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The tritium breeding ratio, the minimum startup inventory, and the doubling time are the
leading parameters that determine the acceptance of any fusion reactor. These parameters
are controlled by many factors such as the residence times, the nonradiative losses, and
the plasma burnup. An analysis was carried out to investigate the effect of different reactor
- parameters on the minimum required startup inventory and the doubling time and to find
out the value of the tritium breeding ratio that leads to reactor self-sufficiency. A reference
case, corresponding to the predicted data of a 1 GW electric fusion power plant, was used
as a base for calculations. The analysis showed that the minimum triuum-breeding ratio
required arttaining a self-sufficient reactor under the conditions of the reference case is
1.15. It also showed that the minimum startup inventory and the doubling time would be
primarily affected with the tritium behavior inside the plasma exhaust-reprocessing unit
and inside the blanket. It was found that the other parameters of the reactor components
would not significantly affect the startup inventory and the doubling time in the range of

values expected. The same holds for the plasma burnup.
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1. Introduction

In the design of fusion power reactors
based on D-T fuel, consideration of the issues
concerning tritium will be of prime
importance. One of the most important issues
is the tritium self-sufficiency. A self-sufficient
reactor is a reactor that breeds tritium inside
the blanket with sufficient amournts to: (1)
sustain its normal operation, (2) compensate
for the amounts lost by radioactive decay as
well as other nonradiative losses, and, (3)
produce enough tritium to startup another
reactor [1]. Tritium breeding within the
blanket does not ensure the continuous
refueling of the reactor due to the tritium loss
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and the time scale associated with the tritium
processing operations. Therefore. in order to
successfully operate a fusion power reactor,
the tritium breeding ratio (defined as the
number of trittium atoms produced per atom
consumed in the plasma [2]) will have a
minimum value which the reactor has to
achieve in order to be self-sufficient.
Successful operation of the reactor will
also imply an initial tritium supply to start up
the reactor [3] and sustain its operation until
the tritium bred in the blanket reaches the
plasma (i.e., until the reactor becomes self-
sufficient). Due to the short supply of tritium
and its very high price (~$30.000/g [4]). the
startup  requirements could have a
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considerable cost impact on the plant. For
example, if the required initial inventory is 10
kg, the cost will be several tens of millions of
dollars, which is in the range of other major
plant components, such as the plasma
confinement magnets [5]. Therefore,
minimization of the startup inventory is often
mentioned among the requirements that the
fusion reactor must meet.

In order to achieve a satisfactory
introduction pace of the fusion plants, the
early fusion plants must be able to produce
the initial inventories for the subsequent
reactors in a reasonably short term [4]. Ifit
takes a longer term, the pace of introduction
becomes slower. Thus it is important to
estimate this term. i.e., the tritium doubling
time, defined as the time taken for the tritium
in the storage to become twice the amount of
the minimum startup inventory [1].

The above argument leads to the
conclusion that the tritium breeding ratio, the
doubling time, and the minimum startup
inventory are three parameters that will
considerably influence the design of any
fusion reactor in order to prove its feasibility
[6]. Therefore, careful evaluation of these
parameters and  investigation of their
dependence on other parameters of the fuel

cycle systems and of other plant components

" are necessary, since knowledge of the cause-

effect relationship may then be used to
identify the more critical design parameters
and to define their domain of relevance.

The early models that considered the
relation between breeding, inventory and
doubling time ignored many of the reactor
parameters, such as the transient times
inside various reactor components [7]. A
model has been developed by the author in
order to investigate the tritium inventory in
different components of the fusion reactor [8].
In this paper, the calculation results of the
model are used to study the effect of different
reactor parameters on the minimum required
startup inventory and the doubling time and
to investigate the value of the tritium-
breeding ratio that leads to reactor self-
sufficiency.

2. Model description

A model has been developed for
estimating the time dependent tritium
inventory inside different reactor component
[8]. Details of the model are found in Ref [8].
The model divides the reactor into 12
subsystems, as shown in Fig. 1:

|
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Fig. 1. Schemwatic diagram showing the different components of a fusion reactor [8].
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Plasma.
Plasma facing components (PFC).
PFC coolant.
Plasma exhaust reprocessing system.
Impurity separation and processing.
Isotope separation system (ISS).
Breeding blanket.
Purge gas processing.
Blanket coolant processing.

. Fuel storage and management.

. Fueling system.

. Trittum waste treatment.

—
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Each unit is characterized by a tritium
mean residence time, 7, and a tritium loss
term accounting for the complexity of the
recovery operations. For each subsystem, the
following equation is applied [4]:

d, L) L R
. Z —._J_——(ax+/‘)l|
T_l ) 1

= i=1.12:1=7 (1)
d =i T

Where [ is the tritium inventory (kg), a is the
fraction of tritium lost per day to the body of
the reactor, to the atmosphere, or by
leakage/permeation to the liquids present in
the reactor (such as water, oils, etc.), and 4 is
the tritium decay constant (day!). The
subscripts 7 and j denote the subsystem of
interest and the other subsystems,
respectively. For the breeding blanket, the
equation becomes [8]:

d :[3A—I‘——I—7—(}x+a7)l7

i=7. 2
dt SR l 2

Where £ is the plasma burn up (defined as
the fraction of trittum atoms fusing inside the
plasma) and A is the tritium breeding ratio
(TBR).

Applying Eq. (1) to each reactor
component and Eq. (2) to the blanket, the
time-dependent tritium inventory in each
component of the fusion system can be
determined in terms of component
parameters such as mean residence times,

tritium loss rates, fuel fractional burnup, and
tritium breeding ratio.

Initially, all tritium inventories in the reactor
are equal to zero, with the exception of the
fuel inventory in the storage [8], i.e.,

Ift=0) = 01 = 1, 2SN O (3)
Loft=0) = L. { (4)

Note that the minimum value of [ that can be
used to keep the reactor operating is the
minimum required startup inventory. The
doubling time, ti, is equal to the time at
which Lo = 2 L.

3. Results and discussion
3.1. Calculation procedure

The model was used to perform an
analysis of the tritium fuel cycle inside a
fusion power reactor in order to investigate
the influence of different parameters on the
minimum required startup inventory and the
doubling time. Egs. (1) and (2) show that the
plasma burnup, the tritium breeding ratio.
the residence times, and nonradiative losses
are the parameters that affect [4 and t.
Therefore the calculations were made in order
to assess how these parameters can influence
the startup inventory and doubling time, and
to find out the range of acceptable parameters
that can achieve reactor self-sufficiency.
Table 1 shows the numerical data used as a
reference case in the calculations, which
correspond to the predicted valuesina 1 GW
electric power reactor [6.9,10]. This data
was used as input in the computer code
developed from the model. Each time the
code was run using the reference data with
the exception of one value that was changed
to see its effect on I: and ti. The residence
times were changed between 0.001 - 500
days. The nonradiative losses were changed
between 0 - 5%. The plasma bumup was
changed between 1 - 100% and the tritium
breeding ratio was changed between 0.8 -1.7.
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Table 1. Performance parameters used in the calculation model for the reference case (6. 9,10].

Parameter

Tritium burnup in plasma (kg/day)
Tritium fractional burnup in plasma, p (%)
Nonradioactive losses (%)

Plasina

Plasma facing components (PFC)

PFC coolant

Plasma exhaust

Impurity separation and processing

Isotope separation system

Breeder blanket

Purge gas

Blanket coolant

Fueling syvstem

Fuel storage

Waste management
Tritium mean residence times (day)

Plasma

Plasma facing components (PFC)

PFC coolant

Plasma exhaust

Impurity separation and processing

Isotope separation svstem

Breeder blanket

Purge gas

Blanket coolant

Fuel system

Fuel storage

Waste management
Tritium fractional leakage from

Blanket to blanket coolant (%)

Plasima to plasma exhaust processing (%)

Value
(08
D

I x 10
0.1
0.1

100
0.014

100*

1
0998

Waste management to isotope separation system (%) 10+
Fraction of tritium processed in the waste management unit (%) 10

« Estimated values.

3.2. Evaluation of the tntium-breeding ratio
required for attaining reactor self-

sufficiency

Figure 2 shows the effect of the tritium
breeding ratio on the minimum startup
inventory. When TBR values less than 1.15
are used the reactor is not self-sufficient. An
external amount of tritium is required
throughout the reactor lifetime to
compensate for different losses in the reactor.
At values 2 1.15 the reactor becomes self-
sufficient and only an initial amount will be
required. Increasing the tritium breeding
ratio above 1.15 does not change the required
L. This can be explained as follow: in
conventional fusion reactors, most of the
triium will flow through the plasma
fueling/exhaust line because the tritium

fractional burnup in the plasma is relatively
small, for example. in the order of a few
percent [4].

Because of this burnup inefficiency, most
of the tritium fuel does not participate in
fusion reaction burn but is exhausted
through the diverter/limiter and onto the
plasma exhaust reprocessing components.
The tritium in the fuel storage subsystem will
feed this loop during the start of operation
when the tritium produced in the breeder has
yet to flow through this loop [4]. Therefore
the amount of tritium needed during the start
will not depend on how much tritium is being
bred in the breeder blanket (represented in
the TBR) but on how fast it can reach the
plasma (represented in the residence times)
|asT)
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Fig. 2. Effect of the tritium breeding ratio on the minimum required startup inventory for different plasma burnup.

At low TBR values, the increase in [ does
not correspond to an increase in the amount
of tritium required to startup the reactor, but
rather on the presence of an external amount
required throughout the life of the reactor,
since the amount of tritium bred in the
blanket is not sufficient to sustain reactor
operation.

The effect of the plasma burnup on the
required tritium-breeding ratio is also shown
in the figure. At 3% burnup. self-sufficiency
is reached at TBR = 1.2. At 7% burnup, the
minimum TBR is 1.1. However, changing the
plasma bumup between 3-7% does not
produce a significant change in the value of L
(see Fig. 2). Values of  higher than 7% are
not shown in the figure because increasing
more than 7% is not practical or feasible at
this stage [4]. However. if the burnup
increases to 10% the required startup
inventory decreases by ~ 40%. For 100%
burnup, which corresponds to the case when
all the tritium reaching the plasma will be
consumed in fusion, the required startup
inventory will be less than one third the
amount required at 5% burnup. This is
because an increase in the fractional burnup
means a decrease in the time the tritium
atoms spend going through the fuel cycle.
This in turn means a decrease in the
radioactive and nonradiative losses. This

decreases the part of [ that is required to
compensate for these losses. On the other
hand, decreasing the burnup to 1% leads to a
significant increase in the required external
source of tritium (about one order of
magnitude higher than the reference case).
The reactor in this case is not self-sufficient
due to the large losses in different
components.

Figure 3 shows the effect of the tritium
breeding ratio on the doubling time. Again.
for values of the tritium breeding ratio < 1.15.
the reactor is not self-sufficient. and therefore
there is no doubling time. For values more
than 1.15. the doubling time decreases with
increasing the TBR. Increasing the TBR to
1.2 decreases the doubling time by ~40%.
For the same TBR. increasing the plasma
burnup decreases the doubling time. This is
done via minimizing the amount of tritium
taken from the storage to compensate for the
losses throughout the fuel cycle.

The tritium breeding ratio has an effect on
the doubling time at all values. This is to be
expected because as the TBR increases, the
number of tritium atoms produced increases.
which means that the amount of tritium in
the storage increases faster than the cases
with low TBR.
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Fig. 3. Etfect of the tritium breeding ratio on the doubling time for different plasima burnup.

3.3. The minimum required startup inventory

In addition to the effect of the TBR and
the plasma burnup on the minimum required
startup inventory. the effect of different
residence times was investigated. A TBR of
1.15 was used in all the calculations. This
value represents the minimum tritium
breeding ratio required to attain self-
sufficiency for a reactor operating with the
reference data. The results are shown in
Figures 4 and 5. The residence times of the
components that are not shown in the figures
have no influence on L. It can be seen from
Fig. 4 that the tritium residence time inside
the plasma does not have a significant effect
on Is except at values > 10 day, which is an
order of magnitude higher than the reference
case (1.5 day). When the TBR is increased to
1.2 the minimum value which produces an
effect on I+ increases to 30 day (not shown).
Therefore, it is safe to conclude that the
plasma residence time will not be of prime
concern in designing the reactor.

The plasma exhaust processing residence
tume starts affecting the startup inventory at
values as low as 0.1 day (see Fig. 4).
Increasing r from 0.1 to 1 day doubles I:.
Above this value [ increases proportionally to
. When 7is = 2 days, the reactor is not self-
sufficient. Increasing the tritium breeding

ratio has an insignificant effect on this
relation (not shown in the figure). Increasing
the burnup decreases .. However, it does
not diminish the effect of 7. This is explained
by noting that  is usually <, 10%, which
means that about 90% of the tritium entering
the plasma leaves without fusing and flows
into the plasma exhaust system. Thusitis
very important for this tritium to leave this
subsystem and be recycled back into the
plasma as soon as possible.

From Fig. 4 it can be seen that the effects
of the residence times inside the impurity
separation and processing unit and the
isotope separation system are identical. Note
that both units are connected in series.
Therefore, the unit with the higher residence
time will be the one affecting the cycle. The
figure shows that the change in [ with values
of r> 1 day is approximately linear. However,
since the reference values of both units are
0.1 days, these residence times will not be of
strong influence.

The change in the minimum startup
inventory with the tritium residence time in
the blanket is shown in Figure 5. The
reference value used is = 10 day. Below this
value the change in /; is not big. However
increasing 7 to 50 day doubles the value of /s
and requires maintaining an external tritium
source during reactor operation. Noting that
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the blanket is the only source of tritium
(beside the external source). the importance
of decreasing the residence time inside it can
be understood, since increasing the blanket
residence time means that much of the bred
tritium will remain in the blanket and will be
of little use as fuel.

The change in L with the residence time
inside the purge gas processing system is also
shown in Fig. 5. This residence time becomes
important at values > 10 days, which is an

order of magnitude higher than the reference
case (1 day).

Figure 5 shows the effect of the residence
time in the fueling svstem on L. At values of
r < 1 day. there was no change in .. Values
of r > 1 day prevents the reactor from tritium
input to the plasma. A large reaching self-
sufficiency. Note that the fueling system has
to provide a constant residence time will
require a large tritium inventory inside the
unit in order to provide the same input.

104
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€ 4| -~ Pasma exhaust reprocessing /’
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g 10 'g ——— Impurity separation and processing 7
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Fig. 4. Effect of the residence time on the required min tritium inventory,
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Fig. 5. Effect of the residence time on the required min tritium inventory.
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Fig. 6. Effect of the nonradiative losses on the startup inventory.

However. a large inventory will cause
significant losses in tritium, which will need
to be compensated either by increasing the
tritium breeding ratio or by using an external
source. [t should be noted though that the
reference case is r = 0.014 day (20min) and
therefore there is no need to consider its
effect on the minimum startup inventory.
From Figs. 4 and S and the above discussion,
it can be concluded that /s will be mainly
affected by the residence times inside the
plasma exhaust unit and inside the blanket.

The effect of the mnonradiative tritium
losses inside different reactor components on
the minimum startup inventory is shown in
Fig. 6. Only the losses inside the reactor
components shown in the figure produced
significant changes in . The loss term in the
plasma starts affecting I+ for values greater
than 0.1%. After this I: increases linearly
with increasing the loss term. However, the
losses in the plasma are expected to be in the
order of 10-19%, and. therefore. it will not play
an important role in designing the reactor.

The loss téerm in the plasma exhaust
processing unit also affects the startup
inventory. Values lower than 0.1% had no
effect on I« Increasing the losses to 1%

increased the required inventory by about a

factor of 5 and the reactor does not become
self-sufficient. Again this is because of the
huge amounts of tritium entering this
subsystem from the plasma. For areactor
operating with the reference data. the amount
of tritium inside the plasma exhaust
processing unit is about 10 kg at steady state
[8]. A loss of 1% of this amount per day
corresponds to more than 100kg during a
reactor operation of S years. Thisis avery
large amount to be compensated.

The losses inside the blanket starts

affecting the startup inventory when their
values are more than 0.1%. which is the
reference value. At 1% loss I is doubled and
the reactor is not self-sufficient.
The losses inside the fuel storage unit affect
the startup inventory at values = 0.1%. When
the losses increase to 0.5%. I+ is doubled.
However, the reactor is not self-sufficient.
because all of the produced tritium plus some
of the amount supplied externally go to
compensate the losses inside the storage.

3.4. The doubli'ng time
The effect of residence times in different

reactor components on the doubling time was
investigated.The results are shown in Table 2.
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There are seven components whose residence
times influence t;. Those are: the plasma, the
plasma exhaust reprocessing system, the
impurity separation and processing unit, the
isotope separation system. the blanket, the
purge gas reprocessing unit, and the fueling
system. Only ranges of data and not exact
values are shown, since the requirement in a
fusion reactor is a short doubling time,
usually defined as less than 5 years. This is
opposed to the minimum startup inventory,
which has to be precisely specified, since a
lkg increase will cost ~ $ 30 x 106 [4]. The
missing data in Table 2 correspond to cases
that are not self-sufficient and therefore has
no doubling time.

The table shows that if any of the residence
times become 50 day, the reactor will not
achieve self-sufficiency. It also shows that in
the case of the plasma exhaust reprocessing
unit the doubling time is between 2-3 yr at
the reference value (1 day). Increasing r
above this value leads to the use of an
external tritium source, and, therefore, there
is no doubling time. In the case of the
blanket, for r equal to the reference value (10
day)., ts=2-3 yr. For r> 50 day, the reactor is
not self-sufficient and there is no doubling
time. For other reactor components,

increasing r by a factor of 10 will not cause a
problem. Thus. the blanket and the plasma
exhaust reprocessing unit will be the two
components significantly affecting t..

The effect of the nonradiative losses on
the doubling time is shown in Table 3. As
expected, the reactor subsystems that have a
high inventory will affect the doubling time.
These subsystems are: the plasma (~15 kg).
the plasma exhaust reprocessing system (-~
10 kg), the blanket (~6 kg). and the fuel
storage (~ 92 kg at the end of a 5-yr operation
period) [8]. From Table 3 it can be seen that
increasing the losses more than 0.5% in any
subsystem prevents the reactor from being
self-sufficient. The loss term that affects the
doubling time the most is the loss inside the
fuel storage, which is logic since it contains
the largest amount of tritium in the reactor.
A loss of 0.05% of the tritium inventory per
day corresponds to the loss of a 40 kg during
a 5 yr-period. This causes an increase in the
doubling time to about 1920 days. Above this
value the reactor is not self-sufficient. Note
that the reference value is 0% (no losses)
and, therefore. a 0.05% is a high value that is
not expected.

Table 2. Change of the doubling time with different residence times.

Residence Doubling time
Time
(dav)
Plasma Plasma Impurity Isotope Blanket Purge Fueling
exhaust separation separation gas Svstem
unit svstem
0.001 2-3\1 b 2-3yr 2-3vr =25 -3 §1 2-3 vr
0.01 2-3vr Led VF 2-3yr -3 31 1-2 vr 2-3 T <3y
0.1 2-3yr 1-2 vr 2-3vr -3 vr 1-2 vr 2-3 %1 2-3vr
1 -3 3T -3\vr 3-4 vr 3-4 vr 1-2 v1 2-3\r 3-4 \r
5 2-3yr eee- a5 yr » JiaE 281 SERGEIE |
10 B I L > Jxr * 587 2-3¢r 3-4vr 0 e
50 — s vemew | 4 CEUNUSEE >3\r SIS i R - - - -
100 et oid e 1 L S b Sl | .
Table 3. Effect of the tritium nonradiative losses on the doubling time.
Doubling time
Loss (%/day) Plasma Plasma ) Blanket Storage
exhaust unit
0 2-3vr 2-3 vr 2-3 31 2-3\r
.01 2-3vr 2-3vr 2-3yr 2-3vr
| 4-3vr 2-3vr 2-3yr >raivr
S, ! MG BT >3 vr 4:50E
1 SO
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4. Conclusions

The minimum required tritium breeding
ratio and startup inventory, and the doubling
time have been investigated for a fusion
power reactor, using a developed calculation
model that simulated the tritium fuel cycle.
The effect of changing various reactor
parameters, such as the residence times in
different reactor components, the
nonradiative losses, and the plasma burnup,
have been determined using reference data
that corresponds to the predicted values of a
1 GW electric fusion reactor. The following
conclusions were made:

1. The minimum tritium breeding ratio
required to attain a self-sufficient reactor
under the conditions of the reference
case is 1.15. This is considered to be a
feasible breeding ratio that can be
reached without difficulty.

2. The dominant parameters are those of
the plasma exhaust reprocessing unit
and the blanket. [tis expected that their
residence times will be extremely critical
in determining the minimum startup
inventory and the doubling time. [t was
also noted that increasing the value of
the residence times of either unit above
the reference value would lead to a
reactor that requires an external tritium
source, which is not practical. The
nonradiative losses should be kept lower
than 0.1% per day in both units.

3. Although the parameters of the fuel
storage system did not influence the
minimum startup inventory much, it had
a huge impact on the doubling time.
Increasing the amount of losses in the
unit increased the doubling time
dramatically. It can also prevent the
reactor from being self-sufficient. The
nonradiative losses inside the fuel
storage should be kept lower than
0.01%.

4. The parameters of the plasma can play a
significant role in determining the
startup inventory and the doubling time.
However, in the range of values expected,
it will not be important. The same is true
for the impurity separation and

reprocessing and the isotope separation
system.

5. Although the plasma fractional burnup

can have a huge impact on the required
tritium breeding ratio, the minimum
startup inventory and the doubling time,
restricting its value between 3-7"%, which
is the feasible values at present [4.6],
limits its impact on the parameters of
concern.
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