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ABSTRACT 

We have conducted parametric economic studies for heavy-ion-beam fusion 
electric power plants. We examined the effects on the cost of electricity of 
several design parameters: maximum achievable chamber pulse rate, driver 
cost, target gain, electric conversion efficiency, and net electric powar. We 
found with reasonable assumptions on driver cost, target gain, and electric 
conversion efficiency, a 2-3 GWe heavy-lcn-beam fusion power plant, with a 
chamber pulse rate of *>-10 Hz, can be competitive with nuclear and coal power 
plants. 

INTRODUCTION 

One of the primary objectives of the Inertial Confinement Fusion (ICF) 
Applications Group is to develop power plant concepts that will be 
economically competitive with other long-term electric power producers (e.g., 
with fission and coal). We are developing systems models for ICF power plants 
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that allow us C D to Identify design features that have the highest leverage 
for improving ICF economics and (2) to do first order economic comparisons 
with other power sources. In this paper we expand on the results gii'en in 
Ref. 1. 

Our economic model is based on a heavy-ion-beam (MB) fusion power plant 
that consists of a driver, a target factory, and one or more power units, A 
power unit is oeflned as all the buildings and equipment needed to generate 
electric power, provided the target and beams are delivered to the reaction 
chamber. Because the maximum achievable pulse rate in a single chamber is 

limiteC, more than one reaction chamber may be required to achieve the desired 
output of a single power unit. We distinguish between multiple power units 
and multiple reaction chambers so that we can examine separately the effects 
of increasing the number of reaction chambers at a constant net power and of 
increasing the power level by driving more than one full-scale power unit with 
a single driver. In Fig. ,̂ a power plant with two power units is 
illustrated. Each unit has two reaction chambers, each of the chambers 
equipped with beam lines and a target injector. 

While economic factors are not the only ones that are considered when 
making decisions about future power sources, such factors as safety, 
environmental impact, reliability, technical risk, and public acceptance ma/ 
not weigh heavily unless ICF appears to be economically competitive. How one 
defines the concept of economic competitiveness is subject to much debate; 
however, a common figure of merit in similar economic analyses is the cost of 
electricity (CQE), which is defined as total annual costs (?) divided by net 
electrical output per year (kWh). Because of economies of scale, the COE 
will decrease with increasing power plant size. The total capital cost, 
however, will increase with Increasing plant size. Therefore, other figures 
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Fig. 1. The elements cf a heavy Ion beam (HIS) fusion power plant. Several 
power units may be served by one HIB accelerator and one fusion target 
factory. Each power unit has everything else needed to produce electricity, 
including one or more fusion reaction chambers with associated steam supply 
systems and a turbine. 
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of merit, which reflect the dollars at risk before income begins, are also 
useful. One example is a weighted sura of the COE and total capital 
investment. Our long-term intention is to examine a variety of such figures 
of merit. However, in this initial report we simply use the COE expressed in 
constant 1983 dollars so that we can begin to make some relative comparisons. 

The COE can be expressed as 
RC + M + F 

C 0 E = ~ S o i ? 7 «'kweh> • (1> 
. u n 

where 

R = annual fixed charge rate on the capital investment (yr" ), 
C T Q T = total capital cost of the plant ($), 
M = annual operation and maintenance cost (5), 
F = annual fuel-cycle cost ($), 
N = number of power ur,.":s per plant, 
P = net electric power per unit (kw ), 
a = availability factor = 70%, and 
B760 i number jf hour; per year. 
We conducted studies to investigate the effects on COE of variations in 

several design parameters. In particular, we examined the effects of maximum 
achievable chamber pulse rate, driver cost, target gain, thermal to electric 
conversion efficiency, and net electric power. The driver pulse rate (L>.) 
is the independent variable. In general, for any specified set of parameters, 
the COE will have a minimum when expressed as a function of the driver pulse 
rate. This minimum will tell us the optimum operating point. To find this 
optimum, we must express the costs in Eq. (1) in ter,Tis of the driver pulse 
rate and other factor that are either held constant or varied parametrically. 

Based on its forecasts of demand for power, an electric utility must 
decide what size and type of plant to build if it is to meet that demand. Net 
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electric power Is the key measure of the plant's size; therefore, in our 
analyses, net power is held constant. Any specified ^ntel net electric power 
(N P ) can be achieved by operating at low pulse rate with high yield 
targets or at high p'jlse rate with low yield targets. 

In the next section, we develop the costs as a function of the driver 
energy ( E J ) , the gross electric power per unit (P_)» the number of power 
units per plant (N ), and the number of reaction chambers per power unit 
(N ). The power balance for the entire plant will then be examined to 
relate these factors, and thus the costs, to the driver pulse rate. 

COSTS 

In Eq. (1) the annual cot;t is expressed as the sum of the portion Df the 
capital costs attributable to each year of operation ( R C T 0 T ) , the operating 
and maintenance costs CM), and the fuel-cycle costs (F). Each of these will 
be examined in turn, with all costs expressed in constant 1983 dollars. 
Absolute values of the COE found in this study should be treated with the same 
skepticism given to any attempt to project costs so far into the future. Our 
intent is to use the results in a relative sense for two reasons. First, the 
relative impact on the COE of various design changes can be accepted with much 
more confidence than the absolute numbers. Second, the economic factors we 

use are based on assumptions similar to those used to estimate the COE fir 
2 

future fission and coal power plants. Therefore, relative comparisons of 
the COE ought to be reasonable. 

It should be noted that for fusion power plants, fuel-cycle costs will be 
small compared to R C T m , and M will be taken as proportional to C,,..... 
Thus COE is also proportional to C T Q 1 and, therefore, the relative impact of 
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design changes will be independent of economic assumptions contained in R and 
other multiplicative factors. 

Fixed Charge Rate 

The fixed charge rate, R, is the average annual equivalent cost per dollar 
of capital investment over the life of that investment. It includes return on 
the investment, return of the investment, income taxes arising from the 
investment, ana property taxes, and interin, replacement costs. The derivation 
of the fixed charge rate is given in Appendix A. For our constant dollar 
analysis, the fixed charge rate is IQ.5%. 

Total Capital Cost 

The total capital cost for the power plant is the sum of the total capital 
costs of the power unit(s), driver, and target factory. The total capital 
costs incLude direct capital costs, indirect capital costs, and time-related 
costs. 

CTOT a (Cu + Cd + V fC0N fTC • <2> 

whfire C , C. and C, are the sums of the direct and indirect capital u a t 
costs for the power unit(s)., driver, and target factory, respectively, f c n N 

is contingency factor, and fT„ is a time-related cost factor. We assume for 
this study that we are considering a completely mature technology. Therefore, 
consistent with Ref. 2, a contingency of 10% (f C OM = !--0 l s chosen. The 
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time-related cost factor for a constant dollar analysis is derived in 
Appendix B and found to be f ™ - l.l. 

Power Unit Cost 

The model we have assumed for the HIB fusion power plant (Fig. 1) uses a 
conventional steam cycle to produce electricity. The fusion power unit looks 
essentially like a fission power plant, except that the fusion chamber 
replaces the fission reactor vessel. Because of these structural 
similarities, we derive our cost-scaling models from recent estimates for 
future fission plants. 

Fission power plants recently completed and currently under construction 
are significantly mare expensive to b'.ild than coal-fired power plants. 
However, researchers in the Engineering Technology Division at Oak Ridge 
National Laboratory and the United Engineers and Constructors have estimated 
the cost of nuclear power plants for the 1990s based on the presumed effects 
of licensing reform. ' The refon.is in House bill H.R. 2511, Nuclear 
Licensing and Regulatory Reform Act of 1983. include provisions for 
preapproved olant designs, early site approval, and single-stap licensing, as 
well as reduced regulatory changes that result in major changes to the plant 
design. The retrofitting required by continuous changes in regulations has 
had a major impact on the construction and engineering costs of nuclear power 
plants built in recent years. The 1990's nuclear plants have direct capital 
costs essentially equal tr> those nf coal plants. We assume that the fusion 
power unit can achieve similar direct capital costs for those elements not 
unique to fusion. 
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The capital cost quoted in Ref. 2 is for a single-unit, pressurized water 
reactor (PWR) with a net electric output of 1.10 GW . (The gross electric 
power is about 1.16 G W . ) This report also states that the costs can be 
scaled to alternate size plants by raising the electric power to a scale 
factor, a, of less than 1. That is 

ci = W p ( / • < 3 > 

where C n and C. are the costs for plants with electric powers of P and 
P., respectively. Reference 2 gives a scale factor for each major direct 
and indirect capital cost account. The cost-weighted average for direct costs 
is 0.6, while the cost-weighted average for indirect costs is 0.4. 

The direct capital cost estimate for this PWR is $0.77 billion (January, 
198' dollars) . The indirect costs, which include construction, home office 
engineering, field office engineering, and owners' costs, total 50% of the 
direct capital costs. While this is a much lower fraction than currently 
experienced in nuclear power plant construction, it is consistent with the 
indirect costs for the period preceding the Three Mile Island accident. Thus, 
the cost of a single-unit nuclear power plant is given by 

: = 0.7Q5P 0' 6 *• 0."J63PU*£l SB , (4) 
un g g 

where P is the gross electric power in GW . The first term is the unit 
direct capital cost, C ., and the second term is the unit indirect capitaL 
cnst, C u i . 

Now let us find an expression for the cost of a single fusion power unit. 
As previously indicated, each fusion power unit may have more than one 
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reaction chamber associated with a single set of turbines. To account for 
this in our cost algorithms, we break down the direct capital cost into three 
parts: the containment building cost, the steam-supply-system (SSS) cost, and 
the cost of the remainder of the power-unit. 

As previously noted, the fusion power unit we are studying looks 
essentially like a fission plant. The cost of the remainder of the power unit 
includes the turbine plant equipment, electric plant equipment, miscellaneous 
equipment, heat rejection systems, reactor plant equipment not in the SSS, and 
all structures except the containment building. (The driver and target 
factury are treated below.) Thus, we assume the cost and scaling for this 
remainder are exactly the same as for a fission plant. The SSS of a fission 
plant contains the reactor vessel, the primary coolant loop (and secondary, if 
used), as well as the heat exchangers and steam generator-!. The costs of 
these are a function of the plant's thermal power (but can be expressed as 
functions of the electric power for a given conversion efficiency). In a 
fusion plant, all parts of the SSS, except the reaction chamber, will cost and 
scale like the corresponding elements of a fission plant. The cost of the 
reaction chamber itself may be a function of the fusion power or the pellet 
yield, depending on what phenomena are limiting the chamber's size. In any 
event, the cost of the reaction chamber is a small part of the cost nf the SSS 
which, in turn, is a small part of the cost of the whole power unit. 
Therefore, we will ignore the yield dependence and will scale the entire SSS 
cost for a fusion plant in the same way nuclear SSS costs are scaled for 
fission plants. Similarly, though the containment building cost for a fusion 
power unit may be much less than for a fission reactor, the containment 
building cost is a small fraction of the total cost. For this reason, we 
choose to equate them. 
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Reference 3 gives a detailec breakdown of the cost of the PtVR for the 
1990s. It shows that the PWR containment building cost Is 7.5% of tha total 
direct cost, and that the SSS accounts for 18.2% of the total direct cost. We 
allocate additional containment building space and SSS equipment for each 
additional fusion chamber. Using these same fractions for fusion, the direct 
capital cost of the power unit can be rewritten as 

C H = n .7u5 [0 .743P 0 - 6 +• 0.075P°' 3N + 0.182P 0 - 6 N ] $B , (5) 
ud g c c c c k ' 

where 

P = the gross electric power for a single power unit, vi GW 
P = the gross electric power associated with each chamber (GW ), and 
N = the number of chambers per power unit. 

Hence, P N is onual to P for each power unit. Note that the cost of c c g 
The containment building and SSS equipment are first scaled to the appropriate 
size and then replicated. The 0.5 scaling fa. :>r ••'or tho containment building 
cost and the 0.6 scaling factor for the SSS cost are the values suggested in 
Ref. 2 for structures and reactor plant equipment, respectively. For example, 
the direct capital cost of a 1.0-fiW (gross) power unit with a single chamoer 
is $0,705 billion, whereas a J,0-GW power unit with four chambers is $0,853 
billion, or 21% higher. We assume that the indirect costs (C .) are the 
same as for a fission reactor: 

Cui = ° ' } b 3 Pg' Z' 5 B • <6> 

Since the power-unit cost increases less than linearly with increasing 
power, it is clear that economy of scale will make it most cost effective to 
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build the largest power unit possible. For P variety of reasons, however, 
this is not always the most desirable declsic.< to make. IL may be better to 
build several smal'.er power units at the same location (e.g., reliability may 
be better and the modularity allows one unit to stsrt contributing income 
while the second is being built). In an ICF power plant, a single driver and 
target factory can be used to serve more than one power unit. The cost of 
these components can, thus, be divided between the units, thereby lowering 
their impact on the COE. Experience has shown that there are savings in both 

2 i 4 the direct and indirect capital costs for multi-unit power plants. '"' 
Typically, aacb additional unit has a direct capital cost equal to 80% of the 
direct capital cost Df the first unit on the Lite, and an indirect capita'. 
cosL equal to 60% of the indirect cost for the first unit. Using these 
facturs for the multi-unit fusion power plant enables us to express the total 
cost of all the pp.wex units (C ) as 

C ( 1 = (0.2 + 0.8 N u,C u f J -:• (0.4 + 0 . 6 ^ . , („ 

why re N is the number of powar units sharing a single driver, and C . and 
C , are Lhe direct and indirect costs oc a single power unit given in 
Eqs. (5) and (6). 

Driver Cost 

The costs of a HIB driver are not «ell known at this time. They have 
been ustimated in the HIBALL study for a radio frequency accelerator and by 
Herrmannsfeldt based upon studies conducted at the Lawrence Berkeley 
Laboratory (UBL) for an induction linac. New estimates are being generated by 
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L8L in a current Department of Energy study; however, until those estimates 
are available, we will use the previous results. The driver direct capital 
cost (C d d) is given by ' 

c d d = °-6«!:dA + °- 1 ( t gc Nu " l ) i a ' < 8> 

wlieru E^ is the driver beam energy in MJ„ The second term in Eq. (8) 
accounts for the additional cost of transporting beams to the individual 
reaction chambers. Note that the cost relationship above does not depend upon 
driver pulse rate. While this is not strictly correct, it is often maintained 
that in the range of interest t the dependence on pulse rate is very weak. The 
indirect capital costs for the driver are also teken as 50% of the direct 
capita*, cust. Therefore,, 

C, = 1.5 C d ( j . (9) 

Target Factory Cost 

No detailed conceptual design studies have been conducted to determine 
what an inertial fusion target factory would look like and cost. In other 
production facilities, such as those in the semiconductor industry, the cost 
of the factory is a function of the size of the building required to house the 
production equipment. It has been estimated that the direct capital cost of a 
target factory with seven process lines would be less than $100 million 
(Ref. 7 ) . Since it is not clear how the cost varies with production rate and 
since the total target factory cost does not appear to be large compared to 
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other costs, we will use a constant. Tndirects costs totaling 50% of the 
direct cost are added to the target factory cost. Therefore, 

C t = 0.15 $R . (10) 

Fuel-Cycle Cost 

The materials used in the production of the fusion targets are 
recyclable, for the most part. The primary consummabies in the fusion fuel 
cycle are deuterium and lithium. We have allocated l£/target for material 
costs. Therefore, the annual fuel-cycle cost is 

F = J.15 X 10 5 aw d $ , (11) 

where a is the availability factor, and u, is the driver pulse rate in Hz. 

Operation and Maintenance Cost 

Annual operation and maintenance costs for the powej.' plant are taken as a 
fraction, 2%, of the total plant capital cost. Therefore, 

M - 0.02 C T [ | T . (1-) 

Power Balance 

As previously stated, the independent variable in our analyses is the 
driver pulse rate (w d). Since the power unit costs are expressed as 
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functions of the gross electric power (P ) in Eqs. (5) and (6), we must 
relate P to <u.. This can be done through the power balance for the 
plant, which is shown in Fig. 2. As indicated in Fig. 2, the gross electric is 

Nu Pg = V / d ^ c • <l3> 

wlii'ic H is the number of power units per plant, H f is the fusion energy 
multiplication factor, Tid is the driver efficiency, G is the target gain, 
and ?i is the thermal-to-electric conversion efficiency. 

The fusion energy multiplication factor is the ratio of the tctal energy 
deposited in the fusion chamber to the fusion energy. This factor is greater 
than 1 due to exothermic nuclear reactions within the blanket, [e ., the 
Li(n,<x)T reaction which releases 4.8 MeV]. We use a value of l.ii which 
is fairly representative of the ICF chamber concepts we have studied. 

The electric power recirculated to the driver is simply 

Pri - E ^ / n j • CWJ 

Therefore, the gross electric power per unit is 

g f d d c u ^ ' 

For any particular case we consider, M,, n , and N will be fixed 
(or varied parametrically). Therefore, we now have P as a function of 
£ ., a), and G. The target gain, however is also a function of G. 

The target gain versus driver energy relationship used in our analysis is 
taksn from Ref. 9. The following expression is used for the gain curve for 
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Neutron reactions K P t Electric conversion 
M f = fusion multiplier i}c = efficiency 
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Fig. 2. Power balance diagram for a generic ICF power plant with N u power 
units. 
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single-shelled, cryogenic targets Kith a r T* parameter of O.Ol. [r is the 
2 

focal radius (cm) of the beam and R is the range (g/cm ) of the ions.] 

G = 20 + 113 ln(Ed/1.7) , (16) 

where E d is in MJ. 
For a fixed net power, there is a unique, one-to-one relation between the 

dirver energy (£ d) and the driver pulse rate (w d). Therefore, one of 
these variables can be eliminated from Eg- (15). The net power for the entire 
plant is given by 

N P = N P - N P - P . , (17) 
u n i; g u a o v 

whfiix* P , and P are the net and auxiliary power per unit. 
The driver power (P.) is given In Eq. (14) in terms of the driver 

eraisjy, pulse rate, and efficiency. The efficiency of the HI8 driver (n M) 
varies with the driver pulse rate according to the following relationship: 

"d = V̂ 1 + ' 1 < Jd ) ' ( 1 8 ) 

where w. is the driver pulse rate in Hz. At high pulse rates the driver 
efficiency approaches 25%. The efficiency decreases with decreasing pulse 
rate, reflecting that some of the HIB systems operate continuously with a 
fixed input power requirement. 

The auxiliary power per unit is taken as a fraction, f , of the gross 
electric power per unit: 
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P
a = f

a
P g • < 1 9 ) 

We use f =0.05, which is typical of nuclear power plants. 
3 

Using the results of Eqs, (14-16) and (18, 19) in Eq. (17), the net power 
becomes 

N u P n ; M fE du ( 1tZ0 tlli l.n(Eri/1.7)]iic(I - f a) - E d(l + ** d) - (20) 

l-ur J ijiven choice of N , P , M., t, . anci f , we can solve 
Eq. (20) for iud as a function of E .. 

Note that P is in MW g in this expression. 
The last thing we must do is choose N , the number of reaction chambers 

per power unit. In general, the pulse rate capability of each reaction 
chamber (u ) will not be as large as the pulse rate capability of the 
driver (w.). Therefore, it is assumed that as the driver pulse rate is 
increased, the chamber pulse rate is increased until a maximum capability is 
reached (u ). At this point, an additional chamber is added. Thus, the cm 
number of chambers per power unit (N ) is calculated from 

Uc = [1 t the integer part of " > d / ( V c m ) ] ' C ? 2 ; ) 

The chamber pulse rate is then 
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For example, if ia. is 30 Hz, h is 2, and u is 10 Hz, then the 
number of chambers in the plant is h (2 chambers per unit, each with a pulse 
raU' of 7.5 Hz). 

RESULTS 

The base-case parameters used in our Calculations are: P = 1.0 GW , 
U - 1, ui = ID Hz, ii = 40%, f = .05, and M-. = 1.15. u ' mi ' c a ' f 
Figure 3 shows the net power, driver power, auxiliary power, and gross 
electric power as a 1 i-tion of the driver pulse rate for the base case. The 
driver power requirement increases with increasing pulse rate. This follows 
since a higher pulse rate corresponds to a lower target gain and, therefore, a 
less favorable over?11 energy balance for the plant. That is, more power must 
be recirculated to run the driver and, consequently, a smaller fraction is 
available to sell. The gross electric power rehired to maintain a net output 
of 1.0 GW increases from 1.15 to 1.45 GW as the driver pulse rate c D 

increases from 5 to 50 Hz. 
The total capital cost as a function of th& driver pulse rate is shown in 

Fig. it. The cost has been divided into three components: the power unit, the 
target factory, and the driver. Because the gross electric powpr increases 
with increasing pulse rate, the power unit cost increases, as sh,wn in 
Fig. h. ihe discontinuities, which occur every 10 Hz, are the result of 
aduing additional chambers. (Recall that the chamber pulse rate is limited LC 
10 Hz in the base case.) The driver cost initially decreases with increasing 
pulse rate, since higher pulse rates correspond to lower driver energies. 
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However, there is also a jump in the driver cost every 10 Hz due to the 
additional beam-transport lines required to supply the adde' fusion chambers. 

The dashed portion of the curves in Fig. 4 represent the continuous 
function, assuming there is no limit to the pulse-rate capability of each 
iiiiictiDn chamber. The minimum total capital cost or .jrs at 30 Hz, but the 
curve is extremely flat. This is because the redaction in the cost of the 
driver is offset by the increasing cost of the power unit. Most of the net 
cost reduction has occurred by a pulse rate of 10 Hz. For this case, 
multiplexing chambers tc allow taking advantage of a higher pulse rate 
capability of the driver is not an advantage because the incremental costs 
needed to provide additional beam lines is so large. 

In Figs. 5-L2, the COE is used as the figure of merit. While the 
economic factors used are subject to debate, for the most part, they affect 
only the absolute value of the COE and not the shape of the curves. Thus, the 
optima found are not strongly influenced by these economic factors. On the 
other hand, we can compare these COEs with those of future fission and cnal 
plants if the same methods and economic factors are used. Such an approach 
leads to COEs of 3.6£/kW h for fission plants and 4,6«</Kw h for coal e e 
pl.inls. 

Maxitnum Chamber Pulse Rate as a Parameter 

The COE as a function of the driver pulse rate is shown in Fig. 5 for 
four different maximum chamber pulse rates (oi i: 5, 10, 20, and >50 Hz 
(unlimited). Focusing on the base case with w = 1 0 Hz, one can see that 

cm 
the COE initially decreases with increasing driver pulse rate since the driver 
cost is decreasing faster than the power unit cost is increasing. The minimum 
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Pig. 5. The minimum COE decreases as the maximum achievable chamber pulse 
rate increases. 
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CDt is 7.(WkV\Lh for the base case and occurs at 10 Hz. At this point, the 
driver energy Is 3 MJ and the gross electric power is 1.18 GW e. «; >10 HZ 
anoLher chamber with all the associated costs for beam lines and heat 
exchangers is added. This causes a jump in tha COE. 

Note the flatness of the dashed line in Fig. 5. If a chamber could be 
designed to operate at an unlimited pulse rate (ar if no cost were associated 
with increasing the number of chambers), the minimum CCE would be 
6 . 7 W k W h , which is realized between 25 to 30 Hz. Hence the 10-Hz limit on 
chamber pulse rate increases the COE by less than 4%. If the chamber pulse 
rate is limited to 5 Hz, the COE is 7.4fi/kWeh, or less than 10% higher than 
the 6-75tf/kW h minimum. e 

Driver Cost as a Parameter 

Figure 6 shows the sensitivity of the COE to the cost of the driver. The 
three curves, from top to bottom, are the base case, the driver cost reduced 
by 25%, and tht driver cost reduced by 50S, respectively. The cost reductions 
are applied to the total driver cost, including the additional beam-transport 
lines required for power units with more than one chamber. In all three cases 
the minimum COE occurs at 10 Hz. SJ">r:e the driver cost is a large fraction of 
the total capital cost (see Fig. 2), reducing the driver cost leads to 
significant savings in the COE. Each 25% reduction in the driver cost reduces 
the COE by 13%. 

Looking at the dashed curves in Fig. 6 one can see that if the chamber 
pulse rate is unlimited, the optimum driver pulse rate decreases with 
decreasing driver cost. In addition, the COE becomes less sensitive to driver 
pulse rate, and the curves tend to flatter out. 
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Fig. 6. Reducing the driver cost reduces the COE. 
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Target Gain as a Parameter 

Improving the target performance also reduces the COE, as siiown in 
Fig. 7. The improved target-gain relationship used to generate these results 
is based on estimates for polarized fuel. A factor of 3 less driver energy is 
required to achieve a given target gain using polarized fuel. At 10 Hz 
the COE is reduced by 12%. The dashed curves show that with no limit on 
chamber pulse rate, the COE minimum shifts toward higher pulse rate as gain 
improves £t lower driver energy (E.). The COE also becomes more sensitive 
to pulse rate. 

Electric Conversion Efficiency as a Parameter 

Figure 8 shows the COE versus driver pulse rate for electric conversion 
efficiencies (n ) of 40 and 60%. In the models given previously, the power 
unit costs are a function of the gross electric power and are independent of 
the electrical conversion efficiency. This is correct for the data base used 
to derive the scaling relationships. Namely, the 1990S nuclear and coal 
plants have the same direct capital cost per kW even though the electric 
conversion efficiencies are 35 and 39%, respectively. Therefore, the coal 
plant has a higher cost per thermal kW. In Fig. 8, we assume that the 
conversion efficiency can be increased without increasing the cost per kW.. 
Increasing the conversion efficiency from 40 to eo% only reduces the COE by 
12%. Remember that the net electric powei is held constant; therefore, a more 
efficient power unit is smaller and suffers an economy of scale penalty. That 
is, the cost per kW t is only the same for plants of equal thermal power. 
The minima of the dashed curves is not strongly affected by changes in nr. 
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8. Increasing the electric conversion efficiency reduces the CDE. 

27 



Plant Power as a Parameter 

As noted previously, there are two ways to consider net plant power as a 
variable. The value of N can be set equal to one (i.e., one power unit per 
plant) and we can allow the size of the power unit to grow (maintaining the 
possibility of having multiple chambers). On the other hand, we can keep the 
power per unit constant and change N (place more than one power unit in a 
plant). First, we consider a single unit plant. 

Figure 9 shows the COE for net power outputs of 0.5, 1.0 and 2.0 GW . 
The COE from the 0.5-GW plant is 66% greater than the base case at 10 Hz 
(11.6 vs 7.0<2/kWeh). The 2.0-GW plant produces electricity at 
4.32/KW h, or at 39% less cost than the base case. It is clearly 
advantageous, in terms of the COE, to use the driver to produce as mucii power 
as possible. Other considerations, such as following the utility's load 
growth and minimizing the total capital investment, may favor the imaller net 
powers. 

The advantage of using a single driver and target factory to operate more 
than one power unit is shown in Fig. 10. The three curves from top to bottom 
represent 1-, 2-, and 4-unit plants, respectively. The net power from the 
plants i s N GW ; that is, each unit produces 1 GW Note that the 
initial jump in the COE is at N w . For example, with u> = in Hz 

u cm on 
and U = 2, the driver pulse rate can be increased to 20 Hz before more 
chambers are required. 

fit a driver pulse rate of 20 Hz, the two-unit power plant produces 
electricity at 4.82/kW h, or 32% less cost than the single-unit plant. The 
four-unit plant reduces the COE to 3.6(£/kWh, or 49% less cost than the 
single-unit plant. The total capital Investment, however, increases as the 
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number of units is increased. Total capital costs for the 1-, 2- and 4- unit 
plants are $3.4, $4.7, and $7.1 billion, respectively. 

We found that as the number of power units increases, the COE becomes 
less sensitive to the driver pulse rate. The four-unit plant could operate at 
a driver pulse rate of 12 Hz and still be within 5% of its minimum COE. The 
required chamber pulse rate in this case is only 3 Hz. 

Figure 11 shows the CGE as a function of the total net power for plants 
made up of different size units: 0.5, 1.0, 1.5 and 2.0 GW net. The COE 
from H I.O-GW power plant consisting of two 0.5-GW units and a single 
driver is 7.72/KW h. This is 10% h.' ier than the COE from a single-unit 
power plant generating 1 GW . This higher COE is the result of the 
economies of scale in the power unit cost and the additional cost of 
beam-transoort lines for the two-unit plant. 

If the cust-scaling relationships [Eqs. (4) and (5)] holds as we scale up 
to a 2~GWe power unit, the COE for a power plant with a single 2-GW unit 
is 4.3£/KWef compared to 4.8iS/KWeh for a two-unit 2-GW^ plant. At 
5.8<;/kW h, the four-unit, 2-GW plant is significantly more expensive. We 
sue that at a fixed net power, the COE is lower for a single-unit plant than 
for a multi-unit plant. The multi-unit plant does, however, achieve most of 
the economy of scale benefits of a single large unit. For example, going from 
0.5 to 2 GW e in single-unit plant reduces the COE by 63%, compared to the 
50% reduction achieved by a four-unit plant. An advantage of the multi-unit 
plant is its operational flexibility. The plant can begin to operate and 
produce revenues from one unit while decisions are pending on the need for 
additional units. Capital costs for the future units are, of course, also 
deferred. 

31 



12 

10 

8 

m 
O 
a 

0 

4 — 

0 

0.5-GWe units 

1.0-GVU units 
e 

2.0-GVV units-
e 

1 2 3 
Total net power (GW ) 

4 

fig. li. For the same net power, plants with fewar, larger power units have 
lower COEs. 

32 



Several Parameters Simultaneously 

Most of the parameters considered have a modest impact on the COE. No 
single improvement considered is able to reduce the COE to the point where it 
would be competitive with coal (4.6£/KWeh) or nuclear (3.62/KWeh) 

2 

pnwt>r. Hence it is important to make advances in as many areas as 
possible. In Fig. 12 several improvements are considered simultaneously for 
the three different net power outputs. These curves are based on a maximum 
chamber pulse rate of 10 Hz, a driver cost reduction of 25%, the improved 
target gain, fn electric conversion efficiency of 5016, and two-unit power 
plants. The plant net powers are 1, 2 and 3 GW . While the 1-GW plant 
is still not economically competitive with coal and nuclear power, the 2- ard 
3-GW planls are quite competitive. 

CONCLUSIONS 

We have examined the COE of HIB fusion power plants in order to determine 
the economic impact of various design and system improvements. Our 
corn;lusions fall into four major areas: (1) optimum pulse rate, [2) multiple 
reaction chambers, (3) economy of scale, and (4) various design improvements. 

Optimum Pulse Rate 

For the single-unit, 1-GW power plant, the optimum pulse rate (for 
boLh driver and chamber) is 25 to 30 Hz, resulting in a COE of 6.75a!/kW h. 
However, the COE is not very sensitive to pulse rate. For example, if the 
chamber pulse rate Is limited to 5 Hz, the COE increases by less than 1QS6. 
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This weak dependence of COE on pulse rate is important because major 
technological uncertainties are associated with predicting the maximum 
achievable chamber pulse rate. Decreasing the driver cost or increasing the 
plant size results in a lower optimum pulse rate, and the COE becomes even 
less sensitive to pulse rate. Improving the target gain (which corresponds to 
reducing the required driver energy for a given gain) results in a higher 
optimum pulse rate. Increasing the electric conversion efficiency has little 
effect on the location of Lhe optimum pulse rate. 

Multiple Reaction Chambers 

For Lhe conditions examined here, using multiple reaction chambers at 
constant net flower never improved the COE. The optimum driver pulse rate in 
every case was at the maximum achievable pulse rate of a single reaction 
chamber. This was due to the large cost ($100 million direct) of adding 
beum-transport lines for each new chamber and to the insensitivity of ths COE 
to pulse rate. 

Lcononvy of Seals 

As expected, the COE decreases with increasing net electric power. The 
reduction is significant, whether the power is increased by increasing the 
power of a single unit, or by using a single driver to operate several power 
units. These savings result from the driver being such a large fraction of 
the plant cost. Only if the cost of the driver Is significantly reduced will 
the penalty for small power units be significantly affected. 
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F-or a u-iven net power, a multi-unit plant achieves most of the 
economy-of-scale advantage of a single large plant. Because the advantage 
difference between the multi-unit and single-unit plant is so small, starting 
with a small unit (0.5 GW or less) and adding power units might be 
particularly attractive. In this way, revenues can be collected from the 
first units, and the later units can be constructed as needed. Other 
advantages of smaller units, such as reduced on-site construction costs due to 
increased factory fabrication and shortened construction periods, have not yet 
been considered in our studies. These will tend to reduce the CdE penalty of 
plants comprised of several smaller power units. 

Various Design Improvements 

Reducing the HIB driver cost is important: a 25% reduction in the driver 
cost leads to a 13% reduction in the COE. Improving target performance is 
also important. If the same target gain can be achieved with a factor of 3 
less driver energy, the COE can be reduced by 12%. Improving the electric 
conversion efficiency is not as advantageous as might be expected. Increasing 
the conversion efficiency from 40 to 6056 reduces the COE by 12%, assuming the 
power unit cost P̂ .T kW. does not increase with increasing efficiency. If it 
does increase, the savings will be even less. 

Only a combination of improvements reduces the COE to values in the range 
of those forecast for future coal and fission plants. Such a combination of 
improvements is not unreasonable, however. If the driver cost is reducer) 2536, 
the target gain improved at low £ ., the electric conversion efficiency 
increased to 50%, and a two-unit plant is built (2 GW total), then the COE 
is competitive. 
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APPENDIX A. CALCULATION OF THE FIXED CHARGE RATE 

The fixed charge rate can be calculated from the following 
?,ll expression, 

« - TT^T) " (T̂ i5 ' V 1 (ft"1J 

where 
C = C(x,n) = capital recovery factor, 
x = effective after-tax annual cost of money, 
n = plant life in years, 
t = income tax rate, 
d = lewlized tax depreciation, 
t = property tax rate, and 
r = levolized interim replacement cost. 
The effective after-tax cost of money (x) accounts far the fact that 

investment capital is raised from a variety of sources, and the interest paid 
7 11 on debt financing is tax deductible. It is calculated from ' 

x = i cf c • ipf p + (1 - t)i df d , (A.2) 

WtlHlU 

i = rate of return on common stock, c 
f = fraction of capital from common stock, 
i = rate of return on preferred stock, 
f = fraction of capital from preferred stock, 
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ij = interest rate on debt, and 
f d = fraction of capital from debt. 

For this study, we used i = 14%, f = 40%; i = 11%, f = 10%; and 
C C M M 

i d = 10%, frf = 5056. According to other studies, 7 , 1 these are typical 
of electric utilities. With a typical combined state and federal tax rate, t, 
of 50%, x is found to be 9.2%. 

The capital recovery factor is calculated from 

C = x ( i + *) . (A.3) 
(1 4- x ) n - 1 

With n = 30 years and x = 9.2%, we get C = 0.099. 
We assume straight-iine depreciation. Therefore, d is given by 

d = f/30 , (A.4) 

where f is the fraction of the initial investment that Is depreciable for tax 
purposes,. This "f" factor is calculated from 

f = (1 • x)' 0-" 1 , (A.5) 

where T = construction period in years. With T = 8 years arid x = 9.2%, 
we get f = 0.75 and d = 0.025. 

Using the above results along with a property tax rate (t ) of ?%, and 
an interim replacement cost (r) of 1% per year results in a fixed-charge rate 
of 20.3%. 

For a constant dollar analysis, in which the purchasing power of the 
dollar does not change with time, the fixed charge rate must be adjusted to 
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reflect the real cost of money; i.e., the inflation-free cost of money. Ths 
constant dollar fixed charge rate Is given by 

R c = RC(x r >n)/C(x,n) , (A.6) 

whure 
R = current dollar fixed charge rate from Eq. A.l, and 
x = real cost of money. 

The real cost of money is givtn by 

x p = (1 + x)/(l t l ) - l (A.7) 

whets i is the annual inflation rate. For our Study, i = 6.OK. Hence, 
x r = 3,0%, and F?c is found to be 10.5%. Note that this adjustment also 
accounts for the fact that payments that do not change with time, such as the 
annual property tax, are decreasing in reference year dollars. 
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APPENDIX B. CALCULATIONS OF TIME-RELATED COSTS 

The effects of escalation and interest during construction can be 
accounted for by multiplying the direct plus indirect construction costs by a 
factor f-p. This time-related -ost factor can be calculated from 

. ,, N0.6T,, ,0.4T f a ,. 
f T C = (1 + e) (1 + x) , (B.i) 

where e is the annual escalation rate, x is the after-tax =ost of money, and 
i is the construction period. We assume that the reference year corresponds 
to Ltie start of construction. This simple formula gives results which agree 
closely with the results published by Phung " and used in Ref. 8. In our 
study, with e = 6.0%, x = 9.2% and T = 8 years, we get f™ = 1.75. Hence, 
the total expenditure over the 8-year construction period is 75% greater than 
the "overnight" constiuction cost estimated at the start of construction. For 
a constant dollar analysis, the capital cost must be expressed in 
reference-year dollars. Therefore, the time-related cost factor for a 
consLant dollar approach is 

f T C = (L * e ) n " 6 1 (1 + X ) 0 ' " 1 / (1 + -I}' , (B.2) 

where i is the inflation rate. If the escalation rate and the inflation rate 
are equal, 

flc = (1 + x) /(l + i ) = (I + x r) , (B.3) 

whure x is the real cost of money (see App. A). With x. = 3.0%, we get 
f | c - 1.099. 
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