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COST AND AVAILABILITY OF GADOLINIUM FOR 
NUCLEAR FUEL REPROCESSING PLANTS 

O. H. Klepper 

ABSTRACT 

Gadolinium is currently planned for use as a soluble neutron poison in nuclear fuel reprocess-
ing plants to prevent criticality of solutions of spent fuel. Gadolinium is relatively rare and expen-
sive. The present study was undertaken therefore to estimate whether this material is likely to be 
available in quantities sufficient for fuel reprocessing and at reasonable prices. 

It was found that gadolinium, one of 16 rare earth elements, appears in the marketplace as a 
by-product and that its present supply is a function of the production rate of other more prevalent 
rare earths. The potential demand for gadolinium in a fuel reprocessing facility serving a future 
fast reactor industry amounts to only a small fraction of the supply. At the present rate of con-
sumption, domestic supplies of rare earths containing gadolinium are adequate to meet national 
needs (including fuel reprocessing) for over 100 years. With access to foreign sources, U.S. 
demands can be met well beyond the 21st century. It is concluded therefore that the supply of 
gadolinium will quite likely be more than adequate for reprocessing spent fuel for the early genera-
tion of fast reactors. 

The current price of 99.99% pure gadolinium oxide lies in the range $S0/lb to $65/lb (1984 
dollars). By the year 2020, in time for reprocessing spent fuel from an early generation of large 
fast reactors, the corresponding values are expected to lie in the $60/lb to $75/lb (1984 dollars) 
price range. This increase is modest and its economic impact on nuclear fuel reprocessing would be 
minor. 

The economic potential for recovering gadolinium from the wastes of nuclear fuel reprocessing 
plants (which use gadolinium neutron poison) was also investigated. The cost of recycled gadol-
inium was estimated at over twelve times the cost of fresh gadolinium, and thus recycle using 
current recovery technology is not economical. 

1. EXECUTIVE SUMMARY 

1.1 Background 

Gadolinium is currently planned for use as a soluble neutron poison in fuel reprocess-
ing plants. These include plants handling spent fuel from fast nuclear reactors, which con-
tains a sizable fraction of plutonium or, possibly, highly enriched uranium. Therefore, 
relatively small quantities of spent fuel have potential for nuclear criticality. Criticality 
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during the dissolution of spent fuel can be prevented by use of a soluble neutron poison in 
the acid used to dissolve the spent fuel. The major advantage of soluble poison is that it 
can prevent criticality of dissolved fuel regardless of equipment size and geometry (pro-
vided the fuel remains in solution), and therefore the fuel reprocessing components can be 
made large enough to yield moderate equipment cost. 

Gadolinium had been chosen earlier as a soluble neutron poison because of its large 
thermal neutron cross section and because of its chemical compatibility with fuel repro-
cessing. This material is relatively scarce and expensive. The purpose of the present study 
was to estimate whether gadolinium is likely to be available for fuel reprocessing in suffi-
cient quantities and at reasonable prices. 

The economic feasibility of recovering gadolinium from the waste streams of fuel 
reprocessing plants was also explored to determine if this approach might yield gadolinium 
under the market price of fresh gadolinium. 

1.2 Gadolinium Resources and Supplies 

Gadolinium is one of a group of 16 elements known as the rare earths that occur in 
nature principally as oxides. The abundance of gadolinium in the earth's igneous rocks 
amounts to about one-third of the abundance of the common element lead. The rare-
earth-bearing ores with carbonate ions (bastnasite) and with phosphate ions (monazite, 
xenotime) are of prime commercial importance. 

The three most significant commercial fluorocarbonate deposits are located at Moun-
tain Pass, California, Palabora in South Africa, and Paotou, inner Mongolia in the Peoples 
Republic of China. The Mountain Pass deposit currently supplies almost 100% of the Free 
World's bastnasite. 

The two major phosphate ores are monazite and xenotime, the former being a source 
of light lanthamdes and the latter a source of the heavy rare earths. The principal foreign 
countries with deposits include Australia, Brazil, India, Malaysia, and the U.S.S.R. 

In 1982, rare-earth minerals were produced domestically by two companies in two 
states—bastnasite in California and monazite in Florida. The world's mine production and 
reserve base for 1982 is shown in Table 1. 

Gadolinium oxide represents less than 2% of the rare-earth oxide found in bastnasite 
and monazite. Major uses, which include mixtures of lanthanum, neodymium, and praseo-
dymium, are in the production of catalysts for petroleum refining. Cerium and yttrium are 
also used as catalysts for glass polishing and to prevent discoloration of television tubes. 
Yttrium-iron garnets and gadolinium-iron garnets are widely used as ferritic materials in 
microwave applications. There are uses for the remaining rare earths too. Rare-earth-oxide 
production rates are thus determined by the composite demand for the individual rare 
earths and for certain rare-earth mixtures such as those just mentioned. 
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Table 1. World mine production and reserve 
baae" of rare earths 

Mine production6 

1981 1982 Reserve base' 

United States'* 18,830 18,500 5,000,000 
Australia 8,185 8,000 300,000 
Brazil 1,600 1,600 30,000 
China NA NA 36,000,000 
India 2,425 2,500 3,100,000 
Malaysia 182 250 30,000 
South Africa, Republic r' NA NA 100,000 
Thailand 92 100 NA 
Other market economy countries 120 100 450,000 
Centrally planned economies NA NA 500,000 

World total (rounded) NA NA 46,000,000 

"In short tons of rare-earth-oxide content. 
^Estimated. 
Tending establishment of criteria for the reserve base, classifica-

tion of data is based on a judgmental appraisal of current knowledge 
and assumptions. 

''includes only bastnasite concentrate production. 
Source: Bureau of Mines, U.S. Department of the Interior, 

Mineral Commodity Summaries, 1983, An Up-to-Date Summary of 86 
Nonfuel Mineral Commodities. 

A crude projection of future gadolinium supply was developed in order to assess the 
impact of a new demand for gadolinium in nuclear fuel reprocessing. It was assumed that 
the composite demand for rare earths (including any requirements for fuel reprocessing) 
determines the annual production of rare-earth oxides and that gadolinium supply is 
constrained by the amount of gadolinium present in those oxides. It was further assumed 
that the historic growth rates in rare-earth demand would hold through the year 2020. 

Results are shown in Table 2, indicating that the annual domestic supply of gado-
linium oxide may increase to about 280 tons in the year 2010 and to about 480 tons by the 
year 2020. 



Table 2. Projection of U.S. and world markets for rare earths and gadolinium 

[Values are short tons of rare-earth oxides (REO) and Gd203.] 

Year 1978° Year 1990° Year 2000" Year 20106 Year 2020* 
REO Gd2O3

0 REO Gd203 REO Gd203 REO Gd203 REO Gd203 

United States 
Annual production 
Cumulative production 

World 
Annual production6 

Cumulative production 

18,500 55 

31,500 315 

34,000 
314,000 

65,000 
571,000 

100 
940 

650 
5,710 

57,000 
772,000 

120,000 
1,496,000 

170 95,000 
2,300 1,516,000 

280 159,000 
4,500 2,756,000 

1,200 
15,000 

220,000 
3,146,000 

2,200 
31,500 

400,000 
6,171,000 

480 
8,300 

4,000 
61,700 

"Source: Bureau of Mines, U.S. Department of the Interior, Mineral Facts and Problems, 1980 Edition. 
^Extrapolation of data from the above source. 
^Production statistics for Gd203 are not available. Quantity shown is potential production assuming recovery of all gadolinium in 

REO. For the United States it is assumed that gadolinium is produced from bastnasite containing 0.3% Gd203, the major domestic 
resource. This underestimates gadolinium production slightly since some is produced from monazite containing about 1.7% Gd203. For 
world demand it is assumed that one-half of the rare earths are produced from bastnasite and that one-half are produced from mona-
zite. This ratio was inferred from 1978 data given in the source. 
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1.3 Gadolinium Costs 

The materials from which gadolinium is recovered have moderate costs. The major 
expense in producing gadolinium is in the chemical processing required to convert the 
gadolinium-bearing materials into high-purity gadolinium oxide or nitrate. The current 
price for 99.99% pure gadolinium oxide lies in the range $50/lb to $65/lb (1984 dollars). 
By the year 2020 the corresponding values will be $60/lb to $75/lb (1984 dollars), assum-
ing that the price of gadolinium follows the historic price trend for industrial chemicals in 
the United States, as shown in Fig. 1. Prices are about 10% lower for material only 99.9% 
pure. 

ORNL- OWG 85-6915 

VEAR 
Fig. 1. Price of gndolinium oxide. 
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1.4 Gadolinium Requirements for Fast Reactor Fuel Reprocessing 

Studies performed under the Nonproliferation Alternative Systems Assessment Pro-
gram in 1980 were used as a basis for estimating the quantities of gadolinium that might 
be required for nuclear fuel reprocessing in the early decades of the next century. For 
moderately paced fast reactor deployment, about nine reactors of about 1200-MW(e) capa-
city each might be operating by the year 2020. Under an accelerated deployment scenario, 
the number of installed reactors would be four times as much by the year 2020, requiring 
about 12 short tons/year of gadolinium oxide. The estimated annual demands for gado-
linium oxide as well as the projected total U.S. supply are shown in Fig. 2. Annual gado-
linium requirements through the year 2020 represent only a very small fraction (actually 
only 0.6 to 2.5%) of the U.S. annual supply. Thus it appears that the use of gadolinium 
for fast reactor fuel reprocessing would have little impact on gadolinium availability in the 
near term (40 years). Furthermore, since the resource base for the rare-earth ores from 
which gadolinium is recovered is very substantial relative to consumption, the prospects for 
obtaining the needed gadolinium at reasonable prices are good. This view was endorsed by 
major suppliers of rare earths. They also pointed out that in recent years the demand for 
gadolinium has fallen far short of the amount available in the by-products left over from 
the production of the more dominant rare-earth products. At the present time the major 
U.S.-based suppliers of rare earths reportedly could readily supply an additional 25 short 
tons of gadolinium oxide per year. 
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1.5 Economics of Gadolinium Recyclo 

The economic feasibility of recovering gadolinium from the waste streams of a fast 
reactor fuel reprocessing facility was explored to determine if this approach might yield 
gadolinium that is cheaper than fresh gadolinium. The present investigation made use of 
an earlier study program to explore the feasibility and incentives for operating the nuclear 
fuel cycle so that the most troublesome long-lived constituents of radioactive wastes are 
partitioned and transmuted. Key elements of the earlier proposed processes could also be 
used to recover gadolinium neutron poison from the waste streams of nuclear fuel 
reprocessing. The flowsheets and costs of the earlier study were adapted to estimate the 

costs for recovering gadolinium from a 
eactor fuel. 

incremental capital investment and operating 
commercial-size reprocessing plant handling fast 

It was assumed that the fuel reprocessing pjlant would use the Purex process. Nearly 
all of the gadolinium neutron poison leaves 
stream, and therefore recovery would be applied only to that stream. The actinides and 
lanthanides (including gadolinium) are coextrafcted with dihexyl-7V,7V-diethyl carbamyl-
methylene phosphonate (CMP) extractant. The Extraction product stream undergoes cation 
exchange chromatography (CEC) to separate out the actinides, leaving the rare earths, 
including gadolinium, and fission products in the CEC acid strip. Further processing of the 
acid strip is required to separate the gadolinium from the other rare earths. Furthermore, 
in some fuel reprocessing plants the makeup-feed area may be clean from the viewpoint of 
radioactivity, and in those instances the recycled gadolinium would also need to be decon-
taminated. j 

The minimum cost for recovering gadolinium was estimated at about $900/lb; this is 
a levelized cost for a commercial-size plant operating from the year 2005 to 2025, 

-fourths of the total cost represents capital 
rating costs, as calculated with a number of 

expressed in constant 1984 dollars. About three 
investment costs with the balance going for opei 
computer programs. The cost of recovered gadolinium would therefore be at least 12 times 
greater than the cost of fresh gadolinium. 

In principle, some of the cost of recovering gadolinium might be offset by a potential 
reduction in nuclear waste disposal costs. This' would be a consequence of a reduction in 
waste volume due to removal of gadolinium and other rare earths (as well as actinides) 
from the high-level liquid waste of the fuel reprocessing plant. However, other studies have 
indicated that, in a practical sense, waste volumes are unlikely to be reduced because the 
additional processing required to separate the rare earths and actinide will actually 
increase the weights and volumes of many wastes that must be disposed of due to the addi-
tion of nonvolatile chemical reagents. 
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1.6 Summary of Findings 

The general conclusion of this study is that there will be sufficient gadolinium avail-
able at reasonable cost to accommodate future spent fuel reprocessing needs. Specific find-
ings are as follows: 

1. Gadolinium is only one element out of 16 rare earths that are often found in groups in 
the earth's crust. By weight gadolinium amounts to only about 0.3% of the domesti-
cally produced rare earths. Gadolinium appears on the market as a by-product, and 
its supply is a function of the production rate of other more prevalent rare earths. 

2. Bastnasite ore found in California is the major source of rare earths consumed in the 
United States, and at the present rate of consumption of rare-earth oxide, this supply 
will last for over 100 years. 

3. Foreign resources of rare earths are about ten times more abundant than domestic 
resources, while foreign consumption is smaller than consumption in the United 
States. With access to foreign sources, the U.S. rare-earth demand can be met well 
beyond the 21st century. 

4. In recent years the consumption of gadolinium has been less than one-half of the 
available supply. This situation is expected to prevail in the foreseeable future accord-
ing to industry sources, implying a more than amply supply of gadolinium, at least for 
the near term. 

5. The gadolinium requirement for a fuel reprocessing facility serving the fast reactor 
industry that might operate by the year 2020 amounts to only a few percent of the 
anticipated domestic supply. Use of gadolinium in fuel reprocessing would therefore 
have little impact on overall gadolinium demand. 

6. Most of the cost of gadolinium arises from the chemical processing required to convert 
gadolinium-bearing by-products (left over from rare-earth production) to gadolinium 
oxide or nitrate. The cost of industrial chemicals has risen at a rate of about 0.4% per 
year (in constant dollars) during the past 16 years. At that rate the price of gado-
linium oxide will be in the $60/lb to $75/lb (1984 dollars) range by the year 2020. In 
a reprocessing plant handling fast reactor fuel, this increase amounts to only $0.20/lb 
of heavy metal processed. As a consequence, the impact on the overall economics of 
nuclear fuel reprocessing would be very small. 

7. The cost of recovering gadolinium from the wastes of nuclear fuel reprocessing plants 
(which use gadolinium neutron poison) is estimated in the range $900/lb to $1800/lb 
in 1984 dollars. Thus, recycled gadolinium costs more than twelve times as much as 
fresh gadolinium. 



10 

8. Recycle of gadolinium would remove this material from the fuel reprocessing wastes 
which must be disposed. N o net cost savings seem likely, however, since the additional 
processing required to separate the gadolinium will increase the weights and volumes 
of many wastes that must be disposed due to the addition of nonvolatile chemical 
reagents. 

2. INTRODUCTION 

It is currently planned that gadolinium will be used as a soluble neutron poison in fuel 
reprocessing plants. Specific potential applications include plants handling spent fuel from 
fast nuclear reactors. The fuel contains a sizable fraction of plutonium or, possibly, highly 
enriched uranium, and therefore relatively small quantities of spent fuel have potential for 
nuclear criticality. Reprocessing plants for thermal reactor fuel generally require lower 
concentrations of soluble poison since the concentration of fissionable material is lower in 
this fuel. Criticality during the dissolution of fuel can be prevented by limiting the amount 
of fissionable material contained in individual pieces of reprocessing equipment such as dis-
solves or tanks containing dissolved reactor fuel. A major drawback of this approach is 
that the physical size of the process components needs to be small; this in turn leads to a 
larger capital investment in fuel reprocessing per unit of spent fuel throughput. 

An alternative approach provides for solid neutron absorbers, or "neutron poison," 
within the cavities of the reprocessing equipment. This approach complicates the equip-
ment mechanical design (i.e., a system for verifying the presence of neutron poison may be 
required), again leading to increased capital investment cost. 

Use of a soluble neutron poison in the acid used to dissolve the spent fuel is another 
alternative for preventing inadvertent criticality. The major advantage is that soluble poi-
son can prevent criticality of dissolved fuel regardless of equipment size and geometry 
(provided the fuel remains in solution), and therefore the fuel reprocessing components can 
be made large enough to yield moderate equipment cost. The overall economics of this 
approach appear promising. 

Gadolinium had been chosen earlier as a soluble neutron poison because of its large 
thermal neutron absorption cross section and because of its chemical compatibility with 
fuel reprocessing. Gadolinium is a relatively scarce and expensive material. Thus it became 
important to determine whether this element is likely to be available in sufficient quantities 
during the projected lifespan of near-term fuel reprocessing facilities. The cost of gado-
linium for a commercial-size fuel reprocessing facility is a significant expense, and so it was 
also important to estimate the future cost of gadolinium. The economic feasibility of recov-
ering gadolinium from the waste streams of a fuel reprocessing facility was also explored 
to see if this approach might yield gadolinium that is cheaper than fresh gadolinium. 
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3. RARE-EARTH RESOURCES 

Gadolinium is one element out of a group of elements known as the rare earths that 
occur in nature principally as oxides. These materials are actually not that rare, as is 
shown in Table 3. Here it can be seen that the abundance of gadolinium in the earth's 
igneous rocks amounts to as much as about one-third of the abundance of the fairly com-
mon element lead. 

Table 3. Abundance of elements in igneous 
rocks of the crust of the earth 

Atomic Abundance Atomic Abundance 
Symbol number (g/metric ton) Symbol number (g/metric ton) 

Sc 21 5 Be 4 6 
Y 39 28.1 B 5 3 
La 57 18.3 N 7 46.3 
Ce 58 46.1 Co 27 23 
Pr 59 5.5 Cu 29 70 
Nd 60 23.9 Ga 31 15 
Pm 61 0 Ge 32 7 
Sm 62 6.5 As 33 5 
Eu 63 1.06 Br 35 1.6 
Gd 64 6.4 Mo 42 2.5-15 
Tb 65 0.9 Ag 47 0.1 
Dy 66 4.5 Cd 48 0.2 
Ho 67 1.2 Sn 50 40 
Er 68 2.5 Sb 51 I 
Tm 69 0.2 I 53 0.1 
Yb 70 2.7 Pb 82 16 
Lu 71 0.8 Bi 83 0.2 

Source: Rhone-Poulence, Inc., Chemical Division, Rare Earths 
Discovery and Commercial Separation, 1980. 

The rare-earth group of metals,1 also called the lanthanide elements, comprises IS ele-
ments having atomic numbers 57 through 71. These are lanthanum (La), cerium (Ce), 
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium 
(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thu-
lium (Tm), ytterbium (Yb), and lutetium (Lu). One of these, promethium, is best known 
as an artificially produced element, although its occurrence in minute trace amounts in 
natural materials has been reported. In addition to the lanthanides, yttrium (Y), with 
atomic number 39, is generally classed with the rare earths because of its chemical similar-
ities and geochemical affinities. The rare-earth group is divided into the cerium subgroup, 
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or "light" rare earths, which consists of the first seven lanthanide elements listed (lantha-
num through europium), and the yttrium subgroup, or "heavy" rare earths, which consists 
of yttrium and the last eight lanthanide elements listed (gadolinium through lutetium). 

The similar atomic structure of the rare-earth elements is reflected not only in their 
chemical and physical properties, but also in their close geochemical association in nature. 

The rare earths have a marked geochemical affinity for fluorine, calcium, titanium, 
niobium, zirconium, and the phosphate and carbonate ions. From an economic viewpoint, 
the most important are the carbonates and the phosphates. 

The three most significant commercial fluorocarbonate deposits are located at Moun-
tain Pass, California, Palabora in South Africa, and Paotou, inner Mongolia in the Peoples 
Republic of China. The Mountain Pass deposit currently supplies almost 100% of the Free 
World's bastnasite. The rare-earth components2 of bastnasite are included in Table 4. The 
major domestic source of rare earths, bastnasite, is concentrated by a floatation process 
which is followed by calcining. Then hydrochloric acid is used to solubilize most of the 
trivalent rare earths including gadolinium. All residue, which is recovered by filtration, 

Table 4. Rare-earth and yttrium contents 
of major source materials 

(Values are percent of total rare-earth oxide.) 

Bastnasite Monazite Xenotime 
(California) (Australia) (Malaysia) 

La203 32.0 23.0 0.5 
Ce02 49.0 45.5 5.0 
Pr«On 4.4 5.0 0.7 
Nd203 13.5 18.0 2.2 
Sm203 0.5 3.5 1.9 
Eu203 0.1 0.1 0.2 
Gd203 0.3 1.8 4.0 
Tb407 1.0 
Dy203 8.7 
Ho203 2.1 
Er203 0.1 1.0 5.4 
Tm2Oj 0.9 
Yb203 6.2 
Lu203 0.4 
Y 2 O 3 0.1 2.1 60.8 
Total 100.0 100.0 100.0 

Source: J. W. Adams and M. H. Staatz, 
Rare-Earth Elements, U.S. Mineral Resources, 
Geological Survey Professional Paper 820, 1973. 
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contains the tetravalent compounds of bastnasite, including 65 to 80% of cerium oxide. 
Individual rare earths, including gadolinium, are separated from each other by solvent 
extraction and ion exchange processes. 

The two major phosphate ores are monazite and xenotime, the former being a source 
of light lanthanides and the latter a source of the heavy rare earths. The principal foreign 
countries with deposits include Australia, Brazil, India, Malaysia, and the U.S.S.R. The 
major components2 of these ores are also shown in Table 4. For recovering rare earths 
from monazite,2 the finely ground monazite is mixed with a concentrated sodium hydrox-
ide solution and maintained at 140 to 150°C for a few hours. Water is then added and 
after settling, the rare earths' hydroxides and thorium are recovered by filtration. The vari-
ous rare earths are separated from each other by liquid-liquid extraction. 

The rare earths also occur in many other minerals and are recoverable3 as by-products 
from apatite (phosphate rock) during fertilizer manufacture and from spent uranium leach 
solutions. 

A listing of world mine production and reserve base from 1982 data3 is shown in 
Table 1. The table shows that the United States has the world's second largest reserve of 

- rare-earth deposits, second only to China. 
In 1982, the latest year for which published statistics are available, rare-earth 

minerals were shown to be recovered domestically by two companies in two 
states—bastnasite in California and monazite in Florida. Bastnasite is mined exclusively 
for itself, whereas monazite is a by-product of mineral sands mining. Thorium and yttrium 
are coproducts in processing monazite. The Unites States is the world's principal producer 
and consumer of rare earths and is a major exporter of rare-earth products. Rare-earth 
compounds, metals, and alloys are produced mainly by 13 companies located throughout 
the United States. 

4. PRODUCTION AND USE OF RARE EARTHS 

4.1 Rare-Earth Utilization 

There are many uses of rare earths and yttrium.4 Only a few of the uses, however, are 
volume consumers of rare earths; most consume small amounts. Some of the current 
important uses of rare earths in the United States are described to give the reader an 
impression of the kind of industries that may be competing for rare-earth supplies in the 
future. 

Mixtures of lanthanum, neodymium, and praseodymium chlorides have largely 
replaced the use of the natural mixed elements in the production of catalysts for petroleum 
refining. Rare-earth chlorides also are used as catalysts to recover chlorine from by-
product hydrochloric acid. Rare-earth phosphate, composed of either lanthanum or 
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cerium, is used as a catalyst to produce creosol and xylenol. Cerium is an effective catalyst 
component in hydrocarbon oxygenation reactions, such as in self-cleaning ovens, as well as 
in a high-activity catalyst for ammonia synthesis. 

Cerium and mixed rare-earth-oxide powders are used extensively in polishing eye-
glasses, camera and instrument lenses, television face plates, mirrors, and plate glass, 
although its use in polishing plate glass has been reduced by the introduction of the Pilk-
ington float-glass process. 

Of increasing importance in the glass industry is the use of certain rare-earth elements 
as ingredients in the glass. For example, cerium oxide is used as a glass decolorizer; neo-
dymium oxide absorbs ultraviolet light; and cerium oxide in glass inhibits food spoilage in 
transparent containers. Lanthanum oxide is sometimes a component in the glass used in 
fiber optics. 

Cerium oxide also prevents discoloration due to radiation in television tube glass and 
is used in windows for hot cells. In optical uses, especially in certain borosilicate or borate 
camera lenses, lanthanum oxide increases the refractive index and decreases dispersion. 

A ceramic material containing 90% yttrium oxide and 10% thorium oxide is used for 
windows for high-temperature furnaces, microscope lenses for the study of molten materi-
als, and high-intensity incandescent and discharge lamps. Crucibles composed of yttrium 
oxide are used for vacuum and inert gas melting of reactive metals, such as titanium. 
Yttrium oxide stabilizes zirconia and forms one of the best high-temperature, high-
strength, and thermal-shock-resistant refractory compositions, which is stable under many 
conditions of oxidation and reduction at elevated temperatures. 

Yttrium-iron garnets and gadolinium-iron garnets are widely used as ferrite materials 
in microwave applications. These garnets can be operated in low magnetic fields in the 
lower microwave frequencies. Lanthanum and neodymium are used individually in capaci-
tors; the oxides of the two elements alter the temperature-compensating, dielectric, and 
permeability properties of the various barium titanate ceramic compositions for capacitors. 

Yttrium-aluminum garnets are used as simulated diamonds and as host crystals for 
lasers. Neodymium-doped crystal lasers produce short-wavelength laser beams that are 
useful in cutting and scribing semiconductors and for drilling and welding. Erbium- and 
holmium-doped crystal lasers are used in eye operations. Neodymium-doped glasses are 
also used as lasers, and currently, they are being evaluated as energy sources in laser-
fusion research. Gadolinium-gallium garnets in thin film, magnetic bubble memory systems 
are used in communication and computer systems. 

Another important application of rare-earth elements is the use of europium oxide in 
phosphors for color television picture tubes. In combination with yttrium oxide, yttrium 
oxysulfide or yttrium orthovanadate, a superior red color is provided. Fluorescent lamps 
containing europium in combination with yttrium oxide and strontium chlorapatite emit a 
white light made up of three narrow spectral bands, which results in a greater perceived 
brightness than that of the fluorescent lamps currently in use. Terbium-activated gado-
linium or lanthanum oxysulfide phosphors are used to intensify X-ray images. 
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When rare earths, in the form of mischmetal or rare-earth silicide, are added to steels 
in amounts of up to 3 lb rare-earth metal equivalent per ton of steel, the physical and roll-
ing properties of the steel are improved. This use was stimulated by the need for large-
diameter pipe for the transportation of petroleum products in hostile environments, such as 
those found in Arctic regions or offshore areas. In addition to pipeline steels, rare-earth-
treated, high-strength, low-alloy steels are being used increasingly in the automobile indus-
try as structural components and in lighter weight sheet applications. 

Rare earths are also used in the production of ductile cast iron to modularize precipi-
tated carbon and to increase tensile strength. This use is growing owing to demand for 
ductile iron pipe for water transmission systems and for quality castings required by the 
automotive and farm equipment industries. In the production of superalloys, rare earths 
react with sulfur and oxygen to control inclusions. 

Mischmetal is alloyed with iron to impart strength, hardness, and brittleness for pro-
ducing ferrocerium lighter flints. The addition of neodymium and yttrium hardens mag-
nesium alloys, and the addition of rare-earth elements improves maguesium-zinc alloys. 
Yttrium promotes workability and acts as a grain refiner in chromium alloys and improves 
resistance to oxidation of iron-nickel-chromium alloys at elevated temperatures, such as 
those found in jet engines. 

Rare-earth metals such as cerium, praseodymium, samarium, and mischmetal are 
used in permanent-magnet materials because they can be fabricated easily by powder 
metallurgical methods and can be packed densely. These magnets, which are two to three 
times stronger than other magnets, are used in electric wristwatches, tachometers, traveling 
wave tubes, line printers, and electric motors and generators. 

4.2 Rare-Earth Production 

For the year 1982 rare-earth industrial consumption3 was estimated as follows: 
petroleum catalysts, 43%; metallurgical (including pyrophoric alloys), 34%; ceramic and 
glass, 21%; and other (electrical, arc carbons, nuclear, phosphors, permanent magnets, and 
research), 2%. Small quantities of expensive, high-purity europium, terbium, and gado-
linium compounds were used in electronics, color television tube phosphors, and X-ray 
screen intensifiers. Some statistics on rare-earth-oxide concentrate production, export, and 
import in the United States are shown in Table 5. 

A 1980 projection of future demands for rare-earth oxides is shown in Table 6. These 
demands, when compared to the reserves shown in Table 1, indicate that U.S. consumption 
through the remainder of this century is likely to absorb only about one-sixth of the 
estimated reserves of rare-earth oxides contained in domestic bastnasite without depen-
dence on by-product or coproduct minerals from other sources. 
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Table 5. Rare-earth-oxide production in the United States 
from 1978 to 1982 

(Values are short tons of rare-earth-oxide content.) 

Year 
1978 1979 1980 1981 1982" 

Production of rare-earth concentrates6 15,595 18,205 17,622 18,830 18,500 
Imports for consumption 

Monazite' 4,241 3,812 3,121 4,528 4,300 
Metal, alloys, oxides, and compounds 1,766 1,107 1,790 1,798 2,300 

Exports 
Ore and concentrates" 6,452 4,777 5,226 5,573 3,000 
Ferrocerium and pyrophoric alloys" 17 37 15 10 30 
Other metals, alloys, oxides, 

and compounds NA NA NA NA NA 
Shipments from government stockpile excesses 2,521 1,213 1,386 884 400 
Apparent consumption" 17,400 16,600 20,000 22,100 21,500 

"Estimated. 
^Includes only bastnasite concentrate production. Monazite production in the United States 

(Greencove Springs, Florida) amounts to only 600 to 700 tons/year. 
'For 1978 to 1981, 89% of the monazite was imported from Australia, 8% from Malaysia, 

and 3% from Thailand. 
Source: Bureau of Mines, U.S. Department of the Interior, Mineral Commodities Sum-

maries, 1983, An Up-to-Date Summary of 86 Nonfuel Mineral Commodities. 

Table 6. Summary of forecast demand of U.S. and rest-of-world 
rare-earth elements (including yttrium) 

(Values are short tons of rare-earth oxides and Y203 .) 

Year 2000 
forecast range Probable 

Year 
1978 Low High 1990 2000 

Probable 
average annual 

growth rate 
1978-2000 (%) 

United States 
Annual demand 8,500 33,000 83,000 34,000 57,000 5.25 
Cumulative 557,000 977,000 314,000 772,000 

Rest of world 
Annual demand 13,000 35,000 72,000 31,000 63,000 7.45 
Cumulative 499,000 789,000 257,000 724,000 

World 
Annual demand 31,500 68,000 155,000 65,000 120,000 6.25 
Cumulative 1,056,000 1,766,000 571,000 1,496,000 

Source: Bureau of Mines, U.S. Department of the Interior, Mineral Facts and Problems, 
1980 Edition. 
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4.3 Rare-Earth-Oxide Pricea 

The prices4-6 of the mix of rare-earth oxides which are extracted from the two major 
rare-earth-bearing ores, bastnasite and monazite, are shown in Fig. 3 for the time period 
since 1958. The price of monazite, in constant dollars, has generally been declining during 
the last 20 years. Most of this material used in the United States originates in Australia, 
and the change in price, particularly the decline since 1980, reflects the increasing value of 
the U.S. dollar relative to the Australian pound. Increasingly stringent requirements for 
waste disposal have also depressed the price of monazite since it contains radioactive tho-
rium. In some parts of the world, (e.g., Japan) processing of monazite has virtually ceased 
because disposal of the associated radioactive wastes is very expensive. 

The price of rare-earth oxide from bastnasite, on the other hand, shows a gradual ris-
ing trend over the last 20 years. However, this time interval also includes some intermittent 
periods of price decline. Roughly 80% of the rare-earth oxide processed in the United 
States comes from bastnasite, and thus (Fig. 3) it appears that the ore-cost component 
imbedded in the domestic gadolinium price increased gradually (about 1% per year on the 
average) since 1958. 
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5. FUTURE MARKETS IN GADOLINIUM 

5.1. Projected Domestic Gadolinium Supply 

As noted earlier, gadolinium oxide represents less than 2% of the rare-earth oxide 
found in bastnasite and monazite. Major uses include mixtures of lanthanum, neodymium, 
and praseodymium and of cerium and yttrium. There are uses for the remaining rare 
earths too. Rare-earth-oxide production rates are thus determined by the composite 
demand for ths individual rare earths and for certain rare-earth mixtures such as those 
just mentioned. 

A crude projection of future gadolinium supply was developed in order to assess the 
impact of a new demand for gadolinium in nuclear fuel reprocessing. It was assumed that 
the composite demand for rare earths determines the annual production of rare-earth 
oxides, and that gadolinium supply is constrained by the amount of gadolinium present in 
those oxides. It was further assumed that the average growth rates in rare-earth production 
shown in Table 5 would hold through the year 2020. (The growth rate of 5.25% per year 
shown in Table 6 for the U.S. demand was judged reasonable by salts personnel of one 
major U.S. supplier.) It was also postulated that the 6.25% per year growth rate for world 
demand of rare-earth oxide would persist through the year 2020. 

Results are shown in Table 2. The potential production of gadolinium oxide shown in 
the table was inferred from the gadolinium oxide content of the projected annual rare-
earth-oxide yields. 

In the years from 2010 to 2020 (a time period when operation of a commercial-scale 
fuel reprocessing plant may become needed), the annual domestic supply of gadolinium 
oxide may increase from about 280 tons to 480 tons. As will be seen later, these are quite 
substantial amounts relative to the quantity of oxide required by a reprocessing plant sized 
for the U.S. fast reactor market that may prevail in the first quarter of the 21st century. 

5.2 Future Gadolinium Costs 

The current price for 99.99% pure gadolinium oxide lies in the range $50/lb to $65/lb 
(1984 dollars). The price is about 10% lower for material only 99.9% pure. The discussion 
of rare-earth-oxide costs in Sect. 4.3 of this report concluded that the raw-material cost 
component of gadolinium had risen at a quite moderate rate (in constant dollars) since 
1958. Furthermore, it was also shown that rare-earth production is sustained by demand 
for the more prevalent elements such as lanthanum, cerium, and neodymium, which consti-
tute over 90% of the rare earths found in bastnasite. The materials from which gadolinium 
is recovered are therefore actually by-products from the rare-earths' production stream, 
and their cost is a minor consideration. The overriding expense then is the processing 
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required to convert the by-product gadolinium-bearing material into high-purity gado-
linium oxide or nitrate. This involves primarily solvent extraction and ion-exchange tech-
niques, and it was concluded that fairly conventional chemical processing represents most 
of the cost of producing high-purity gadolinium. This view was confirmed by informal dis-
cussions with two major U.S. suppliers. 

On this premise, a crude estimate of future prices for gadolinium compounds was 
obtained by assuming that gadolinium price trends would follow historic price trends of 
industrial chemicals in the United States. 

Data for chemicals and allied products were obtained from a listing of producer price 
indexes for industrial commoditi s given in ref. 7. These data showed a price u crease of 
191% over the time span from 1967 to 1983, expressed in then current dollars. General in-
flation, on the other hand, as expressed in terms of the index of the implicit price >' vflator 
for gross nation product (refs. 8 and 9) increased by only 171% over the same time span. 
Thus, on a compounded annual basis, the price of industrial chemicals and allied products 
rose at about a 0.4% greater rate than general inflation. This rate was applied to project 
future gadolinium prices. The cost trends shown in Fig. 1 indicate a price range from 
$60/lb to $75/lb (1984 dollars) in the year 2020. In using these costs in future analyses it 
should be recalled that market demand can have a significant impact on product price, and 
while the projection shown reflects these variations as extrapolation of the 1974 to 1984 
period, actual future price variations brought about by varying demand may be greater 
than shown. This is particularly true for costs further out in the future, for instance after 
the year 1990. 

6. GADOLINIUM REQUIREMENTS FOR FAST REACTOR 
FUEL REPROCESSING 

6.1 Gadolinium Demand Projections 

Studies performed under the Nonproliferation Alternative Systems Assessment 
Program10 reported in 1980 were used as a basis for estimating the quantities of gado-
linium that might be required for nuclear fuel reprocessing in the early decades of the next 
century. This particular information source was chosen not because it is necessarily more 
credible than other projections on the future of nuclear power, but rather it was selected to 
provide a range of spent reactor fuel throughputs that can be used to gauge the adequacy 
of future gadolinium supplies. For a moderately paced fast reactor development and 
deployment (RD&D) strategy, ref. 10 postulates the fast reactor market shown in column 
3 of Table 7. A total of 11 GW of installed capacity is shown for the year 2020. This is 
equivalent to about nine reactors of 1200-MW(e) capacity each. With annual refueling, 
about 48 SO lb of plutonium per reactor would be processed for a total of about 44,000 lb 
of plutonium in the year 2020. It has been estimated that a gadolinium-to-plutonium ratio 
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Table 7. Potential size of the U.S. liquid-metal 
fast reactor market 

(Values are gigawatts of operating capacity; 50% 
market share, nominal deployment rate.) 

Risk-balanced Accelerated 
5-year RD&D scenario RD&D scenario 
pcnuu 
ending 5-year 5-year 
in year additions Cumulative additions Cumulative 

2000 0 0 1 1 
2005 1 1 0 1 
2010 0 1 3 4 
2015 1 2 9 13 
2020 9 11 31 44 

Source: U.S. Department of Energy, Nuclear Prolifera-
tion and Civilian Nuclear Power, vol. IV, Commercial Poten-
tial, DOE/NE-OOOl/4, June 1980. 

of about 1:10 (by weight) would be required to prevent criticality during dissolution repro-
cessing of plutonium-bearing fast reactor fuel. Accordingly, about 4400 lb of gadolinium 
would be required annually for reprocessing fuel discharged by the fast reactor population 
cited earlier for the year 2020. 

The actual amount needed might be a little more in order to allow for losses during 
reprocessing plant start-ups, shutdowns, and other operating transients. A 20% allowance 
for losses would then increase the annual gadolinium requirement to 5300 lb in the year 
2020. 

Under an accelerated R D & D scenario, 44 GW of capacity would be installed by the 
year 2020, and the annual gadolinium requirement would then amount to about 21,000 lb. 

The annual amount of 21,000 lb of gadolinium is equivalent to about 25,000 lb of 
gadolinium oxide. This in turn amounts to 2.5% of the potential gadolinium oxide supply 
for the year 2020. 

For the slower paced risk-balanced deployment shown in Table 7, the required gad-
olinium represents less than 1% of the projected supply. The annual gadolinium oxide 
requirements for both scenarios are depicted in Fig. 2. 

6.2 Prospects for Gadolinium Supply 

The potential incremental gadolinium demand for fast reactor fuel reprocessing 
through the year 2020 represents a very small fraction (0.6 to 2.5%) of gadolinium supply. 
It appears therefore that the use of gadolinium for fast reactor fuel reprocessing would 
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have little impact on gadolinium availability through the year 2020. As shown earlier, the 
resource base for the rare-earth ores from which gadolinium is recovered is very substan-
tial, relative to consumption, and thus the prospects for obtaining the needed gadolinium at 
reasonable prices are good. This view was borne out in discussions with two major sup-
pliers of rare earths. They too pointed out that the production rate of rare earths is deter-
mined by the composite demands for the various rare earths. For example, in the case of 
bastnasite, one of the major demands is for what is called lanthanum concentrate, which 
includes about 65% lanthanum, 21% neodymium, and 10% cerium. This represents about 
95% of the rare-earth oxides recovered from the ore. This material, it will be recalled, is 
used as catalyst for petroleum refining. Somewhat under one-half of the rare-earth-oxide 
output is sold for that purpose. Cerium concentrate, which also includes neodymium, is 
another major product. Gadolinium oxide, on the other hand, amounts to only about 0.3% 
of the bastnasite. Furthermore, in recent years the demand for gadolinium has fallen short 
of the amount available in the by-products left over from the production of the more dom-
inant rare-earth products. At the present time the Molycorp Corporation, the main sup-
plier of domestic rare earths, has been purifying less than one-half of the gadolinium in 
their product stream because of insufficient demand. It was Molycorp's opinion that an 
additional 25 tons/year of high-purity gadolinium oxide or nitrate could be supplied 
readily for the foreseeable future. 

Rhone-Poulenc, Inc., a major processor of rare-earth ores, lists2 an annual production 
potential of 5000 tons of rare-earth oxide and 85 tons of gadolinium oxide for their plant 
in La Rochelle, France, in 1980. That capacity is being doubled to about 10,000 
tons/year of rare-earth oxide and 170 tons/year of gadolinium oxide, including a facility 
for the initial separation of rare earths that has been completed in Freeport, Texas. Discus-
sions with Rhone-Poulenc indicated that the market demand for gadolinium in 1984 was 
less than one-half of production capacity and that sizable quantities of gadolinium-bearing 
by-product material are being accumulated. This suggests that at the present time, more 
than 85 tons of additional gadolinium oxide could be produced annually by just one major 
supplier. 

7. ECONOMIC FEASIBILITY OF GADOLINIUM RECYCLE 

7.1 Approach 

An earlier study program11-13 provided an overall assessment of the feasibility and 
incentives for operating the nuclear fuel cycle so that the most troublesome long-lived con-
stituents of radioactive wastes are partitioned and transmuted. The purpose of that fuel 
cycle modification was to reduce the amounts of certain long-lived, radiotoxic species nor-
mally present in radioactive wastes and converting them to shorter-lived or less-toxic 
species. One key element of the proposed processing was the coextraction of the trivalent 
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actinides along with the rare earths from the waste streams of a nuclear fuel reprocessing 
plant. 

The significant rare earths found in reprocessing wastes include Y, La, Ce, Pm, Nd, 
Sm, Eu, and Gd. The gadolinium will be present as a fission product, and it may also 
appear as a neutron poison added to prevent criticality during fuel reprocessing. It is, of 
course, the recovery of the latter gadolinium species with which this discussion is particu-
larly concerned. 

A further key element of the earlier study was the separation of the rare earths from 
the actinides using cation exchange chromatography (CEC). Thus the earlier concept11-13 

included the major processes that might be used to recover gadolinium from the waste 
stream of a nuclear fuel reprocessing plant handling 7.3 short tons of 1 Javy metal per day. 
These earlier separation schemes are not necessarily the only feasible ones. However, thev 
are the result of an extensive three-year study by ORNL and ten other research organiza-
tions which tried to select the most feasible and cost-effective methods for separating the 
actinides and rare earths from nuclear fuel reprocessing wastes. Thus it is believed that 
adaptation of the earlier study's flowsheets and cost data to gadolinium recovery yields 
reasonably realistic separation processes and cost information. 

Rough estimates performed early in this study suggested that the cost of recovering 
gadolinium might be significantly higher than the cost of fresh gadolinium. In view of this 
possibility, it was concluded that the economic attractiveness of gadolinium recovery might 
be evaluated without knowledge of the costs for all the steps in the recovery process. This 
approach is advantageous for the present study since some of the chemical processing steps 
needed for gadolinium recovery are beyond the scope of the flowsheets shown in refs. 11 
through 13 for partitioning and transmutation. Thus, recovery costs were based on an 
abbreviated "bare-bones" process that yielded minimum conceivable costs for gadolinium 
recovery. The bare-bonus costs will lie somewhat below the actual cost of a complete pro-
cess since some steps have been left out of the bare-bones scheme. A further influence 
leading to an underestimate of gadolinium recovery cost was the assumption that the ear-
lier processes that had been designed for light water reactor (LWR) fuels could handle an 
equal throughput of heavy metal derived from fast reactor fuel. This overestimates the fast 
reactor fuel that could be handled by a fuel reprocessing plant designed for thermal reac-
tor fuel since the fast reactor fuel would require additional measures to prevent criticality 
in the process. In turn, the overestimate of plant throughput will of course provide a 
further bias toward underestimating the cost of gadolinium recovery. Nevertheless, if the 
bare-bones recovery process proves uneconomic, it will be logical to conclude that a real 
recovery process would be even more uneconomic. 

7.2 Description of the Gadolinium Recovery Process 

A simplified flowsheet, Fig. 4, taken from ref. 11 shows the major processing steps for 
separating, or partitioning, the actinides and lanthanides (rare earths, including gadol-
inium) from the wastes of a fuel reprocessing plant (FRP) and a fuel fabrication plant 
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(FFP). The concepts developed in the actinide partitioning program were for pressurized 
water reactor (PWR) fuel. The reprocessing rate12 was 7.3 short tons of heavy metal per 
day, composed of one-third spent recycle mixed-oxide (MOX) fuel and two-thirds U0 2 . 
Practically all gadolinium added to prevent criticality during reprocessing was discharged 
in the high-level liquid waste (HLLW) stream of the fuel reprocessing plant, amounting to 
about 130 lb/d (Table 2.1 of ref. 12). The HLLW from a reprocessing plant handling fuel 
from a liquid-metal cooled fast reactor would contain considerably more neutron poison 
since the fast reactor fuel would contain a much higher concentration of fissile material, 
primarily plutonium, than does the PWR fuel. The quantity of plutonium in the spent fuel 
from a liquid-metal cooled fast reactor amounts to about 30% of the heavy metal. Thus the 
total amount of plutonium entering a plant handling 7.3 short tons of heavy metal per day 
(from liquid-metal cooled fast reactors) amounts to 4400 lb/d. The ratio of plutonium to 
gadolinium neutron poison has been estimated at about 10:1 by weight in the dissolver 
solution, and the gadolinium requirement therefore amounts to about 440 Ib/d. This quan-
tity is over three times as much as the 130 lb/d of gadolinium shown in the flowsheet12 for 
partitioning PWR fuel. The cost of process equipment and operating expenses for separat-
ing up to 440 lb/d of gadolinium will be higher than was estimated for the 130-lb/d 
throughput associated with PWR fuel. However, consistent with the concept of a simplified 
"bare-bones" process, the above-mentioned incremental expense was excluded from the cost 
of gadolinium recovery. 

It was assumed that the reprocessing plant would use the Purex process. The wastes 
from that plant include HLLW, cladding hulls, dissolver solids, shredded filter waste, 
incineration ashes, and Purex carbonate scrubs. Since nearly all of the gadolinium used to 
control criticality in the plant leaves that facility via the HLLW stream, gadolinium 
recovery would be applied only to the latter stream. The followinging process is adapted 
from ref. 13. 

7.2.1 HLLW treatment and CMP recycle 

This functional area of the fuel reprocessing plant waste treatment facility receives the 
Purex HLLW. The actinides and lanthanides (including gadolinium) in the HLLW stream 
are quantitatively extracted (>99.99% recovery) with dihexyI-iV,TV-diethyl carbamyl-
methylene phosphonate (CMP) extractant. 

The extraction is made from 3.5 M nitric acid, and the extracted actinides are 
scrubbed with 4 M nitric acid-0.05 M oxalic acid (extraction/scrub column 1 and strip 
column 2). In strip column 1 the strip solution is 0.05 M HNO3 and 0.05 M hydroxyla-
mine nitrate. Most of the actinides, lanthanides, and residual fission products, including 
zirconium, are stripped into this aqueous solution. In strip column 2 the strip solution is 
0.05 M H N O 3 and 0.05 M oxalic acid. This solution strips the remaining metal ions, 
including uranium, from the CMP. 
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The aqueous solution from strip column 2 goes to a concentrator where hydrogen 
peroxide is added to destroy the oxalic acid before the concentrated solution is combined 
with the strip column 2 solutions. The combined solutions are mixed with formic acid to 
partially denitrate the solution before it passes into a second concentrator. The concen-
trated product solution containing actinides, lanthanides, and nitric acid is routed to the 
CEC area. 

The spent CMP extractant that egresses the strip column 2 goes to carbonate contact 
and recycle. This consists of batch carbonate contact, carbonate column contact, filtration, 
and nitric acid equilibration. 

The process equipment for the extraction, stripping, and concentration of the actinides 
is all designed for remote maintenance. The process equipment for the CMP recycle is 
designed for maintenance by decomtamination and personnel entry. The equipment pieces 
are all of type 304L stainless steel. 

7.2.2 CEC and product concentration 

The aqueous actinide streams produced in the HLLW treatment area are the feed 
solutions for this functional area. The effluent streams include (1) spent CEC resin that is 
routed to the fuel reprocessing plant for incineration and (2) CEC acid strip solution con-
taining fission products and lanthanides, including stable gadolinium introduced as neutron 
poison, that is routed to high-level evaporation and ultimately returns to the reprocessing 
plant via the HLLW stream. 

The process equipment is designed for remote maintenance. The product feed tank, 
product concentrator, and product tanks require titanium or titanium-clad stainless steel 
construction. The remainder of the process equipment is designed for type 304L stainless 
steel construction. 

The CEC process is pressurized, displacement chromatography that yields a pure 
actinide product. The ion-exchange column feed is supplied under pressure (900 psi). The 
high pressure alleviates gas bubble disruption of the resin bed (gas produced radiolytically) 
and provides a pressure differential across the resin bed. The required flow rates require a 
large pressure differential across the resin bed loaded with 30-/im-diam resin. The 
throughput volume meets production requirements and also provides internal cooling for 
the radiolytically heated, loaded resin. The process utilizes displacement development to 
bring about a separation between the trivalent actinides and lanthanides. The resin is first 
loaded with a cation barrier ion ( Z n 2 + ) which has a greater affinity for the complexing 
agent diethylenetriaminepentaacetic acid (DTPA) than the ions to be separated. The ions 
to be separated are loaded onto the zinc form of the resin. This is followed by elution with 
DTPA. The feed cations are moved through the columns in bands which become progres-
sively pure and distinct. 
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7.2.3 Gadolinium separation from the CEC acid strip 

If the recovered gadolinium is to be used interchangeably with fresh gadolinium in the 
makeup-feed area of the FRP, then the gadolinium needs to be separated from the fission 
products and other materials that are carried by the CEC acid strip. The makeup-feed 
area in some fuel reprocessing plants may be clean from the viewpoint of radioactivity, and 
thus the recycled gadolinium may require decontamination. The presence in the gado-
linium of other lanthanides with only very minor quantities of radioactivity may be accept-
able from the viewpoint of criticality control. 

Fairly extensive liquid processing would be required to recover and decontaminate the 
gadolinium from the acid strip emerging from the CEC process. However, consistent with 
the "bare-bones" model used to project gadolinium recovery costs, the cost of removing and 
decontaminating the gadolinium from the CEC acid strip was not accounted for. 

7.3 Cost Estimates 

7.3.1 Capital investment costs 

The costs of the equipment needed to recover gadolinium were adapted from an 
earlier study.13 These estimates (Table 8) are based on preconceptual designs that provide 
the processing capabilities and capacities documented in material balance process 
flowsheets prepared by ORNL's Chemical Technology Division. 

The process buildings were assumed to be first-of-a-kind facilities which include pro-
cess operations that have not advanced beyond laboratory test and evaluation. Therefore 
considerable engineering judgment was exercised in the selection and sizing of the equip-
ment. 

Table 8. Capital cost estimate breakdown by process for 
'bare-bones" gadolinium recovery 

(Values are millions of 1984 dollars.) 

Facility 
Process and associated cost at Equipment Total 

work area $26,600/ft2 cost cost 

Cation exchange chromatography (10,440 ft2) 278 17 295 
High-level CMP extraction (5180 ft2) 138 14 152 
HLLW CMP recycle (2220 ft2) 59 7 66 
Nitric acid recovery (4300 ft2) 114 19 133 
Total (22,140 ft2) 589 57 646 

Source: A. E. Smith and D. F. Davis, Actinide Partitioning-Transmutation 
Program Final Report. V. Preconceptual Designs and Costs of Partitioning Facili-
ties and Shipping Casks (Summary Report), ORNL/TM-6985, June 1980. 
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7.3.2 Operating costs 

The annual operating costs for the gadolinium recovery facility, adapted from ref. 13, 
include process chemicals, utilities, labor, replacement equipment, insurance, property 
taxes, and Nuclear Regulatory Commission (NRC) license and inspection costs. 

The process chemicals amount to $20,910,000 per year as shown in Table 9. The util-
ity costs for steam, water, compressed air, inert gas, and electricity are estimated at 

Table 9. Estimated annual process chemical costs 
for "bare-bones" gadolinium recovery 

Use Cost" 
Item (short tons/year) ($) . 

Cation exchange resin 
(Dowex 50W-X8, dry basis) 320 10,000,000 

DTPA (H+-form, dry basis) 190 1,100,000 
Zn(N03)2 (dry basis) 130 150,000 
HN03 (60 wt %) 2800 400,000 
CMP (80 wt %) 70 9,000,000 
HCOOH (30 wt %) 1400 250,000 
Total 20,900,000 

aIn 1984 dollars. 

$5,000,000 per year. A breakdown of utility requirements for the major processes was not 
given in ref. 13, and the above value was derived by assuming that the annual utility cost 
for each process was proportional to the total facility and equipment cost of the process. 

An annual labor cost of $7,000,000 per year for an 180-employee staff was derived 
similarly. The equipment replacement cost was taken as 5% of the original equipment cost, 
amounting to $3,000,000 per year. Property taxes and insurance were assumed at 3% of 
the original equipment and total facility costs shown in Table 8, amounting to $19,000,000 
per year. The annual N R C license and inspection cost was taken as $200,000 per year. 
The operating costs are summarized in Table 10. 

Table 10. Annual operating costs 
(Values are 1984 dollars.) 

Process chemicals 20,900,000 
Utilities (steam, electricity, etc.) 5,000,000 
Labor (180 person-years) 7,000,000 
Equipment replacement 3,000,000 
Insurance and property taxes 19,000,000 
NRC license and inspection costs 200,000 
Total 55,100,000 
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7.4 Economic Analysis Procedure 

The basic approach used in the economic analysis was to combine the capital and 
operating costs with chemical costs using discounted cash flow procedures to obtain level-
ized cost per unit weight of recovered gadolinium. The cost of recovery therefore incor-
porates all the expenses (capital, utilities, operation, and maintenance) that go into the 
recovery of gadolinium, including taxes and return on investment. 

The price of recovered gadolinium must be adequate over the life of the recovery 
operation to pay all expenses, taxes, and return on outstanding investment, and to pay back 
the investment by the end of the project life. This will occur if the sum of the present 
worths of revenues is equal to the sum of the present worths of the revenue requirements, 
or 

Pifin ( j ) 
project ( i + ay* project ( i + r f y 

life life 

where 

Pn = price in year n, 
G„ = gadolinium produced in year n, 
d = average cost of money, 
RR„ = revenue requirements in year n, including return on capital, depreciation, 

operations and maintenance, utilities, and taxes. 

For convenience, a constant dollar levelized price was found, Pq. This is an equivalent 
price in dollars of a given reference year's purchasing power. The price in any given year is 
assumed to vary with the rate of inflation; thus for a constant inflation rate, 

P„=PoO+Om, (2) 

where 

P0 = price in the reference years dollars (1984), 
m = number of years between year n and reference year c. 

The constant dollar levelized price, P0, is related to the price P„ in that the present value 
of the revenues produced by each set of prices are identical. Thus, 
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project 
life 

PoO + t y 

(1 + d)" project 
life 

PnGn 

(1 + d)n (3 ) 

In the current work a constant dollar analysis is used and all results are expressed in 
dollars of 1984 purchasing power. This is done to provide direct comparisons to recent 
price levels of gadolinium. 

7.5 Estimated Cost of Recycled Gadolinium 

A tabulation of the ground rules14 used in the economic analysis is given in Table 11. 
The start of operation is taken as year 2005 with a 20-year project life. It is assumed that 
the average inflation rate through 2025 as measured by the GNP deflator will be 6% per 
year. This is consistent with recent experience and implies a return to a somewhat more 
stable economy. The calculations were performed on an Apple II Plus computer using 
L. C. Fuller's (ORNL) computer programs CAPCOST, FCRATE, and LEVEL, which 
are described in ref. 15. 

Table 11. Economic ground rules 

Start of operation, year 2005 
Life of project, years 20 
Escalation rate of capital costs, %/year 7 
Inflation rate, %/year 6 
Interest on debt, % 10 
Return on equity, % 18 
Debt/equity ratio 30/70 
Effective income tax rate, % 48.16 
Property tax rate, % 2 
Cost recovery scheme ACRS," 10 year property 
Property taxes plus insurance, % 3.0 
Investment tax credit (ITC), % 8 
Fraction of capital applicable for ITC 0.8 

"Accelerated Cost Recovery System as allowed by the 
Economic Recovery Tax Act of 1981. 

Source: J. G. Delene, H. I. Bowers, and M. O. Myers, Nuclear 
Energy Cost Data Base—1984, A Reference Data Base for Nuclear 
and Coal-Fired Power Generation Cost Analysis, Draft, August 
1984. 
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The capital investment cost component for recovering gadolinium amounted to 
$1400/lb while the operating cost component amounted to $400/lb for a total of $1800/lb 
of recovered gadolinium. These are levelized costs expressed in constant 1984 dollars for a 
2200 short tons of heavy metal per year "bare-bones" plant starting up in the year 2005. 
The escalation rate for capital cost items was taken at 1% per year above the general infla-
tion rate. Advanced processes that might be used instead of the costly CEC to separate the 
rare earths from the actinides (and optimization of an integrated reprocessing-partitioning 
flowsheet) may reduce gadolinium recovery costs. A cost reduction by a factor of 2 was 
projected as an upper bound cost saving in ref. 11 for the processes referred to earlier13 

which form the basis for the present cost estimates. Thus, if future process improvements 
were to reduce both the capital investment and the operating costs by a factor of 2, then 
recovery costs would be calculated at $900 per pound of gadolinium. 

Because these costs reflect a "bare-bones" process, actual costs would be somewhat 
higher. But it is obvious that even if the minimal recovery costs could be realized, the cost 
of recovering gadolinium from the waste streams of a fuel reprocessing plant would still be 
roughly 12 times greater than the $60/lb to $75/lb cost of fresh gadolinium shown in Fig. 
1 for the year 2020. 

In principle, some of the cost of recovering gadolinium might be offset by a potential 
reduction in nuclear waste disposal costs. This would be a consequence of a reduction in 
waste volume due to removal of gadolinium and other rare earths (as well as actinides) 
from the high-level liquid waste of the fuel reprocessing plant. However, ref. 11 indicates 
that, in a practical sense, waste volumes are unlikely to be reduced because the additional 
processing required to separate the rare earths and actinide will actually increase the 
weights and volumes of many wastes that must be disposed of due to the additions of non-
volatile chemical reagents. 

8. FINDINGS 

The general conclusion of this study is that there will be sufficient gadolinium avail-
able at reasonable cost to accommodate future spent fuel reprocessing needs. Specific find-
ings are as follows: 

1. Gadolinium is only one element of 16 rare earths that are often found in groups in the 
earth's crust. By weight, gadolinium amounts to only about 0.3% of the domestically 
produced rare earths. Gadolinium appears on the market as a by-product, and its 
present supply is a function of the production rate of other more prevalent rare earths. 

2. Bastnasite ore found in California is the major source of rare earths consumed in the 
United States, and at the present rate of consumption of rare-earth oxide, this supply 
will last for more than 100 years. 
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3. Foreign resources of rare earths are about ten times more abundant, while foreign 
consumption is smaller than consumption in the United States. With access to foreign 
sources, the rare-earth demand of the United States can be met well beyond the 21st 
century. 

4. In recent years the consumption of gadolinium has been less than one-half of the 
available supply. This situation is expected to prevail in the foreseeable future accord-
ing to industry sources, implying a more than ample supply of gadolinium, at least for 
the near term. 

5. The gadolinium requirement for a fuel reprocessing facility serving the fast reactor 
industry that might operate by the year 2020 amounts to only a few percent of the 
anticipated domestic supply. Use of gadolinium in fuel reprocessing would therefore 
have little impact on overall gadolinium demand. 

6. Most of the cost of gadolinium arises from the chemical processing required to convert 
gadolinium-bearing by-products (left over from rare-earth production) to gadolinium 
oxide or nitrate. The cost of industrial chemicals has risen at a rate of about 0.4% per 
year (in constant dollars) during the past 16 years. At that rate the price of gado-
linium oxide will be in the $60/lb to $75/lb (1984 dollars) range by the year 2020. In 
a reprocessing plant handling fast reactor fuel, this increase amounts to only $0.20/lb 
of heavy metal processed. As a consequence, the associated impact on the economics 
of nuclear fuel reprocessing would be very small. 

7. The cost of recovering gadolinium from the wastes of nuclear fuel reprocessing plants 
(which use gadolinium neutron poison) is estimated in the range $900/lb to $1800/lb 
in 1984 dollars. Thus, recycled gadolinium costs more than twelve times as much as 
fresh gadolinium. 

8. Recycle of gadolinium would remove this material from the fuel reprocessing wastes 
that will need to be disposed. No net cost savings seem likely, however, since the addi-
tional processing required to separate the gadolinium will increase the weights and 
volumes of many wastes that must be disposed due to the additions of nonvolatile 
chemical reagents. 
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