. Parametric studies.of
the impact from uncertainties initritium inventories found
in the fuel cycle were performed. Finally, an investiga-
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tion on the cost-effectiveness of a design incorporating

external tritium fueling during the lifetime of a DT reac-
tor was conducted.

_ NOMENCLATURE

i = inventory of speciés J» either in elemental
(e.g., T) or molecular form (e.g., T», DT)
in fuel cycle compartment i

7] = residence time of species j, either in ele-

mental (e.g., T) or molecular form (e.g., T,,
- DTY in fuel cycle compartment

A = tritium decay rate (s~*)

a) = local nonradioactive processing loss param-

eter (chemical and/or nuclear) due to the
rate of processing of species j, either in-el--
emental (e.g., T) or molecular form (e.g.,
Ty, DT} in fuel cycle compartment i

b} -= local nonradioactive processing loss param-
eter (chemical and/or nuclear) due to the
local inventory of species j, either in ele-
‘mental (e.g., T) or molecular form (e.g., T,,
DT) in fuel cycle compartment i

i = period to satisfy the tritium inventory re-
qmrement objective when the starting time
issetast=20

7 = doubling time period (i.e., when I, = I7f*+

Imiﬂ)

tinf = time when the storage subsystem reaches a .

minimum value

Lsim = period of simulation for more detailed sim-
ulation models

o = lag time between reaching the required

doubling-time inventory and itstransfer and
use in the next-generation reactor

Taps . = required doubling-time inventory, lnclud- :
ing lag time

I . = required doubling-time inventory with no
lag time

5

D = minimum inventory in the storage

subsystem

I, = reserve mventory to buffer operational in-
. terruptions in the fuel cycle

Fored = average tritium breeding rate during the pe-
: ' riod ¢ to 1,

Er; = average fusion reaction rate during the pe-
T riod ¢ to &
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= average feed rate from external fuel sources -
during the period ¢ to &

EclI'

= tritium inventory summed over all tritium
reprocessing subsystems in the coolant line

average rate of tritium delivery to. extemal

Sl
needs during the period ¢ to ¢ "

= tritium inventory summed over all tritium
reprocessing subsystems in the breeder line
rate of tritium loss to: the environment dur- :

ing the period 1 to ¢ S oertiem  — tritium inventory ‘summed. over all tritium
f .

‘reprocessing subsystems in the plasma-
fueling/exhaust line during the short-term
period of reactor operation

= average net productmn of tritium due to all.
sources and sinks in-the fuel cycle during

the period £ to & Sshotierm I = tritium inventory summed over all critical

tritium reprocessing subsystems in the
plasma-fueling/exhaust line during the
sho‘rt-term period of reactor operation

= startup tritivm mventory within the reactor
power plant

= optimized (i.e., minimum) stactup tritium
inventory within the reactor power plant for
a given reserve inventory design option

= average rate of tritium inflow from the PFCs
into the coolant

2;?6,’: 1677 | =~ tritium inventory summed over all noncrit-
ical tritium reprocessing subsystems in the
plasma-fueling /exhaust line during the
short-term period of reactor operation

o™ [ = tritium inventory summed over all tritium

reprocessing subsystems in the impurity
~ processing line during the short-term pe-
riod of reactor operation

= time for reserve- fueling during plasma-
fueling /exhaust line: operational interrup-
tions (days)

= time for reserve fueling during impurity pro-

A f . > o short .rerm
cessing operational interruptions (days)

Pl = tritium inventory summed over all tritium
reprocessing subsystems in ‘the plasma-
fuelmg/exhaust line + impurity process-
ing line during the short-term penod of

reactor operatlon

= time for reserve fueling during breeder line
operational lnterruplions (days) '

= time for reserve fueling during coolam line
operational interruptions (days)

= average breeder line tritium holdup time (h)
fusion power (GW) .

S ghortiem™ = tritinm inventory summed over all tritium
' reprocessing subsystems in the breeder line
during the short-term perlod of reactor
_ operation

= fuel fractional burnup (%) S ihortterm [ tritium inventory summed over all tritium
reprocessing subsystems in the coolant line
during the short-term period of reactor

operation

= average tritiated fractional impurity con-
tent (%)

= bun time (s}

( Tiiengterm I = tritium inventory summed over all tritium
reprocessing subsystems in the plasma-
fueling /exhaust line during the long-term
period of reactor operation

"= dwell time (s)
= reactor on-line (h)

= reactor off-line (h)

Ti" ™ [ = tritium inventory summed over all tritium
reptocessing subsystems. in the impurity
processing line during the long-term pe- '
riod of reactor operation

= ratio of burn time to'burn-dwell cycle time

= ratio of time that the reactor is on~lme to
the total time
total reactor availability Shrgtm™ | = tritinm inventory summed over all tritium
' reprocessing subsystems in the breeder line
during the long-term period of reactor
operation

energy from a fusion reaction

= tritium mvemory summed over all trltium

reprocessing subsystems i 3, long term I = tritivm inventory summed over all tritium

PUSION TECHNOLQGY

= tritium mventory summed over all tritium
-reprocessing subsystems in the plasma-
fueling/exhaust line
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reprocessing subsystems in the coolant line
during the long-term period of reactor
operation
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Silpe = quasi-steady-state minimum tritium inven-
tory summed over all tritium- reprocessmg
subsystems §

Silnex = quasi-steady-state maximum tritium inven-
tory summed over all tnt:um reprocessing
subsystems §

Zily, = quasi-steady-state average tritium inven-
tory summed over all tritium reprocessmg
subsystems #

Zorloow = allowable tritium inventory summed over
the reprocessing units in the plasma-
fuelmg/exhaust line

DY = uncertainty in the tritium inventory summed

over components:, including average flic-
tuations during normal operation

A = TBR

A, = required TBR

A, = achievable TBR. _

@ = tritium self-suffidiency timescale factor

{ = tritium self-sufficiency reactor pOwér factor

2 = tritium self-sufficiency time objective factor

2 = tritium self-sufficiency effective inventory
factor

@ = square root term in the solution of the tri-
tium self-sufficiency quadratic equation

MTBF; = mean time between failures for component
i (y1) |

MTTR; = mean time to replacement for coraponent i-
(months)

1 limse = allowable tritiumiinventory due to codepo-

' sition in the vacuum vessel

FIiy'™ = rate of tritium codeposition

Fremoval = rate of tritium removal from codeposited
layers

ok - ='total time of tritium retention due to tri-
tium codeposition for.a continuous fueling
period :

tiogovat = total time of tritium removal from codepos-

ited layers for a continuous removal period
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