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Introduction

The contribution that fusion power ght make to the futte erergy economydepends
on many factors. The ability of existing soures to mee future energy requirements
safely, without geneating excessive climate-chgmng emissions or other pollution, or a
waste burderor future generations, must be assesk as must the stgitforward cost
of electrtity generated bya fusion power plant.Fusion would plg a majorrole in the
world econony if it produced competitive electrigitor if further exploitation of other
sources beame uffeasible de to resoure restrictions or environmeaktor sakty
concernsln this paper, oyl the pedictedcost of eletricity and its variation with
assumptions is distssel. Thecontribution of ‘externdities’ to theenergy debae is
discussed in]].

Optimisation of the economics oftanceptual poer plant involves complex
interactions betwan ergineering and plysics constraints and is o@ed out usig
systems coss that include pameterigd models of all majorystems 2,3,4,5] It is
nonetheless possible to obtain a simple understgrdithe impat that plysics
constraints have on fusiorea@omics and this is discussedder

Physics of Fusion Economics

The requied thickness of the steturecomprisingthefirst wall, blanket, shield and
magnetic coils is approxnately constant so the matal volume of theusion plant is
most stronty dependent on the siace area of the frst wall. Since the befit of the
device is the poweoutput, the economics is datened ly the &tio of power tocost. A
high wall load mahine would bagenerly expected to prodwethe most economic
electricity if it were not for the issuefaecirculating pover.

In practice, theoptimum vdue of wall load in apowe plant can be deermined either by
technologcal or plysics constaints. The pisics constaints include the limitingalue
of 3 that can be achiex, limiting the fusion powethat can b produced, and the
efficiency of curentdrive. In a sead/ state tokanek, the powe requred for current
drive cancana& outthe gans of increasng wall load ky reducing the machine size. To
illustrate the pisics constraints, a simple model of the economficieicy is given
here.

The econornt efficiengy increags roghly with the figure o merit, M, defined as
P

fus

-P
M = ———"=, where the &n€fit of the machine is thusion power minus the
a
recirculating power, whilst thecost of the machine is assume to scée primarily with
the square of gnminor radiusgssumingfixed geometry).
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The reeirculating powe, requred to sustain the plasmarment in a stedy state tokamak

isgvenly P, O niR

(1- fgs), where he paverrequred for currentdrive increases
CD

with densiy, curent and sige, and is educed ly high current drive &iciency, ncp, and

by the faction of curent caried by the bootstrp effect, fzs. The tlermal fusion powr

varies Ike ?B*a’leadingto a vaiation of the fgure of merit

M =C,B%a- 1)

where he magnetic field, plasnatemperature and arrentdrive efficieng/ hawe been
assumed constant. Thbsolute value of thsecond ten is taken, in ordeto penalise
the plant for producigtoo much bootstrapurrent as vl as too little.

Czﬁ(l_ st)
q

It is clear that sine the fusion poweincreases &ster with3 than doeshe recrculating
power, it is desirable to opse atas hgh a value ©3 as possilbe. In general this will
be at (orabove) thelTroyon limit, where3 scales inversglwith g, requirirg a pover
plant to opeate a low q, thelimiting value sd by disruption &oidance There are
exceptions to this low q rule, however, in small devicewith less efficent curent
drive, in which case theredrculating power must beminimised by operating with high
bootstrap fration, at hidner values bq. High bootstrap cuent is also aaural feature
of power plants ograting at lgh normalised3, (3.

To illustrae how theredrculating power @n lead to an optimum véue of wall load,
consider a poer plant prodaing afixed fusion power. Chaging the wall load (L)

repregnt charging the mechine sie (a 11/ Lwl’z), so the value d8 mug change to

3/4

maintain thesamefusion power 30 L,”"). Assumingopeation at fixed By, the

3/4

sdety fador will also vay (qO1/L,,
gives

). Rewriting egquation (1) in tems of wall load

M =C,L, _C4Lw3/2(1_ fes) (2)

Theman result of this aalysis is thd thefigure of meit increases with wall load up to
amaimum, then falls as therecirculating power bemmes an increaingy important
fraction of thefusion power. Tk economic eficiency goes to zero whenall the power
produced is rguired to sustain the plasmarent. Althowgh it is possible also to
parametgse the bootstrafyaction, that is not done here to avomhplexty. The main
result is not influenced substantially the \ariation of bootstragraction with wall
load.

Equation (2) shows one p#ics limitation to the wall load, unrelated to techrytal
constrants, resultingfrom thecurrent drive powe. There was anothe limit implicit in
the derivation of ecation (2), sinceas the wall load increased the vale of q £ll and in
factreacled a \dlue bebw which the disrupton freqeng/ would increag unaceptgbly.
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In tha caseit is q, rdher than therecirculating power, that would sé thelimit to the
wall load.

Impact of Unit Size

Another important result froraquation (1) is that a ¢fier fusion powe machine is
more economic. This is primayibecauseas the sie of the plant inaeases, th&usion
power ncreasegaster tan either the costof the machine or te recirculaing powe. In
addtion there ae further econormies of scat in systerms code aalysis which lead b an

overal costof electicity that varies asl/ P%* [5].

Limiting B

Thefusion powe that can be achieved in agiven madine s limited by theachievable
value of plasma mssureAssumingthef3 to beafixed fraction of theTroyon limit, then
an increasein thevdue of normdised 3, B, that can be acleved leads & more efficient
use of the plant anegduced cost of ectricity. As with the unit sig, the ystems cod
analsis givesa costof electricity that varies asl/ ,BNO'4 [5]. This is aless strongaling

than simple angbis would sggest beaus some of the énefits of hgher  are offset
by areduction in the ngnetic field that resultrbm redued machie siz. Fgure 1
illustrates thevariation of st of eectricity with theprodict of normadised 3 and
electrial output,BnPe (GWe).

14

Fig.1: The cost of

v electricity falls as either

1 Buor unitsizeis
5 increased. Increasing the
8 ” product ByPe by a factor
8 o6 of 3 reduces the cost of
@)

electricity by 35%.

04

02

BnPe(GW)

Although the main impact afost is from thg8 that can be ehieved ad the unt size,
the peakig of the pofiles, particurly the densit profile, also has a gnificant effect.
Improvements in supercondting technol@y that allow an inrease in magnetic field at
the coils without a laye cost pedty would also have stromy effect on the ost of
electicity.
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Breakdown of Costs

The anaysis of costof elecricity from systens code aalysis gives nterestng insights
into the different comtbutions to the cost of electrigitlt is often statd that the costs of
a fusbn plantare donmated by the @pital costof constucting the plant In fact, the
costs of consumable items, partany the divertorand blanket stretures, ca regesent
a consideable part bthe cost oklectricity. A typical breakdavn of costs is 40%rém
the cost of the fusion spéici capital (excluding consumatss), 40% fom opeation and
consumables (divertor, bi&et, first wall and fuel)and 20% fom the non fusion
specfic plant[5]. This varies accading to the length of shutlowns requied to charge
the divertor and bhnket structures.If these lecone long, then he machine design
evolves towadsa morecapital intensive machine requiring fewer inteventions. This
provides anothe limit to thewall load, tha of mantaining a high machine availability.

Cost of Electricity

The purpose of this papis primarily to elucidaé the plysics constaints that impact on
the cost of dedricity. However it is inevitably of interest to @me up with aprediction
for the cost oklectricily. It is usual to maka rarge of assumptions and d@emine a
correspondig range d cost of eletricity. Assumingthe producf3yPe varies from 3.5
up to 10, the upper limit resultifigpm adances in plgsics andgrowth in the unit size
as the elecicity suppy industy expands, the cost @lectricity from a tenth of a kind
plant is in the range of 120-70 mECU/kWn 1990 ECUs)Y]. At the lower end of the
range thecosts are&eompaable to prediad costs from othresoures. At the uppeend
of the rame, it is anticipated that fusion would oridg introduced in the@vent of
restriction of useof other source forreasons d resource limits or environmental
protection p].

Conclusions

The impact of pisics assumptions on the economiésusion have ben biefly
describecand the wgs thatfusion economicsan be substantiatlimproved ly
increagdf3 limits or, moresimply, by increased unit sizedisaussa@. With reasonable
assumptions it appears that fusion could mekentribution to the futurenegy
market. Discussion has cmentated on conentional aspecttio tokamaks, and the
possible advantes of stelleators, with no crent drive requiements, and ght aspet
ratio tokamaks, with higer achievablef3, have not been adesed hee.
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