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Abstract

A reference design was used in preparing a mathematical
model of a fusion power plant with a tokamak reactor to in-
vestigate the extent to which the uncertainty still inherent
in the physical reactor parameters affects the power costs.
While only limited reductions of the power costs are
achieved by improvements of the reference values for the
reactor burn time, power density in the torus and load on
the first wall, the power costs rise in keeping with the
extent to which these parameters fall short of the reference
values. As the results obtained in present-day experiments
are still well below the reference values, a great deal of
effort is still required in the fields of plasma physics
“and materials research to achieve an economically operating

fusion power plant.




CONTENTS

Introduction

Uncertainty of cost calculations

Reference design and cost calculation

Uncertainty of the reference cost calculation

Influence of uncertainty of physical
parameters on costs

5iel Cost factors governing the component powers

5.2 Factors governing costs via the specific

component costs

Summary and conclusions

References




1. Introduction

'The present state of the art of fusion research allows us to
draw_a.tentative picture of wﬁat fusion power élants will
possibly look like by extrapolating from present experimental
facilities. This, of course, is also necgésary because the
allocation of funds to cover the soaring costs in fusion
-research will only be justified if it can be shown that ény
fusion power plants resulting from these extrapolations are,
in‘fact, also attractive for the energy market..Besides the
provision of a practically unlimited supply of primary
energy, it is primarily the reduced hazard potential relative
to fission reactors that makes the fusion reactor a worth-
while proposition [1]. One of the most important requirements
" for subsequent marketing, however,_is that the costs of the
power prodﬁced in fusion power plants be in the region of

the prevailing values. It is therefore necessafy to obtain

an idea of the anticipated coests as soon as-possible and to
keép it abreast of current developments in fusion physiqs
Aana technology. With due allowance for the factor of
uncertainty involved, these costs should be enlisted as

. criteria fof comparing the wvarious £ypes of fusion reactors

emerging from the lines of research now being pursued.

2. Uncertainty of cost calculations

A major difficulty is that the present state of the art does
not allow .us to dbtéin reliable values for the costs of

energy produﬁed with fusion power plants.




It should be recognized that neither the material an@ pro-
duction costs of the components specifié to fusion nor their
maintenance and repair costs can at present be given with
certainty. Therefore, all that can be done for the time being
is to determine the probable costs of such a design according
to the present state of the art and include safety margins,
which may differ in size for the individual components. 'In
fhis way it ié possible to determine -the element of uncertainty
in caléﬁlating the specific plant costs.

In addition, there is a second source of uncertainty, namely
the physical design parameters of the reactor. These are un-
_reliable over sometimes very wide ranges because the behaviour
of fusion plasmas is not yet understood theoretically and
experimentally and a great deal of work is still needed before
an experiment for thermonuclear fusion with positive energy
balance can be achiéved. For the reactor tﬁat may emerge from
a cqrtain line of research and development, e.g..a tokamak
reactor, it is thus only possible to specify with any degree
of certainty the components required for realizing the
principle involved; for the design data, on the other hand,

it is only possible to give values which are considered as '
probably attainable at a certain time in keeping with the
state of the-art, and to superpose fluctuation ranges on

these values. This allows for the physical uncertainty.

The probable values and the superposed fluctuation ranges
due to the calculation or physics are used to determine
power costs which can- then also be specified with a certain

range of fluctuations about the probable value. This calls



first of all for a self-consistent fusion power plant design

on the basis of the péobable'parameters andrfor the appropriate
power cost dalculation. After estimating the respective

margins of uncertainty of single parameters, it is then a
question of establishing.how these uncertainties affect the
power costs. In this way it is possible, despite the complexity
of a compieté power plant, to obtain an overall, although

" rough, idea of the relative importance of indiviaual variables.
This knowledge is necessary wheﬁ fofmulating a mathematical
model of the power plant, in order to know relativély soon.

the components which have to be treated in particular detail.
The réference design taken as starting point for this study

is described in the following.

3. Reference design and cost calculation

A detailed analysis [2] of published cost calculations for
tokamak power plaﬁt designs yielded the cost structures shown
in Fig. 1 for the designs of the University of Wisconsin,
Madison, U.S.A. (UWMAK-I) [3] and Princeton Plasma Physics
"Laboratory, U.S.A. (PPPL) [4] and the study of Brookhaven
National Laboratory, U.S.A. (BNL) ‘[5]. Of these it is the
ﬁWMAK-I design that is chosen as reference case because its
cost structure comes very close to the "mean" structure
according to [2] (Fig. 1, right-hand cqlumn) and the
corresponding cost calculation is largely complete and
~detailed and was made with considerable caution. This design
can therefore be regarded as repxgsentative of the physical
and calculatiye parameters whiéh were considered to be

probably attainable when it was performed (1972 - 74). There




are, admittedly, more recent designs (e:g. UWMAK-II [6],
UWMAK-III [7] and Fintor [8]f but these are less suited as

- reference cases because they héve not been Qorked out or
published in such detail.

Figure 2 shows the heat flow diagram of the plant. The mean
thermal power of the reactor is 4,617.thh; it is cooled
with lithium (12 parallel cooling cycles), the pressure of
~the Li being about 2.8 bar and a maximum coolant temperature
of 489°C beiné attained. When heat is transferred to an
intermediate Na cycle the Li is cooled to 359 OC, while the
Na is heated from 336 OC to 456 OC (pressure about 2.4 bar).
The main purpose of the intermediate Na cycle is to impede
the passage'of tritium from the lithium cooling cycle to the
subsequen£ steam turbine process; the Na cycle is therefore
provided with a cleaning system for T, and H,. A second
fuﬂction of the Na cycle is to bridge the idle time of the
reactor between sdécessive burns by means of a Na storage
system so that a constant thermal power is transferred within
ﬁhe steam generator at the rated load. The steam turbine
process has live steam data of 138 bar/404 oC,.and at 15 bar
there is a water separation followed by iﬁternal
superheating by live steam. The exhaust steam pressure is
0.12 bar, and wet cooling towefs with ventilators are used.
Of the six feed water heaters (preheating to 281° C) the
bottom low-pressure preheater is heated.with the heat from
the cooling of the divertor (system for extracting burn-up
-and impurities from the reactor). The power plant is equipped
with two‘identical stéam turbine uﬁits with 841 MW

_ e gross
each. Each of them is connected to the reactor by 6 cooling



and intermediate cooling cycles. The gross efficiency of the
system is 36.4 %, this being méinly due to the modest live
steam data. With allowance for the requirements of the power
plant, this yields a net electric power of 1,473 MW, and a
net‘electrical efficiency of 31.9 %.

The various operation phases of the reactor are shown in
Fié. 3, in which the mean output power and energy of the
reactor are represented schematicaily versus time. The total
(electric) heating energy transferred to the reactor during
the heating time ty is Eh’ which then reappears as part of
the energy output of the reactor (in the form of thermal
energy) . During the burn time tb thé total energy output is
Eg, the meén-power being P, . After extinction of the fusion
_reactions - due either to the limitation of the flux swing
of the transformer (in‘UWMAK—I) or poésibly to excessive
acéumulation of burn-up (o particles) and impurities in the

' plasma - the reaction chamber h;s to be evacuated in the
time tig (idle fime) and poséibly flushed before a new
.cycle commences with heating of the newly added fuel. The
power averaged over the total cycle time (th + ty + tid) is
f;;. For the reference case coqside;ed here the design values
" are P = 4,617 MW

th,N th th,N

N denotes nominal load conditions). The power surplus

and P = 4,990 MWth (subscript

during the burn time is stored in the form of hot sodium

in the manner already mentioned (see description of Fig. 2)
and then used for bridging the idle time and part of the

heating time. The cbst calculation- for this design is based




on a scheme [9], devised by USAEC/USERDA® for calculating
nuclear power.plants, whose subdivision of the nuclear section
was adapted to the structure of the fusion reactor [3]. The
initial data for the calculation were obtained from [10].
Table 1 (I) presents the absolute installation costs, the
specific. invaestment costs (in relation to the nef power)
and the power_production costs in both absolute and relétive
-figures. The numerical values for the absolute installation
costs (cash costs) were taken straight from [3], while the
additional costs incurred during the construction phase and
the operational costs were détermined in the manner modified
.relative to [3] that.is described in [11]. The cash costs of

1.22 x 10°

- $(% value approximately at end of 1974) corres-
pond to specific investment costs (includiné additional
costs during the construction phase) of 1,116 $/kWe and
power costs of 23.32 mills/kWh. These values may be regarded
as probablé values (in accordance with Sec. 2); for the
physical parameters this refers to the knowledge available

in 1972, for the cost calculation to that available at the

end of 1974.

4. .Uncertainty of the reference cost calculation

This uncertainty was determined by énalyzing the cost
calculation for the individual components, which is descriBed
in more detail in [3]. It was found that a large part of

the materials and production techniques that would be needed

* USAEC £ United States Atomic Energy Commission

USERDA £ United States Energy Research and Development

Administration



to accomplish this desigh are of quite ; conventional nature.
The calculations based on coﬁventional technolqQgy may be
assumed to be reliable, especially since théy were made in
collaboration with or completely by the manufacturing
industry. With regard to the specific fusion components,
however, calculations are sometimes highly unreliable. The
degree of uncertainty may thereby differ, depending on

- whether such a component consists of mainly conventional
elements or whether it requirés 6ompletely new materials and
production techniques. In the component cost analysis the
detailed costs stated in [3] therefore include different
deviations (mostly up). On the basis of [12], for example,
Ait was assuﬁed that the costs for superconductors in the
toroidal magnets might be a factor of 5 higher. For the
complete_magnet system ]including cooling) this incurs
additional costs of slightly over 42 %, which, however, would
lead to a power cbét increase of only 6 % since, according
to Fig. 1, the magnet costs are represented in the.powef
éosts by a factor of only 0.14. The uncertainties

‘estimated for the individual components are listed in

Table 1 (II). They are based on the following assumption:

10 $ increase of costs for shielding despite the fact that
materials familiar in nuclear engineering are used, this
being due to design complications resulting from ducts,

20 % increase in the cost of the blanket since not only
~have the same design problems to be solved but also because
there_isrstill a lack of practicgl experience in handling
large quéntities of liquid lith;uﬁi double costs for

neutral injectors since hardly any relevant prdduction




experience is available; fivefold costé for all components
of  the tritium cycle, threefold for handling replaced

- activated components and doublé‘costs for méintenance of
the reactor, electric power supply of the coils for the
heating transformer and divertor, for hoisting equipment in
the power plant and for the initial lithium filling. Cost
reductions might be achieved at most where the costs from
[10] initially taken as a basis had.already been increased
1.5 to 2 time; for the "probable" cost calculation (see
Table 1 (II)).

The overall result is that because of these margins of
uncertainty the investment costs might be up to approx. 23 %
higher but hérdly lower, which is also approximately true of
the.power'costs. The cost structure, i.e. the percentage
costs for individual éomponents, is thereby not altered
sigﬁificaﬁtly in the sense that fusion specific components
assume greater impartapce. This, of course, only affords a
measure of the uncertainty of-the cost calculation made for
the physical parameters on which the design is based. The
manner in which and the extent to which deviations of these
physical parameters would act on the costsrare shown in the

following sections.

5. Influence of the uncertainty of physical parameters on

costs

The costs of a power plant component are mainly governed by
the power and the power density as well as the types of
materials needed for the various functions involved together

with the necessary production outlay; in the case of energy




storing components the amount of energy that has to be stored

also plays a role. In the following estimates it is assumed

that the types of materials and the production costs per
unit quantity of material remain unchanged. In addition, the
net electric power of the power plang should not be changed
relative to the reference design. Under these conditions the
essential'parameters governing the investment costs that

- remain are the respective powers for which the individual
components have to be desigﬁed and the specific costs (in
relation to these powers). In estimating the influence of
variations of physical parameters a distinction is therefore
made between those parameters affecting the absolute
magnitude of a component power, the specific costs thereby
remaining constant, and those parameters that modify the

specific costs of a component at constant power.

e ———— — ———— T —— Tt — s S S — - ————— = —

iable 1 (III) states which of the components are essentially
influenced by which of the powers occurring in the power
plant. Item 20 (land and land rights) and item 21 (structures
and site facilities) may be regarded as predominantly
dependent on the net electric powef of the power plant;

this also applies to item 25 (miscellaneous plant equipment),
to item 91 (construction facilities, equipment, services),

to item 92 (engineering services) and to item 93 (other costs).
The costs of the turbine plant equipment (item 23) are pro-
portional to the gross power of the power plant, while in

the case Qf.electriC'plant equipmeht (item 24) this only

applies to about half the costs; the other half is proportional




to the thermal reactor power Pth averaded over the burn time
(see Fig. 3). Also préportiohal to this power are the costs
for special materials (item 26) and those for the complete
reactor plant equipment (item 22) except for the costs for
the main heat transfer and transport equipment (item 222),
which are mainly governea by the thefmal power ﬁ;; averaged

over one cycle (see Fig. 3).

- As the net electric power Pe N of the power plaﬂt should be

'}

constant, the gross electric power'Pé b will only be subject
r

to change when the electric power requirements of the power

plant vary.

'As the mean theérmal power 5;; of the reactor is coupled with
the gross electric power through the'grbss efficiency of

the fhermal energy sysgem, 5;; can only change via the power
requirements of the auxiliary systems and the gross
efficiency. The mean power of the reactor Pth required

during the burn time to attain a certain valué of 5;; depends

not only on the magnitude of Pth but also, as can be seen

from Fig. 3, on the heating and burn times and on the idle
time. As the power requirements of conventionél auxiliary
.s}stems for power plants are essentially fixed and the mean
powver requireménts for plasma heating may be regarded as
gpproximately proportional to the mean power Pth during the
burn time®, the only essential parameters still to be con-
* It is thereby assumed that the thermal power Py is pro-
portional to the plasma volumé,'?.e. the plésma state and

heating methods are not changed.
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sidered are the heating, burn and idle times and the gross

efficiency of the thermal energy conversion.

In the reference design a value-of'tb = thN = 540075 is
assumed for the burn time. More recent work on the behaviour
of a particles and impurities in plasmas indicate, however,
that the attainable burn times may be up to two orders of
magnitude.loﬁer. If in reducing the burn time it is assumed
" first that the heating and idle timres of ‘

the reactor are constant, the.thermal power Pth during the
burn time and, owing to the higher energy required for
heating, also the mean thermal power §;; have to increase,
as shown in Fig. 4. Details of the calculations made in this

respect are described in [11]. The effects of these power

increases, and hence shortening of the burn time, on the

power costs can be calculated from Fig. 4 with the data in
Téble 1. A redﬁct;on of the burn time to tb = 540 s, for
example, leads to a power cost increase of 18.%, whereas a
feduction to t, = 54 s already results in gquadrupling of

the power costs relative to the design value.

A reduction of the thermal power Pth during the burn time
could be achieved by shortening the heating and idle times
(reference design th,N = 110 s, tid;N = 280 s). The
influence of the idle time on the thermal power during the
burn time, with constant heating time and different values
for the burn time tyr is shown in Fig. 5. The shorter the
" pburn time the more effective is the reduction of the idle
time. For example, the thermal pow¢r Pth required for half

the idle time (relative to the reference value) drops to 85 %




"

Tl2=

th,N
less than 70 % for t, = 54 s. A reduction of the idle time

of the reference value P for ty = 540 s and to slightly
to 20 § of the reference value-would reduce this thermal
power to & 75 % (tb = 540 s) or 50 % (tb = 54 s). This re-
duction of the thermal power curtails costs via the size of
the reactor: The stated quadrupling of the power costs by
shortening the burn time from 5400 s to 54 s could be reduced
~to only tripling the costs by decreasing the idle time from
280 s to 140 s. Whether further shortening of the idle time,
e.g. to times shorter than the heating time, leads to a
further decrease in costs is open to question since the flﬁx
reversal of thg transformer then has to happen more quickly,
'thié being accompanied by an increase in costs owing to the
higher po&er. Furthermore, it was not taken into account
that‘shortening the idlé time leads to higher construction
coéfs for‘the vacuum pump system of the reaction chamber;
since, however, the thgrmal energy storage system for
bridging the idle time may aléo be smaller with decreasihg
idle time, it could be assumed that these two cost factors
approximately compensate one another. A reduction of the
heating time, which was not further considered above, would
tend to reduce_the necessary thermal reactor power Pth but,
on the other hand, leads to higher specific investment

costs for the heating system since the same heating energy

would have to be supplied in a shorter time.

It can be seen from this estimate that the power costs rise
more sharply with the reduction of the burn time, and that

the possibilifies of reducing this rise are rather limited;



here the reduction of the idle time would presumable do more

good than shortening the heating time if the idle time started

- by being much longer than the ﬁeating time..The possible

prospect of extracting ash (a particles) and impurities from

the plasma during the bu;ning period with a divertor would

also tend to extend the burn time, bu£ it would also considerably
complicate the reactor. As an optimum reactor.design(ih-

~cluding the decision on incorporating a divertor) can only

be arrived ag from the point of view of minimum power costs,

it is necessary to interrelate and investigate the function

and costs of all the components involved.

For the later design of the reactor it will be necessary to
rmake allowance for the uncertainty concerning the burn time
by choosing a cofrespondingly higher thermal power during
the burn time in order £o achieve gﬁaranteed values for the
power and availability of the power plant. Figure 6 shows
the influence of £he relative burn time on the load factqr
(Hefinition according to VDEW [13]; base load operation
being assumed). The load factor is largely insensitive to
deviations of the burn time from the design value (tb,N =
5400 s). Halving the burn time at:the same thermal power
auring this burn time would only leéd to a reduction of the
load factor by about 7 % (additive), based on the reference
point for the reference design. Such a deviation is hardly
to be expected, of course, since such a long burn time can
‘only be achieved with a control system, with which it is

then possible to suppress deviations. If, however, only
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short burn times are achieved for the éesign point as well,
the influence of deviationslis much stronger. In Fig. 6 the
fact that the curves drop moré steeply with decreasing burn
time shows that the load factor reacts with increasing
sensitivity to variations of the burn time when the burn
time is made shorter. An estimate shbwed that halving a
design burn time of 540 s already leads almost to a halving
of the load factor. In this case the necessity of acutally
attaining thé guaranteed values for the net power and load
factor would call for appreciable overdimensioning of the
reactor, with correspondingly higher installation costs. .
In addition, Fig. 6 shows the connection between the annual
outage times of the power plant and the load factor; this

will be dealt with in the next section.

In Figs. 4 and 5 it had been found that a sharp reduction
of the burn time despite certain improvements in the idle
time would presuﬁably.lead to an increase in the power costs
relative to the reference design. This therefore raises the
question whether improvements might not be possible in the
~ conventional area of the power plant, e.g. in the gross
efficiency of the energy conversion system (see Fig. 1).
-The simplest possibility would be to raise the live steam
pressure at constant live steam tempefature and carry out

a second internal intermediate overhea;ing of the steam.

It is also conceivable to raise the live steam temperature
by reducing the temperature differences (Li/Na) of the
intermediate heat exchanger and of the steam .generator so
that direct-iptermediate superheaﬁing with sodium is

possible while raising the live steam pressure at the same
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time. It should also be ihvestigated whéther the intermediate
sodium cycle is actualiy reqﬁired as a tritium barrier, or
"whether there are other possibilities of redﬁcing the tritium
permeation which are not accompanied by temperature loss, e.g.
the formation of oxide layers on steam generator materials,
by which the T permeation could be reéuced by several orders

. of magnitude [14]. An improvement of the gross-efficiehcy can
.also bé achieved by raising the upper coolant temperature in
the blanket, which, of courée would lead to major changes in
the blanket structure owing to the higher stress then

exerted on the materials and the enhanced tritium permeation;
with helium as coolant and with a maximum coolant temperature
6f about GOOVQC it might be possible (without a further inter-
mediate céoling cycle) to connect a high-grade steam turbine
process; a helium tempefature of > 750 °C would allow the use
of a helium turbine cycle, which according to recent pro-
posals [15] could Be coupled in the low-temperature regime
with a NH3 steam turbine cycle. On the whole, it seems qﬁite
ﬁossible to improve the efficiency of the energy conversion
system from the reference value of 36.4 % to something over
40 %, which, of course, would involve an increase in con-
struction costs. The extent to which this is justified in
relation to the power cost miniﬁum can only be determined by
considering this jointly with the time behaviour of the
reactor operation already treated. The 6ptimum design of

the power plant may therefore appreciably differ from the
refergnce design owing to the reduction of the burn time and

may also have a correspondingly different cost structure.




This takes care of the essential physicél parameters which
influence the power costs primarily via the power values of
the individual components. The.follqwing section deals with
those quantities which affect the power costs primarily via
the power density of the components, and hence via the

specific component costs.

T e, e e e e e e s e e e e e e e e e e e o —— e ——— ———

As regards séecific costs, the reactor itself involves the
greatest uncertainty since it is still not clear what power
density will be achieved in the plasma. It should thereforé
be eStimated, qgain on the basis of the reference design
‘described in Section 3, how strong the influence of this
power denéity is on the specific reactor costs and hence on

the power costs.

A measure of the power density in the toroidal reaction
chamber is the quéntity B, i.e. the ratio of the pressure
in the plasma to the pressure of the confining magnetic
field. The solid lines in Fig. 7 -show the connection between
‘B and the plasma volume Vp required to yield a constant
thermal power (averaged over the burn time), in relation to
fhe plasma volume VP,N of the :eferénce design of various
values of the maximum magnetic induction Bmax' The dashed
lines give the respective profiles of the fictitious wall
Ioad g, -i.e. the thermal reactor power per unit surface
~area of the first wall; this wall load is also referred to
the design value dy of the refereqce design. Increasing B
for a given thermal power reduc?s the necessary plasma

volume, but increases the wall load. When the plasma volume




is reduced the volume of the blanket and the space that has

to be filled with magnetic-fieid also become smaller, thus
reducing costs. Increasing the wall load while retaining the
same wall properties leads to a shorter lifetime of the first
wall'and therefore calls for more frequeny replacement with
correspondingly high outlay and longer shﬁtdown times or
elsé a higher-grade material. Both alternatives involve
increaséd costs, which are paralleléd by reduced costs due to
the smaller volume. The décrease of the plasma volume thus
reduces costs, while the increase of the wall load leads to

a rise in costs.“The reduction of the magnetic field,

starting from the reference value B = 8 T produces (see

_ ax,N
Fig. 7) for the same B an increase of the necessary plasma
.volume and a corresponding decrease of the wall load. To
determine whether for increased B it'is the cost reduction
dué to the decreasing plasma volume or the cost increase
due to the highe; wall load tha£ is dominant, the effects

of. variations of B on the costs of the essential reactor

.components are estimated.

These components are listed under item 22 (reactor plant
equipment) in Table 1. The heat transfer costs are largely
indeéendent of the volume of the reactor. The notation
explained in Fig. 8 was used to derive relations for cal-
culating the costs of the other reactor components, in

relation to the costs in the reference case (subscript "N").

- This yielded for the mégnets (item 221.1)

_ ' - 2 ' 2 -
Ky . (e-rpr+ dg + dM)n B ax b
= . = - o .
KMN rpN (e rpN + dB+ dM) B 2

max,N
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on the following assumptions: The costs are proportional to
the stored magnetic energy, which, in turn, grows as the

équare of the maximum magnetic induction permitted in the '.é
conductor; the relations A = R/rp and € = rw/rp are con- é
stant, as also are the thickness dB of the blanket and

shielding and the thickness 2 - dM of the'magnet. As only
relative costs are considered, the shape of the coil is of

no consequence as long as the relation of the horizontal

and vertical half-axes does not vary. ‘

The relative costs for the blanket and shielding (items 221.2

and 221.3, but without the first wall) are calculated with

; 2
K 2 e¢c . + d_ (2=qa)-xr :
B, € rp2 B o b 5
K
BN 23 E -rpN + dg (?—a)-rpN

on the assumptions that the costs per unit volume of the
-blahket as well as the relations A, &, o, and dB are con-

stant.

The first wall for the cost calculation is defined as the
region of the blanket (with a thickness of (1 - a) * dgi

a = 0.75) which, as a function of the wall load g, has a
'lifetimershOrter than that of the power plant; and which

thus has to be replaced at certain intervals. Characterizing

the quality of the first wall by the product of the wall

load and the lifetime t,, of the wall at this load,

W

[al, (3)
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it is possible, depending on any change in the wall load,

to determine the number of first walls required during the
lifetime of the power plant. If it is assumed for simplicity
that these walls are acquired at the time of the installation
of tﬁe power plant, the relative costs of'the sum of the

first walls are

[ (1-a) - dB]
KW 3 DLN L & 2 1 € +*1rp (4)
KWN DL (1-a) * dg .
b (CEEresam
PN

where it has also been assumed that-the costs per unit
volume of thé first wall and the thickness of the first
wall are constant. These costs should include the total
extrq costs incurred fér wall replaceﬁent, a simplification
whigh is only permissible as long as the lifetime of the

first wall is not less than approximately six months.

Thé influence of the power density on the other components
of the reactor (items 221.4-6 and 223 to 227), for want of

more detailed data, is taken into account with the ansatz

K r 3 :
Re _ P
Re,N rPN

i.e. costs proportional to the plasma volume. By means of
eqgs. (1), (2), (4) and (5) and the values from Table 1 for
KMN' KBN' KWN and KRe,N it %s then“possiblg to calculate
the dependenée‘of the relative reactor costs KR/K on the

RN
plasma radius and hence on 8 (see Fig. 7).




There it is assumed that the value of the maximum magnetic

induction Bma for variable B is kept constant, so that an

X
increase of B is accompanied by a decrease of the plasma
volume and a corresponding increase of the wéll load (at
constant thermal power); cf. the lines for Bmax = const in
Fig. 7. Such an approach is possible because the size of
the wall load does not constitute a constraint since the
first wall can be replaced. The cost calculation makes
allowance for the higher wall load by including- the higher
costs due to more frequent wall replacement. The difference
between this approach and that in which the plasma vblume,
2

and hence the wall load, is kept constant, i.e. B -Bmax =

const, will be fully treated in a later publication;‘

" In Fig. 9 the relative reactor costs'KR/KRN are shown as a
funcfion of B8, where the data of the reference design
N = 5.2 %, Bmax = Bmax,N-= 8 T and DL_= DLN =

2.5 MWa/mz) yieid KR/KRN = 1. On the curves for which Dy,

(B =8

is parameter the lifetimes of the first wall, which decrease
| with increasing wall load (see Fig. 7), are marked by points.
For lifetimes below 1/2 a the validity of the curves is re-
stricted according to the eXplénations for egq. (4). The cost
curve fb; D;, = DLN ig essentially oﬁly a slightly displaced
image of the éorresponding volume curve shown in Fig. 7.
The reactor costs react with increésing sensitivity to a
reduétion of DL’ whereaé any increase of DL (at constan£ costs
per unit volume of the firstrwall) results in hardly any
saving. Tﬁe-fqregoing_initihlly applies jﬁst to the reactor
costs. It is, however, also true of the power costs since mofe

frequent replacement of the first wall also leads to longer
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shutdown times, and hence to smaller load faétoré in
keeping with Fig. 6. If the power costs ¢ for the work-
-independent part are roughiy put at

Ka

Pe,N tBetr

(KA = total investment costs for the power plant, Pe NS the
I

net electric power of the power plant, tBetr = number of

operating hours per annum at the rated power)} the power

costs are

9y
& 2 Kp + (K Kpy! ) 8760 - to my ~ Yy w.' By iod
= - o
°N Kan 8760 = tg,on T t1.w." D
(subscript "N" = reference design; tg Tﬁ = shutdown time

per annum to allow for malfunctioning and operation at
parfial load, according to the reference design 672 h/a;
ti;w;= shutdown time required for complege replacement of
the first wall, according to the reference design 1344 h;
dy = 1.25 MW/mz; Dr N ; 2.5 MWa/mz; cost data according to
Table 1).’The relative power costs according to eq. (7) are
shown in Fig. 10. Compared with Fig. 9, it can be éeen that
the shutdown times necessary for replacing the wall have a
-strong influence. The effects of increasing the wall load,
i.e. increasiﬁg B, are more serious the smaller the values
DL (maximum integral wall load). On the other hand, in-

creasing D, even to values of over 40 MWa/m2 hardly results

L
in any appréciable reduction in costs (it being assumed that
the costs per unit volume of the first wall are constant in
spité of this increase). It can-bé seen that.it is scarcely
worthwhile to try for D values of >’1O MWa/m2 if there are

no other arguments for longer lifetimes of the first wall, .

such as, for example, a reduction of the integral radiation




hazard to the personnel concerned with replacing the wall or

limitation of the quantities of activated wall material
- replaced. From the economic viewpoint alone, it might even
be sufficient to attain the value of DL = 2.5 MWa/m2 used

in the reference design. Lower values, however, appreciably

raise the power costs. In addition, Fig. 10 shows that

failure to reach the reference value of B_. = 5.2 % also leads

N

-~ to considerap;y higher power costs; 'if only 2.6 $ is obtained

(for D, = 2.5 MWa/m?), the power costs rise to 1.35 times,
and if only 8 = 1.3 % is achieved, the power costs.are a
factor of 2.3 as high as in the reference case. It is
obvious that with such a small B value the reactor costs
constitutg é very large share of the power cost structure
and hence become much more sensitive to, for example,
variations such as discﬁssed in Sections 4 and 5.1. It is
also obvious from Fig. 10 that any increase of B beyond the
reference value cén only provide a limited reduction of the
gower costs. For D, = 2.5 M’Wa/m2 the reduction in costs
obtained by doubling B to 10.4 % - this is just about the
cost minimum - is almost infinitesimally small, very much
smaller than, for example, the calc¢ulation uncertainty of
23 8. It is thus hardly worthwhile aiming at B values of
over approx. 5 % if the D; values are not higher than 2.5
MWa/mz; and even if these values were higher, it seems
desirable from the viewpoint of cost to aim at B8 values up
“to the region of at most 10 - 12 $¥. In the limiting case

—— e —— ———————— ———————

This is also mentioned in [16].
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of equally long lifetimes of the first wall and reactor the
relative reacﬁor costs would:be a somewhat distorted re-

presentation of the volume curVe in_Fig. 7 (e.g. for - ——
8 T), which becomes increasingly flatter with rising B. The
reduction of the reactor costs has less effect on the power

costs the smaller the contribution'of the reactor costs to

the total installation costs.

- The foregoing points are still valid if any decrease in the
maximum magnetic induction Bméxlis'taken into account.
Equation (1) shows that the magnet costs vary in pfoportion
with Bmix"sc this decrease might be very effective. On the
other hand, it.can be seen from eq. (1) fhat the magnet
‘costs rise more strongly than the cube of the plasma radius
and hence more strongly than with the plasma volume. From
Fig. 7 it can be seen that the decrease of B leads to an
increase of the plasma volume which is the greater the
smaller B is. The'resulting Variations of the reactor costs
are plotted in Fig. 11 versus B, where it is seen that
these costs rise more strongly at lower B as Bmax is
reduced. Figure 12 shows the power cost variations that
result when the maximum integral wall load D;, is varied as
-in Fig. 10, but in this case fpr Bﬁax = 6 T. It can be seen
that the shapes of the curves are similar to those for

Boas & 8 T. It continues to remain true that B8 values below
the reference value of 5.2 % cause drastic increases in

~ costs, but that B values of over 10 - 12 % have in this

case only a weak cost reducing effect.
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Figure 13 shows a comparison of the results obtained here
with those of other aﬁthors.-qu this purpose the relative
costs for BN = 5.2 % from Fig. 10 are plottéd against the
integral wall load. A reference curve was obtained from [17]
by conversion, and a reference point_from [18]; both of
these studies deal in detail with the influence of the wall
load on the power costs and arrive at basically the same

. results. The numerical deviations of max. 5 % obtained from
Fig. 13 have to be assessed-in cbmparison with the rest of

the uncertainties (e.g. in calculation).

6. Summary and.conclusions

This study has shown that failure to reach the values assumed
iﬁ'tﬁe reference design for the burn time of the reactor,
for the power density in the reaction chamber and for the
16ad on the first wall may involve drastic increases in the
calculated power costs. As the burn time of tﬁe reactor
éffects the power costs via the absolute magnitude of the
thermal reactor power to be installed, whereas the power
density acts via the specific installation costs of the
réabtor, the two inflﬁences are subplementary. A reduction
of the burn time is stronger in its effect the lower the
poﬁer density of the reactor; conversely, the costs are
ﬁore sensitive to variations of the power density the
shorter the ‘burn time, since reduction of one parameter at
.a time is alone sufficient to change the power cost struc-
ture to such an extent that the reactor costs'assume
greater weigﬁt. It might be possibie to feducerthe

sensitivity by sHorteniﬁg the idle time and possibly the




heating time as well or to improve the énergy conversion

efficiency; both of these prbcedures, of course, entail major

construction outlay.

The parameters treated here should be accorded special
emphasis in further fusion work. This has in fact been done
more or less in previous development work with the exception
.of that on the permissible fictitious wall load. It ié,
however, alsg indispensable that the material pfoblem of the
first wall be tackled with-gréafer'effort since a physically
possible high power density can only be—utilized fechnical}y
and economically when sufficiently high values are also
permissible for the wall load, with sufficiently long life-
times of_thé wall material. As material tests are known to
be very time-consuming, a start has to be made as soon as
possible on the task of testing materials. under realistic
radiation load conditions.

Under the conditions on which this study is based it has
‘élso been shown, however, that from the economic point of
view alone it is not absolutely necessary to considerably
exceed values of 8 ¥,10 - 12 % since the economic gain
‘deéreases with increasing 8. In tﬁe same way it can be said
of the maximum integral wall load that from the economi.c
point of view alone . it is true that values of D; > 2.5 MWa/m2
ére desirable, but the economic gain decreases with in-
creasing D; . In keeping with the present state of the art,

which still yields values of 8 < 1 % and does not yet afford

any data on the lifetimes of wall -materials under fusion

reactor conditions, attaining the above values alone still




calls for an immense amount of effort.

The results of this study are subject to the restriction, not
with respect to the trends indicated, but with respect to the
numerical values stated, since they are based on relatively

simple estimates and only roughly take into account the

infer-relations of all parameters. More reliable data will
not be possible until the highly intricate internal couplings
of all power plant components haye been treated in a computer
model so that the influence of.parameter variations on the

power costs can be traced.

The author is indebted to K. Borrass, W. Ddnner and M. S&11
for valuable suggestions and also to H. Herold, G. Miiller
and J. Raeder for most stimulating discussions as well, and

to H. Gorenflo for performing the calculations.
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Fig. 8 Schematic of the toroidal configuration

R = major torus radius

rp, = plasma radius

' = wall radius; P = E -rp | _

dB = thickness of the 1lst wall, blanket and shielding
(l1-a) = contribution of 1st wall to dB

'dy = half-thickness of the magnet
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