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ECONOMIC REGIMES FOR FISSION-FUSION ENERGY SYSTEMS 

The Objectives 

The objectives of this hybrid fusion-fission CTR economic regimes 

study are to: 

m Define the target costs the hybrid must meet. 

m Define the optimum fissile/electrical production ratio 

for hybrid blankets. 

» Discover synergistic configurations. 

» Define the windows of economic hybrid design having desirable 

cost/benefit ratios. 

The Method 

These objectives can be achieved by comparing the CTR and CTR hybrid 

costs and performance with alternatives. The logical alternatives for 

this study include the Liquid Metal Cooled Fast Breeder Reactor (LMFBR) which 

like the hybrid is a fissile fuel producer, fossil plants, and the LWR and 

HTGR reactors. 

The Model 

The PNL electrical generation decision model,^ ' using linear programming 

techniques, has the logical alternative already characterized. It was used 

in the recent LMFBR cost benefit analysis included with the prograrmiatic 

environmental statement.^ ' 

Some of the decision model features which make it valuable for such 

an analysis are: 

« A minimum cost objective function is available (the stated long-term 

electr ical u t i l i t y objective). 

« I t ut i l izes 35 two-year time increments covering 1970 to 2030 

(a 70-year span). 
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• Complete fissile accounting is used including a 

stockpiling feature. 

« Fossil fuel prices are determined by demand and supply 

as encompassed in the linear programing marginal or 

shadow price system. 

« Fuel cycle processing costs are modeled for reasonable 

market penetration of each alternative technology. 

• Fossil fuels are represented on a regional basis. 

Both base and intermediate power loads are included. 

« Limits on the rate of new technology introduction 

are included in the model. 

» Limits are also placed on the rate of old technology 

phase-out. 

• I t has capacity to handle CTR and CTR hybrid plants-

in addition to the existing plants. 

Of particular interest to this analysis is that the value of f i s s i l e 

material produced by the hybrid plants is an outcome and need not be 

treated as a parameter. 

The Data 

Some of the basic input data strongly affects the benefit-cost results. 

The discount rate is an important parameter because the costs are being 

encountered now and the benefits will primarily accrue a generation hence. 

Thus, introduction dates for various technologies are important as is the 

demand grbwth pattern assumed. These and other factors are listed in 

Table I. 
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Table I 

BASIC INPUTS 

Discount Rate 8%/Yr 

Electrical Energy Demand 

System Capacity Factor 

WASH 1139, Case D 
(5.6% annual growth) 

0.57, Fraction 

Introduction Dates 

HT6R 

Hybrid 

FBR 

1978 

1986 

1988 

Phase In Capacity Constraints 
For New Technology 

First Biennium 

Second Biennium 

Third Biennium 

Fourth Biennium 

Fifth Biennium 

4 GWe 

8 

16 

32 

No Limit 

Fissile Material Storage Cost 0.75 $/g-Yr 
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Capital costs are assumed to decline as a function of time due 

to evolutionary improvements and cost reductions from plant size 

increases (according to Table II). The base case is assumed not to 

contain any CTR's. Case H-1 uses an assigned capital cost for the 

CTR hybrids which would achieve a market penetration but not displace 

the LMFBR. 

Lowered capital costs were assumed for the CTR hybrids for case 

H-2. It was expected that these lowered costs would result in substantial 

entry of CTR's which was precisely the result attained when the calculations 

were carried out. 

Table II 

CAPITAL COSTS, $/Kw 

1980 1990 2000 2010^. 

Base Case 

LWR 
HTGR 
FBR 

Case H-1 

Hybrid Power* 

Case H-2 

Hybrid Power* 

404 
405 

388 
389 
458 

638 

575 

374 
374 
434 

614 

561 

360 
360 
410 

598 

548 

*Hybrid fuel factory at equivalent cost per kWt. 

The decision by a utility to utilize a particular powerplant 

technology is based on estimates of both capital and spending. These 

costs may be summed to a single cost equivalent by adding the present 

worth of future spending costs to the capital costs. The following 

equation describes this relationship which is used by the decision nradel 

to evaluate minimum cost energy systems. 
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3 0 v r 
oA 1 ^ ^ Capi ta l + T] PW(0M + ic + Fuel) 
30 y r p l a n t c o s t = ^"P '^ -" ' ^ '̂ '"^"^" ^^ l u ^ i ; 

30yr 
22 PW(Energy Produced) 

The Results 

Analysis of the hybrid CTR is more complex than the CTR alone because 

of the interaction with the HTGR and LWR reactors. The interactions occur 

because of the use of the fissile species produced in the hybrid reactor 

to power the HTGR's and LWR's. 

233 
Although either U or plutonium could be produced in the hybrid 

blanket, this analysis only considered plutonium because of the lack of 

complete fuel cycle data of ̂ "̂ ^ use in LWR and FBR's. In general, it 

would be expected the U would be a superior fissile fuel in thermal 

reactors.. Complete accounting for the fissile and fertile species 

includes annual flow for each isotope. The mass balance data used in 

this study is approximately that shown in Table III for the plutonium 

users and for the LMFBR in Table IV. The hybrid CTR mass balance data 

is shown in Table V. Negative figures in the annual inventory charge 

indicate consumption and positive figures indicate generation. 

As a r e s u l t of the i n t e r a c t i o n between CTR hybrids and LWR's and 

HTGR's (see the mass flow data), a power producer CTR hybrid of 

1000 MWe can suppor t the fuel needs of approximately four LWR's o r HTGR's. 

233 
In the case of the HTGR's the U produced more than offsets the greater 

239 
consumption of Pu compared to the LWR. The fuel f ac to ry w i l l , on the 

other hand, support more than eight LWR's or HTGR's. 
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Final 
Inventory 

Table III 

MASS BALANCE OF Pu USERS, kg 
(75% Capacity Factor, 1000 MWe) 

PWR HT6R 

I n i t i a l 
Inventory 

^235 

U238 

Pu239 

135 

67,530 

1,621 

,,232 

Pu239 

7,680 

1,975 

Annual U^^^ - 28 Ih^^^ - 253 
Inventory 
Charge 0^38 „i^015 U^^S + gg 

Pu - 492 Pu^39 _ gg^ 

^235 

U238 

Pu239 

84 

64,360 

1,540 

Th"" 

U233 

p,239 

6,916 

280 

328 
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Table IV 

MASS BALANCE OF FBR, kg 
(75% Capacity Factor. 1000 HWe) 

Advanced Oxide 

Initial U^35 35Q 

Inventory 
U^^^ 46,500 

Pu^^^ 1,800 

Annual 
Inventory 
Charge 

Final 
Inventory 

y235 _ 2̂ 

U 3̂8 . 1 350 

Pu^39 + 335 

0^35 83 

U^̂ 8 43^281 

Py^^^ 2,260 
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Table V 

f4ASS BALANCE OF HYBRIDS, kg 
(75% Capacity Factor - 2500 MWTh) 

Initial 
Inventory 

Power Producer 
(1.000 MWe) 

U^35 3^200 

U^38 457,200 

Fuel Factory 

235 
U 

^238 

800 

114,300 

Annual 
Inventory 
Charge 

,235 100 

U^38 „ 2,600 

Pu^39 + 2,000 

,235 

U 238 

30 

4,840 

Pu^39 4^37Q 

Final 
Inven.tory 

U^35 3^080 

U^38 452,500 

Pu^39 ]^3oo 

U 235 800 

U^^^ 114,100 

Pu^39 2,800 
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Year 

1970-79 

1980-89 

1990-99 

2000-09 

2010-19 

2020-29 

T a b l e VI 

ELECTRICAL GENERATING CAPACITY 

LWR HTGR 

78 0.3 

224 56 

427 120 

346 577 

261 496 

271 699 

Base Case 
LMFBR 

4.4 

217 

849 

2,365 

5,083 

BUILT*, GWe 

Fossi l 

167 

164 

47 

303 

1,310 

3,435 

Hybrid Total 

246 

448 

811 

2,075 

4,432 

9,488 

Case H-1 

1970-79 

1980-89 

1990-99 

2000-09 

2010-19 

2020-29 

78 

210 

182 

42 

42 

42 

0.3 

67 

345 

1,448 

2,613 

4,685 

185 

778 

2,971 

Case H-2 

167,4 

159 

25 

12 

245 

400 

999 

1,789 

246 

448 

797 

2,075 

4,432 

9,488 

1970-79 78 0.3 167 

1980-89 204 69 163 

1990-99 183 341 23 

2000-09 42 1,604 

2010-19 42 3,219 

2020-29 42 5,243 1,828 

12 

264 

429 

U171 

2,375 

246 

448 

811 

2,075 

4,432 

9,488 

•Includes replacement of capacity after 30 year plant life time. 
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The matrix of powerplants selected by the decision model to 

satisfy the power demand reflects the solution which satisf ies the 

239 constraints imposed. While stockpiling of Pu is allowed, interest 

must be paid on the stockpiled material and a storage charge is also 

assessed. The effect is to keep the stockpile to a minimum. Table VI 

shows the base case with LMFBR's operated at base load and fossi l fuel 

plants at intertiediate load supplying a major part of the long-term 

power needs. HTGR's and LWR's supply only 10% of total demand. 

When the hybrid is introduced in case H-1 and case H-2, they 

generate enough plutonium to allow building a much larger number of HTGR's 

or LWR's. This could be a sizable benefit in that future fissile fuel 

supply would be assured for the HTGR and LWR. Thus, capital risk could 

be reduced. Also, if power cost from the CTR hybrid were to increase 

25% above case H-1 values, the power cost from the total power net might 

increase only by around 5-8%. 

The shadow price or implied transfer price for plutonium reflects 

the dynamics of supply and demand and available technology. During 

the startup period of the LMFBR's in the base case, the price rises 

to more than ?25/gram f i ss i l e by 1990 (see Table V I I ) , and continues to 

rise because of the relat ively low breeding rate (see the mass balances 

in Table IV). By 2010 the price of plutonium rises to $52.73 in this 

base case and remains at $20.24 in the year 2030. 
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T< ible \ III 

PLUTONIUM VALUE, 

Case H-1 

2.08 

5.90 

16.97 

9.76 

7.75 

7.24 

3.86 

$/9, 

Case H-2 

2.27 

6.23 

16.49 

6.26 

4.73 

5.11 

2.89 

Year Case H-1 Case H-2 Base 

1974 2.08 2.27 3.42 
1980 5.90 6.23 8.15 

1990 16.97 16.49 25.97 
2000 9.76 6.26 45.45 
2010 7.75 4.73 52.73 
2020 7.24 5.11 40.90 
2030 3.86 2.89 20.24 

In cases H-1 and H-2 where the CTR hybrid is allowed to enter, the 

plutonium price rises to only $16.97/gram in 1990 and declines thereafter 

as CTR hybrids become established in the market place. At the point of 

ini t ial market penetration the f i r s t few plants would enjoy the $50/g 

price. However, the economic benefit to the nation would be very small. 

Only when plutonium is sold and produced at lower cost are savings of 

a magnitude to offset R&D investments. 

From the previous discussions, i t becomes reasonably obvious that 

the total overall system must be considered in order to assess benefits. 

The benefits for the case H-1 are $10 billion after discounting @ 8% 

and for case H-2 (where the capital costs were assumed to be reduced for 

the CTR hybrid) they are $14 bill ion. 
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The fuel factory was never selected as part of the least cost 

energy supply system. 

The capital costs level necessary for the fuel factory to be selected 

was found to be about $270/kW. Thus, it appears that a substantial amount 

of the hybrid energy output must be captured to make the technology useful. 

The results of the benefit analysis are summarized in Table VIII. 

Because of the difference in timing, the benefits are summed after 

being present worthed to 1974. The costs are also summed by the 

present worth methods using the same 8% discount rate. 

Table VIII 

HYBRID BENEFITS, BILLIONS 
(@ 8% Discount Rate) 

System Costs 

323 
313 
309 
315 

Base Case - Hybrid Case 

10 
14 
8 

Case 

Base 

H-1 

H-2 

H-1 Delayed 

Benefit-Cost Ratios of the Hybrid 

Substantial benefit-cost ratios (~3T1) result from the hybrid CTR 

program. At the assumed capital costs for case H-2, the cost of the 

hybrid CTR program is approximately $10 b i l l i o n , which reduces by 

present worth discounting to about $3 b i l l i on (@ 8%). 

i 
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Case H-2 shows a present worth of future benefits of about $14 

billion giving a benefit to cost ratios of about 5. The capital 

costs of the hybrid were assumed to be $575/KWe at 1990 decreasing to 

$548/KWe at 2010 and beyond (due to the learning curve). 

Case H-1 was recalculated with a 10 year delay (1996) in hybrid 

technology introduction date. The system costs were Increased from 

313 to 315 billion which reduced the benefits only 20%. The LMFBR 

market share expanded to replace the hybrid during the delay period. 

The plutonium value increased about $10/g thru year 2010 then assumed 

the case H-1 values. 

The information obtained from this analysis is better seen in 

perspective as shown in Figure 1, where the assumed capital cost in 

$/KW Is shown as a function of the fissile fuel production. The CTR 

without breeding blanket is shown at the left. This Information 

resulted from the CTR economic regimes study reported in the January-

June 1974 PNL "Interim Report on Controlled Thermonuclear Reactor 

Technology," August 1974. 

The fuel factory CTR which would generate about 4,200 kg/yr of Pu 

Is shown on this figure. It reflects the reduced values obtained'from 

cases H-1 and H-2 even though they didn't enter the solution. 

The FBR is the natural reference point for the study since it is 

the alternate means of satisfying energy demands in the future. The 

$460/KWe capital costs shown as a dotted line yielded satisfactory 

(?) benefit-cost ratios in previous studies of the LMFBR.^'^' 

I 
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Future work is planned to better define the economic windows of 

opportunity for the hybrid CTR. Additional values are needed to 

better define the relationship of allowable capital costs and 

fuel to energy production. Synergetic combinations and optimum 

values can result. Important parameters such as Introduction date 

and electrical demand levels will be varied to determine their effect 

on the benefit-cost ratio obtained. 

In summary, the analysis of the economic regime for fission-

fusion energy system determines that: 

® Target cost of hybrid CTR of 10 to 20% over 

LMFBR was established. 

® The optimum fissile production would be about 

1500 kg/yr from a 1000 MWe plant. 

® Hybrids designed primarily as fissile material 

producers are not economical. 

® CTR hybrid can synergetically support 3 to 4 thermal 

reactors. 

® For the CTR hybrid to achieve described R&D cost 

returns i t must produce plutonium a $5 to 10/g. 

It must be clearly noted that the hybrid could certainly be a 

step along the path to pure CTR Implantation which would add significan 

to the overall program benefits. 
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QUESTIONS ABOUT THIRD PRESENTATION 

Grace; As I recall, the cost-benefit of the LMFBR program over the next 

50 years will vary from 60 billion to 0 depending on the set of assumptions 

used, e.g. power demand growth rate, cost of uranium, dates of introduction 

of the different machines and the success of the HTGR program. Have you 

fully exercised your LP programs to determine the sensitivity of your results 

to all these different assumptions that went into it? 

Deonigi; No, we haven't. In fact, we have two data points. 

Grace; OK, but for one of the data points you mentioned, did you say the 

cost-benefit over 70 years was 14 billion and that was the H2 case which 

assimied a very late introduction of the LMFBR? 

Deonigi; No, the introduction dates in both HI and H2 are the same. There 

was no shift in introduction dates, we simply lowered the capital costs 

about $60 a kilowatt to achieve greater market penetration. It appears 

something on the order of 20 percent more than breeder costs could be 

sustained by a hybrid system and be a productive element. 

Shapiro; If I understand what you said correctly, the value of the introduc

tion of a particular system depends to a large degree on the date of intro

duction of that system and the cost of the work required to reach that point. 

As I recall the criteria that you used, you indicated the introduction of 

hybrid in 1986. Is that correct? 

Deonigi; Yes. 

Shapiro; You indicated results at a very optimistic date. What do you 

consider to be a realistic date for introduction and what would that then 

mean to your cost-benefit analyses? 

Deonigi: The realistic date would certainly have to be in the 90's some

place. We introduced the hybrid at the same time as the breeder was intro

duced to put them on the same time scale. The effect of a later introduc

tion substantially reduces the benefits because of the present worthing 

and thus would increase the necessary performance, or reduce the allow

able cost, maybe to LMFBR costs or lower. 

Shapiro; How realistic do you consider your projection at such a low 

capital cost, considering the fact that you are combining the technologies 

of the fusion and fission reactors? 

» 
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Deonigi; The role here wasn't to define the feasibility of achieving it 

but what the target is so the designer can look at it from a practical 

standpoint and say that's not achievable. If it's not, then let's scrap 

it. Putting the two technologies together may not be a feasible thing to 

do. If it's going to be more expensive than the LMFBR, maybe, or more 

expensive than either technology separately, then it looks like a difficult 

task. I essentially avoided that by trying to define what is needed to 

make a contribution against these other systems. I'm really not an expert 

in capital costs myself and it's not for me to say if that's feasible or 

not. That's up to the designers. 

Hertzberg; You have shown, and in fact the first two questions have 

stressed, that everything depends on a set of assumptions. If you 

go one step further behind this set of assumptions, there is a tech

nology built up to support a set of assumptions. Now I'm just curious 

as to your feeling about how valid you think the technology assumptions 

are that you made in designing the hybrid system. I do believe one of the 

purposes of our meeting is going to have to be sooner or later to get 

down to the question about what we are going to have to find out before 

any of these very elegant numbers become real. 

Deonigi; I defer to Wolkenhauer as to the design characteristics because 

he supplied them to me in this project. I agree with you that this really 

is the task at hand, trying to establish what the characteristics are and 

what they are liable to cost. The physical reliability of the design 

itself, I didn't have much to do with, and Bill Wolkenhauer can speak to 

that. 

Wolkenhauer; I guess, the question is how valid are the assumptions. 

How easy it is going to be to build a hybrid, hopefully, will be a 

discussion that will stretch over the next decade. My guess and this is 

only my guess, is that the problem will go back to the plasma physics. 

We have attemped to do some of these cost analyses and capital cost 

calculations and so forth. We have fair confidence that we can price the 

fission part of the hybrid with some accuracy, and the accuracy depends 

upon the fission technology one selects. Obviously, if one uses HTGR 

technology, one has a little more confidence in the numbers than if 

IMFBR technology is selected. My guess is that the big unknown, whether 

or not you can make this $540 figure and including the operating costs, 

is largely based on what the plasma physics portion of the device comes 

• 
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out to be. We have done some extrapolations based on the cost analyses 

done for both the UWMAK design and the Princeton design. Crudely taking 

those reactors and adding fission blankets to them indicates that maybe 

you could achieve it. We hope to be able to publish some of these very 

preliminary, speculative kinds of numbers soon. 

Deonigi; This morning there have been a number of papers that all indicate 

possible annual fissile material production in the 2000 kilogram range. I 

believe each of the papers were in that range at least, 1500 or 1300. I 

don't know about the 4000 number. 

Holdren; I want to take issue on philosophical grounds with one of your 

premises, and it's related to this question of sensitivity to assumptions. 

Your premise was that if we had, say, a zero energy growth economy, then none 

of us would need to be here today. I submit that even in a stablizied energy 

economy we would want to ask the question, 'what is the best way to meet the 

stabilized demand in terms of economic costs, environmental costs, and 

social costs.' We would still be looking at a mix of technologies and 

trying to find what kind of mix was optimum. There is a part of the analysis 

which is extremely sensitive to growth rate, and that is the economics of 

the importance of the breeding ratio, as I mentioned earlier today. If 

the growth rate is lower than the one you postulated, the importance of 

breeding ratio enormously diniminishes, and the relative importance of 

environmental and safety considerations increases by virtue of that. Of 

course, one of the things that is missing and very difficult to include 

in this sort of cost benefit analysis is precisely this factor; the 

environmental and safety considerations. But certainly a system that is 

unacceptable to the public on these grounds has, in a sense, an infinite 

cost associated with it; one cannot build it. And, I submit that one is 

going to have to get around to elevating the priority attached to these 

environmental and safety considerations, lest we otherwise throw out at an 

early stage the principal reasons we might want to have a hybrid at all. 

Deonigi; I agree with you. 

Coffman: I wonder if you could try to scope in some things that bother 

me. The first thing being the base case for plutonium cost which you 

projected out to $20 a gram. I was under the impression that the LMFBR 

program projects $2 a gram out in that time range, or at least approxi

mately a order of magnitude lower than your assumed base case. Is that 

wrong? 
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Deonigi; No, that is true as far as I know. I think it depends on which 

case of their's you choose to look at. It is, again, sensitive to the 

breeding gain. They have a much higher breeding gain for the LMFBR. 

I assumed a 10 year doubling time and they're running about six. 

Coffman; Let me cap up my concern. It looks to me like that in this 

economic analysis base case, you assumed all the pessimism about the 

LMFBR. You assumed that you froze the fuel design, you didn't go to 

carbide fuels, you froze off the LMFBR design, and asstamed that you 

imke no technology advancement. You assume an order of magnitude 

different base case for plutonium fuel costs in the year 2000. 

Deonigi; No, that's not an assumption. 

Coffman; You take those three together and switch them back to what 

perhaps is in the LMFBR environmental statement, and I think you will get 

a totally different answer. 

Deonigi; The plutonium is an output not an input. I think if you look 

at a comparable case in the LMFBR study, you will find comparable prices 

for plutonium evolved. The initial work under the LMFBR program was at 

8 percent discount rate. They later moved it up to 10 percent when they 

were ordered to by 0MB, I understand, but they are now, I guess, going 

back to the 8 percent again to try to rejustify that level of discount 

rate. The plutonium value, though, is an output which is a function of 

those inputs. The breeder that I have in there is a substantial improvement 

over their early designs that they have. It's about mid-range of what they 

come up with. It's the best of the oxide designs. I simply didn't go and 

add the six year doubling carbide design which apparently has some physical 

core design problems that they are trying to wrestle out, even now, to 

simply get the heat out, under that higher specific power. 

Moses; You gave a realistic date and you also gave a starting date the 

same as the LMFBR. Under the same assumptions and models that you used, 

what would be the latest date one could introduce hybrids and remain 

competitive with the LMFBR? 

Deonigi; What would happen basically is that the same benefits at the 

new introduction date would be achieved. What would happen is that the 

target costs would drop. If I held the present cost that I assumed and 

delay the introduction, the benefits would be substantially reduced. The 

reason for starting with this date was that I really intended to run more 

* 
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than one introduction date and that was the beginning of the series. It 

just took longer to accomplish than I anticipated. Possibly by the time 

the proceedings of the meeting are published, we may be able to supply more 

data points. But right now, the benefits decline fairly rapidly. I 

think if you look at the breeder numbers and if you look at the rate of 

decline in benefits with introduction date, it would follow a very similar 

pattern. 

Moses; Then would you say the realistic date you project is probably 

too latet 

Deonigi; No, I don't think that is the case. 

Furth; I'd like to make one rather basic point on this cost benefit 

analysis. And that is, I think it will make a lot of difference whether 

you think that the fusion-fission hybrid is the end in view or a step on 

the way of a fusion reactor. I think this is very important. And, I 

think it would be an interesting expansion of your work if, for example, 

you assumed that straight fusion reactors would be available at such and 

such a year and that it is a matter of national policy as we go beyond 

the year 2000 to infinity, to go to fusion reactors rather than IMFBR 

plutonium breeders. In that case, I think the cost-benefit picture for 

introducing hybrids rather than straight LMFBR breeders as an intermediate 

stage would alter very greatly. In the present analysis it seems that if 

hybrids Were to become available only, say, in the late 80's or 90's, then 

if we wait a few more years, they lose all interest. But if all the time 

the long range aim is to run a fusion economy, I think It will come out quite 

differently, and instead of paying a penalty for beginning to introduce 

the new fusion technology, you are in fact paying a penalty for going 

into a LMFBR breeder technology excursion when ultimately you're going 

back to fusion. 

Deonigi; That's right, and the breeder (LMFBR) cost benefit work has this 

same problem. Usually theit first so-called commercial plants aren't really 

economically viable at the time of Introduction and you might be describ

ing that the hybrid might fall into that some category, as a transitionary 

step to a full CTR. One of the data points on that last slide shows you 

the "CTR only" entry and it Indicates a cost somewhat less than the breeder 

cost, in order to achieve the same level of benefits. The reason is that 

the breeder dofes have some benefit by operating,and supplying excess plutonium 



• 
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to cheaper burners in the system. There are some less expensive burner 

reactors available in the system we're dealing with, and therefore It s 

desirable to produce a little bit of fuel for them at the same time you're 

running CTR's. 




