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Fusion Power: Expected Environmental 
Characteristics and Status of R&D* 

T. Kenneth Fowler1 

Abstract 

From the outset in the 1950's, fusion research has been motivated by envi
ronmental concerns as we]] as long-term fuel supply issues. Compared to fossil 
fuels both fusion and fission would produce essentiallv zero emissions to the atmo
sphere. Compared to fission, fusion reactors should offer high demonstrability of 
public protection from accidents and a substantial amelioration of the radioactive 
waste problem. Fusion still requires lengthy development, the earliest commercial 
deployment being likely to occur around 2025-2050. However, steady scientific 
progress is being made and there is a wide concensus that it is time to plan large-
scale engineering development. A major international effort, called the Interna
tional Thermonuclear Experimental Reactor (ITER), is being carried out under 
IAEA auspices to design the world's first fusion engineering test reactor, which 
could be constructed in the 199Q's. 

m 
' T h i s work was performed under the auspices of the I'.S Department of Energy by Lawrence 

ermore National Laboratory under Contract W-7405-Eng-48. 
'Consu l tan t to the Lawrence Livermore National Laboratory. Livermore, CA 
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Fusion Power: Expected Environmental 
Characteristics and Status of R&D 

T, Kenneth Fowler 
Department of Nuclear Engineering 
University of California, Berkeley 

1 Introduction 

- The primary goal of fusion research is to replace the heat source in a conven
tional electric power plant by an equivalent fusion reactor. Fusion reactors 
might also eventually be used for other applications such as synfuel produc
tion. 

- The first fusion reactors would probably "burn" deuterium and tritium: 

D — T — He4 — neutron — 17.6JV/eV'per reaction 

- Deuterium is vastly abundant in water but tritium, which is mildly radioac
tive, must be bred by reactions of the fusion neutrons with lithium embedded 
in the reactor structure. All of the tritium would be consumed in the reactor 
and t'ansmuted to harmless helium (0.2 Kg per reactor per year). 

- Th'.- only radioactive waste would be that produced by neutron activation 
of components and structure that must be disposed of when replaced during 
maintenance or at the end of life of the reactor. Choosing the right materials 
would avoid long-lived radioactivity. 

- Ultimately fusion reactors using other fuel cycles producing much fewer neu
trons may be possible. 

2 Recent Environmental Assessment 

- In 1985 the U.S. undertook a fresh look at the environmental and safety char
acteristics of fusion reactors through the Senior Committee on Environment al. 
Safety and Economic Aspects of Magnetic Fusion Energy (ESEC'OM). 

- The ESECOM attempted to compare on a common basis 10 recent mag
netic fusion reactor designs with A fission reactors, including both the best 
present experience with light water reactors and advanced fission designs. 



Their main conclusions and findings were published in Fusion Ttchnology. 
Vol. 13, Jan. 1988, pp. 7-56. 

• ESECOM concluded that the main advantages of fusion relative to fission 
with respect to safety and environment are: 

1. high demonstrability of adequate public protection from reactor accidents 
(no early fatalities off-site), based entirely or largely on low radioactivity 
inventories and passive barriers to release rather than on active safety 
systems and the performance of containment buildings 

2. substantial amelioration of the radioactive waste problem by eliminat
ing or greatly reducing the high-level waste category that requires deep 
geologic disposal 

Also, fusion would significantly reduce linkage to nuclear weaponry. 

Some of the data leading to these conclusions are summarized in Tables 1 and 
2. These data show the following: 

1. Safety 

(a) Fusion reactor radioactive inventories are 1.5 to 1100 times less than 
that of the fission breeder, and estimated Safety Margins against 
early fatalities or ground water contamination due to accidents exceed 
similar Safety Margins for the fission breeder by large factors in most 
cases. 

(b) Two of the fusion cases shown meet the criterion that no physically 
plausible release could produce an early fatality or exceed ground 
contamination thresholds (Safety Margins > 1). All do so with high 
assurance taking into account totally passive safety features that pre
vent high temperature excursions that could release certain materials 
otherwise tightly bound in the structure (ESECOM Category 111). 
Such safely features would always be provided in any case to insure 
operational control and prevent costly damage to ihe reactor. 

2. Radioactive Waste 

(a) While the volume of waste from fusion reactors can exceed that di
rectly produced by fission reactors, the more informative annualized 
intruder-dose index is 3500 to 2.000.000 times better for the fusion 
cases shown. If one included low-level and transuranic-cimtaminated 
waste from reprocessing, the total volume of fission waste probablv 
exceeds the worst fusion case. 
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(b) Two of the fusion cases shown would qualify for shallow burial of 
waste under present I'.S. regulations (i.e. an intruder dose 100 or 
more years later not to exceed 0.5 rem/yr). 

3. Economics 
The estimated Cost of Electricity (COE) for fusion reactors is comparable 
to that for fission reactors, given the range of actual fission experience (33 
to 57 mills/kwHr). The main uncertainties in fusion costs relate to plasma 
performance parameters rather than environmental considerations. As 
an example of sensitivity to these uncertainties, a shortfall of 250% in a 
particularly critical parameter like the plasma "beta'' would increase the 
COE by 30%. 

3 Sta tus of Fusion R&D 

- Fusion only takes place at the very high temperatures found in stars, around 
100 million degrees Kelvin or higher. After decades of research, two ap
proaches have produced such temperatures. One is a magnetic fusion device 
called the tokamak. A tokamak reactor would be analogous to a continuously 
burning gas furnance (a deuterium and tritium mixture being the gas). The 
other is inertial fusion, in which a powerful laser heats a tiny pellet of D-T 
ice that burns briefly. In an inertial fusion reactor, this process would be 
repeated a few times per second. Here I will only discuss magnetic fusion. 

- Since fusion reactions require heat energy, an important index of progress 
in fusion research is the power gain-tbe ratio of fusion energy produced in 
the experiment to the best inpul required to produce the reaction (or, since 
present experiments only simulate the reaction with ordinary hydrogen or 
deuterium rather than tritium, an "equivalent" gain if the proper mixture of 
deuterium and tritium had been present). A gain of unity, called "breakeven"', 
has long been the goal. -Magnetic fusion experiments in the I.S.. Europe and 
Japan are now at the threshold of achieving equivalent breakeven. These 
results are obtained using external means of heating the fuel gas. The next 
goal is "ignition", whereby the reaction could maintain itself without external 
heat input. 

- The historical progress leading to breakeven and ignition is shown in Fig. 1. 
The labels (PLT, TFTR. etc.) refer to different experimental facilities, each 
larger than its predecessor, that have produced this march of progress. The 
largest, including the TFTR at Princeton University, the JET at Culham, 
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England, and the Japanese JT-fi(l not shown, cost almost a billion dollars 
each. 

- Given this progress, there is now a worldwide concensus that it is time to plan 
for embarking on the large-scale engineering development of fusion energy. 
Because this will be expensive, there is also a concensus that this phase of 
fusion development should be carried out through international cooperation 
on a common project. 

4 The International Thermonuclear Experimental 
Reactor (ITER) 

- The ITER design activity, formally initiated in April 1988. is the joint en
deavor of the European Communities (EC), Japan, the U.S and the U.S.S.R.. 
under the auspices of the IAEA. An organization chart is shown in Fig. 2. 

- The overall objective of the ITER is to demonstrate scientific and technolog
ical feasibility of fusion power. 

- The ITER will be a tokamak. The main features of a tokamak are shown 
in Fig. 3. The fuel gas is contained in a closed toroidal tube that is first 
evacuated to remove all air. The total quantity of deuterium and tritium gas 
present is miniscule. less than one gram filling a volume more than 100 m 3. 
However. 3fter being heated to a 100 million degree temperature, its pressure 
is many atmospheres. To withstand this pressure, and to prevent contact 
with the metal wall, a strong "toroidal" magnetic fLld is provided that applies 
pressure to the fuel gas because, at such temperatures, the gas has become 
fully ionized—a plasma—that is diamagnetic in nature. Equally important 
is the axial current shown in the figure that flows in the conducting plasma 
and circulates round and round the tube. The strength of this toroidal field 
arid this current determines the fusion power gain that can be obtained. The 
experimental progress charted in Fig. 1 required ever larger machines because 
larger machines were required to produce ever larger fields and currents. A 
device capable of igniliion would be larger still, and a reactor must be still 
larger to accommodate also a thick wall surrounding the toroidal lube to 
absorb the neutrons produced by the fusion reaction. This wall, 1 to 2 meters 
in thickness, is called the "blanket". The blanket serves to breed tritium and 
convert the neutron kinetic energy to heat. 
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- The ITER is a tokamak large enough to achieve ignition and also accommo
date space for blanket modules. Testing blanket operation under continuous 
(steady-state) operating conditions is the ultimate goal of ITER. 

- A preliminary scoping study was completed in the summer of 1988 by a team 
of 40 scientists and engineers, 10 per partner, working cooperatively in a build
ing erected for the purpose at the Max Planck Institute for Plasma Physics 
at Garching near Munich. More than 100 other designers, communicating 
with Garching electronically, were working in their home laboratories, and 
an R&D effort was initiated to address critical issues. Present plans call for 
continuing this design and R&D work through 1990, with the option to begin 
construction at that time if the partners choose to do so. More probably the 
R&D effort will be extended and increased and a decision on construction 
will be delayed somewhat. 

- Figure 4 shows the present design meeting the ITER goals of ignition and 
steady-state blanket testing. It is a fact of nature that the critical size to 
meet these ambitious goals is large. The design shown is roughly 20 m in 
diameter, 20 m in height and would produce almost a G\V of thermal power-
about one-third as much as a full-scale power plant. The pancake toroidal 
field coils, 16 in number, are visible in the figure. 

- Figure 5 shows a cross section of the ITER tokamak, the ope.i chamber that 
would contain the plasma (oval-shaped) is centered at a radius of 5.5 m. This 
is surrounded by the blanket. Outside of the blanket are the toroidal field 
coils. 

- Table 2 shows ITER parameters compared to the existing TFTR experiment 
at Princeton, and to a power reactor based on ITER design principles. 

- If ITER were constructed and operative by 2005, a demonstration reactor 
could be operating by 2025 or sooner and commercial deployment could begin 
by 2025-2050. 

5 Conclusions 
5.1 Environmental Motivation 

From the outset in the 1950's, fusion research has been motivated by environmental 
concerns: 
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- Compared to fossil fuels both fusion and fission would produce essentially 
zero emissions to the atmosphere. 

- Compared to fission, fusion reactors would offer high demonstrability of ade
quate public protection from accidents and a substantial amelioration of the 
radioactive waste problems. 

5.2 R&D Status 

- Fusion is a long-term R&D effort. First commercial deployment might be 
around 2025-2050. 

- After 35 years of steady progress, experiments in the U.S., Europe and Japan 
are now at the threshold of "energy breakeven" conditions. 

- The next step is large-scale engineering development. A major international 
effort, called the International Thermonuclear Experimental Reactor (ITER), 
is being carried out under IAEA auspices to design the world's first fusion 
engineering test reactor, which could be constructed in the 1990"s. 
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Table ] : Safety comparison of fusion reactors with fission breeders (LMFBR) . 

Tokamak 
-Li 

R F P 
-Li 

Tokamak 
-Flibe 

Tokamak LMFBR 
- D H e 3 

Inventory (MCi) 
Volatile (I-II) 
\ b l a t i l e in severe accident (III) 
Less volatile (IV-V) 

Safety Margin 
Volatile ( M I ) 
Volatile in severe accident (III) 
Less volatile (IV-V) 

21 18 2 1 1360 
5790 946 2 1 1200 
3705 5918 363 7 7500 
4296 6882 367 9 10,060 

4-50 7-50 10-500 200-2000 0.0007-60 
0.002-0.6 0.1 4-400 2-600 0.02-0.2 

4-1400 100-300 40 -20,000 800-100,000 0.002-0.1 

Roman numerals refer to ESECOM Categories (Fusion Technology 13. 7-56, 1988). 

A safetv margin greater than unity means no protection would be required to avoid threshold dose. 
Two threshold doses are calculated: one for early fatality (200 Rem at ] KM) and one for ground-
contamination (25 Rem 50 year dose at 10 KM). The safety margin in each case is the ratio of the 
inventory release that would produce this dose to the maximum plausible release fraction. For the 
fusion cases, the smaller value of indicated range is generealiy that due to ground water. 
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Table 2: Summary comparison of fusion reactors with fission breeders (LMFBR). 

Tokamak 
-Li 

RFP 
-Li 

Tokamak 
-Flibe 

Tokamak 
-DHe 3 

LMFBR 

Safety 
Inventory (MCi) 

Inventory (MCi) 
Safety margin 

4296 
0.002-1400 

6882 
0.1-300 

367 
4-20,000 

9 
2-100,000 

10.060 
0.0007-60 

Waste 
Life cycle volume (m a) 
Annualized intruder hazard 

1590 
12 

2439 
39 

636 
0.96 

1231 
0.071, 

200° 
140,000 

(renvrr.3/'yr) 

Economics 
Capital (S millions) 
Cost of Electricity (mills. kwHr)' 

2365 
53 

1655 
37 

2035 
48 

3025 
48 

1785 
43 

°Excludes large volume of fission reprocessing waste. 
fcQuaIifies for shallow burial under U.S. regulations. 
'Actual fission PWR COE rang.-s 33-57 mills/KwHr. 

JTabJr 3: P a r a m e t e r s ^ 
TFTR ITER Reactor 

Major radius (m) 2.5 5.5 6.4 
Toroidal field (T) 5.2 5.3 7.0 
Current (mA) 2.5 18.0 21.6 
Fusion Power (M\V ) 20-40 786 2905 
Net Electric Power (M\V) — — 1200 
COE (mills/KwHr) — - 54 
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Progress in fusion research .11 
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Figure 3: Tokamak schematic sketch. 
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Figure -): ITER. 
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Figure 5: ITER cross-section. 
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