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Electric Power Amplification in Fusion Power Plants
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ABSTRACT

Fusion power concepts that are heated by electrical devices for the
purpose of producing high levels of electrical output are in effect electric
power amplifiers. Three systems are considered: A hypothetical electric
power version of the ITER experiment, the ARIES-1 fusion reactor
design, and a modified version of ARIES-1 with stainless steel structural
material. We find that an ITER power plant with a reasonable electric
power conversion system would produce no net electric power at its
target energy amplification factor of 10. The ARIES-1 conceptual power
plant, as conceived, would have an energy amplification of 22 and an
electric amplification of 6. If stainless steel were substituted for the SiC
composite material assumed, the ARIES-1 electric power amplification
would drop to roughly 3. We conclude that practical fusion power plants
will likely require a near-ignition operating mode and qualified high
temperature materials as prerequisites for commercial viability.
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I. INTRODUCTION

Fusion power concepts that are heated by electrical devices
for the purpose of producing high levels of electrical output
are in effect electric power amplifiers. Our interest is in
estimates of the amplifications of a few fusion concepts from
which we might draw some broad conclusions.

Electric power amplification can be defined as the electric
power out of a given fusion power plant divided by the
electric power into its associated electrical heating devices.
Thermal energy amplification is a little less straightforward
because unity amplification would require no fusion, i.e., the
output would simply equal the input. Meaningful energy
amplification of unity would be twice the energy output,
because only then is fusion energy release equal to the energy
input. This is in effect what Lawson was addressing in his
1955 report, defining fusion energy output equal to energy
input [1]. In the following we disregard electric power for
housekeeping (coil cooling, vacuum pumping, power to
electrical storage, etc.) because it is generally projected to be
comparatively small at reactor scale.

We consider three fusion systems: A hypothetical electric
power version of the ITER experiment [2], the ARIES-1
fusion reactor design [3], and a modified version of ARIES-
1 with stainless steel structural material.

II. TERMINOLOGY AND ASSUMPTIONS

Our terminology is as follows:

Qe = Electric power amplification for the overall power
plant;

Q¢ = Thermal power amplification due to fusion;

Pii = Electric power into the plasma heating devices;

Pt = Thermal power out of the fusion core;
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Peo = Net electric power out of the overall power plant;

ne = Power plant thermal energy-to-electric power
conversion efficiency;

nei = Efficiency of heating devices-to-heat energy into the
plasma;

Pre = Electric power out of the fusion core.

Our efficiency assumptions are 1ne =40% [4] and 1ei = 50%
which is in the range of “neutral beam wall plug efficiency”
of ~ 0.45-0.6 for present neutral beam systems [5] and above
the “global efficiency” of the neutral beams in ITER of ~26%
[6]. Clearly, these efficiencies will be larger or smaller
depending on fusion concept details. For our purposes we
assume steady-state operation, as opposed to the pulsed
operation of ITER.

III. CALCULATIONS

By definition,

1) Peo = Pt mhe - Pii Electric power out of the overall power
plant.

2) Q¢ = Pt/ Pii mei Thermal power amplification due to
fusion.

3) Qe =Pe / Pii Electric power amplification in the overall
power plant.
So,

4) Qe = Qt Mhe Mei — 1

IV. ITER AS AN ELECTRIC POWER PLANT

The ITER experiment is the largest tokamak experiment
ever attempted and is under construction in France [2]. Its
target energy gain is Qt ~10. If achieved, that performance
would represent a dramatic increase in energy amplification
relative to previous tokamak experiments. While ITER has
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many elements of a fusion power plant, it does not include
equipment to convert its thermal energy output to electric
power. Also, ITER will be a long-pulse system, as opposed
to the more desirable steady-state operation.

If we assume steady-state operation, add an electric power
conversion plant, and use our assumed efficiencies,

5) Q[ITER]~10x04x05-1~1

In other words, with our assumptions, ITER would not
produce any net electric power.

V. THE ARIES CONCEPTUAL FUSION POWER PLANT

“The ARIES-1 study was undertaken to determine the
economic, safety, and environmental potential of tokamak
fusion reactors ... for achieving attractive fusion power
plants.” [3] Its design characteristics are as follows:

Electric power out (net) = 1000 MW,
Total thermal power = 2,544 MW,
Fusion power = 1,925 MW;

Net plant efficiency = 39%;

Gross efficiency = 49%;
Recirculating power fraction = 0.2.

The listed fusion power is from the plasma only. The
blanket energy contribution is given as 12%, so the effective
fusion power is 1,925 x 1.12 =2,156 MW. In our notations:
P:= Thermal power out of the fusion core = 2,156 MWt;

Peo = Electric power out of the overall power plant = 1000
MWe;

Pi = Electric power into the plasma heating devices = 0.2 x
1000 MW =200 MWe;

nne = Heat to power conversion from the core = 49%;

Q. = Electric power amplification in the overall power plant
=1200/200 = 6.

Assuming a plasma heater efficiency mei = 50%, the
thermal energy into the plasma is 200 x 0.5 = 100 MWt. Thus,

Q:t ARIES = Thermal power gain in the plasma = 2,156 / 100
~22.

VI. ARIES-1 WITH STAINLESS STELL STRUCTURES

SiC composites were adopted as the structural material in
the ARIES-1 tokamak fusion reactor design, because of their
high temperature operating potential, which could yield very
high thermal power-to-electrical power conversion. With
respect to SiC composites, we note that “Progress has been
made but the fusion application is extremely challenging in
that fusion-related structures (blanket modules, piping, heat
exchangers, etc.) are complex, joining techniques in difficult
locations will be difficult, and use in difficult, radioactive
applications... [7]”.

Also, “The key challenges include:

(1) understanding radiation effects (high-dose radiation
and transmutation effects),

(2) development of joining technology,

(3) chemical compatibility with coolant and/or breeding
materials...” and “...research will be needed to investigate
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interaction of hydrogen isotopes with SiC materials.” [8] and
the list of unknowns goes on.

On this basis, a very large, expensive, and time-consuming
research program will be required to determine if SiC
composites can be qualified for fusion applications. Even if
such a program were to be undertaken, uncertainties will
remain, because of the lack of industrial experience with
these materials.

Since tokamak fusion power would involve so many new-
to-the-utility industry technologies, the use of stainless steels,
with roughly 100 years of industrial experience, would likely
to be preferred by industry for early tokamak fusion power,
should that technology advance to commercialization.
Accordingly, we perform a rough calculation of the ARIES-
1 fusion power reactor design substituting stainless to
understand what the related energy penalty might be. Our
assumption here is that nne = 40%, rather than the ARIES-1
level of 49%. We further assume that plasma physics will
dictate the required heating power, not thermal conversion
efficiency. Therefore, the required heating power will remain
at 200 MWe.

So,
Pre =2,156 x 0.4 ~ 860 MWe, rather than 1000 MWe

Peo = the net electric power out of the overall power plant ~
860 - 200 ~ 660 MWe

Q.= Electric power gain in the system ~ 660 / 200 ~ 3.3
Q¢ = Thermal power gain in the plasma = 2,156 / 100 ~ 22

Thus, comparing the two ARIES systems, the thermal
power gain in the plasma stays the same at toughly 22, which
is not surprising, because that parameter is a function of the
plasma physics. On the other hand, the electric power
amplification (gain) is reduced from ~ 6 to ~3.3.

VII. DISCUSSION AND CONCLUSION

We know of no commercial electric power technology that
operates as a direct electric power amplifier. Accordingly,
there is no guidance as to the minimum level of amplification
that the industry will find acceptable. Higher numbers would
seem to be more attractive than lower ones, but we know of
no basis for estimating future industry acceptability. In the
final analysis, acceptability will undoubtedly be determined
by the EPRI criteria [9]

Other conclusions:

e While ITER’s target energy output-to-energy input of
ten is impressive in the context of past tokamak experiments,
its implied electric power amplification would be only of the
order of unity. Thus, performance far beyond ITER’s target
will be required for potential commercial viability.

e For the ARIES-1 fusion reactor design, its electricity
amplification is roughly 6, based on the assumption that SiC
composite structural materials will be qualified for use.

e A rough substitution of stainless steel for SiC
composites lowers the ARIES-1 electricity amplification to
roughly 3, illustrating the importance of high temperature
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structural materials utilization for potential commercial
tokamak viability.

e It was surprising that the rough-estimate electric
amplifications of these systems were so low.

Finally, we believe that the evaluation of fusion reactor
concepts should include explicit determination of electric
power amplification to better focus on what electric utilities
will value. Concepts with energy amplifications greater than
20 should be emphasized; in plasma physics terms, fusion
program emphasis should probably focus on concepts that
operate at near ignition, where amplifications might be
higher. Also, the development and qualification of high
temperature materials may be essential.
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