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Abstract-Evidence exists that much of the coal in the Western United States contains an appreciable 
amount of uranium. While not concentrated enough to be directly considered as a uranium resource, thi\ 
uranium is enriched in the ash remaining after the coal is burned. Consequently, some coal ashes have 
concentrations of uranium which would classify them as intermediate-grade uranium ores ( IO&500 ppm). A 
combined facility. herein named a Coal-Uranium Breeder. which generated electrtcity or gas from coal and 
processed the ash to produce uranium could make available more nuclear energy than it consumed as fossil 
energy, depending on the reactor type and other variables. A considerable lessening of environmental 
impact is possible through the use of combined rather than separate coal plants and uranium mills. 
Potentially, a large fraction of U.S. uranium needs could be supplied at a reasonable cost and thus eliminate 
the apparent shortfall of sandstone uranium ores and delay the decision about the breeder reactor. More 

effort is needed to develop extraction techniques and to determine the uranium content of coals. 

INTRODUCTION 

One of the key issues involved in the current discussions about nuclear power, in general, and 
in determining the need for continued heavy emphasis on early development of the LMFBR,t 

in particular, is the uncertainty in the estimates of the amount of uranium that will be available 
at various prices. The argument for the LMFBR usually is stated in the following fashion: 

All our low-cost uranium reserves will be committed to the presently planned LWRsl: and 

HTGRs§ sometime near the end of this century. Although the LMFBR will cost more to build 
than conventional reactors, it uses so much less uranium that, if uranium prices rise beyond 
some point, the LMFBR will produce cheaper electricity. The exact price at which the breeder 

will begin to produce less expensive power depends on several factors such as the capital-cost 
differential between the LMFBR and the converter reactors, the extent and length of the 

learning curve for building reactors, safety, environmental control and safeguards costs for 
nuclear systems, enrichment costs, and the discount rate of public and private capital.’ In any 

case. an early high cost of uranium argues more forcefully for an early large scale commitment 
to the breeder. In addition, we would be committing ourselves to large amounts of en- 

vironmental damage if we mined low-concentration uranium ores such as Chattanooga shales.’ 
The price rise in uranium depends on many factors among which are (a) The total electricity 

demand. (b) The fraction of that demand which is met by nuclear power. (c) The mix of reactor 
types. (d) The technology for finding, mining and milling uranium. (e) The amount of uranium in 

ores of various grades. (f) The costs of avoiding environmental damage. 
Other studies have shown that only with unrealistically high assumptions about future 

electricity demand, the fraction that is nuclear power, and the price of uranium. can the 
LMFBR become economically competitive at the end of this century.’ However, if. in fact, 
intermediate-grade uranium reserves are small, the uranium requirements of LWR and HTGR 

reactors will eventually necessitate mining the low-grade reserves contained in shale at high 
economic and environmental costs.4 The published estimates of uranium resources show great 
uncertainty about the availability of intermediate-grade ores at $30-lOO/lb of U,OK (approx. 
500-IOOppm. see Tables 3 and 4 of Ref. 4). 

It is the purpose of this paper to discuss the use of a large potential source of intermediate- 
grade uranium. This uranium is contained in the very resource which is the chief competitor to 
nuclear power, namely. coal. 

;LMFBR-Liquid Metal Fast Breeder Reactor. 
iLWR-Light Water Reactor. 
6HT(;R-High Temperature Gas-Cooled Reactor 
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URANIUM AND COAL 

Several investigators have found concentrations of uranium in many western and some 
eastern coals. More than twenty years ago, the extensive low-grade deposits were seen as a 
potential uranium resource.’ However, later resource estimates have usually only included 
those few coals that have a high enough uranium concentration to be categorized as high-grade 
uranium ore.4.6 Uranium in coal has also been viewed as a possible environmental pollutant, 
principally because of its potential release and that of its daughter products (e.g. radium) during 
combustion.’ The bulk of these uranium-containing coal resources seems to lie in the lignite 
deposits of Northern Great Plains states, although other coals may also have significant 
amounts.6 Unfortunately, there is no up-to-date and thorough tabulation of coal resources by 
uranium content. However, in a recent ERDA discussion of uranium resources,4 there is brief 
mention of this resource in a footnote stating that, although lignites might contain 7 M short 
tons of U30s, production would be limited because of the low concentrations. The total U.S. 
reserves and resources at less than $30/lb U30s, which does not include the uranium from 
lignite and would not be 100% recoverable, have been estimated as 3.7 M tons by ERDA.* 
Recent estimates derived by other methods, such as Lieberman’s are much lower but are also 
confined principally to sandstone ores. If these lower estimates are correct and no other source 
of uranium is developed, the construction of LWRs will be limited severely within a decade.‘.” 

In spite of the relatively low initial concentration of uranium in most coals, there are 
characteristics of coal plants and uranium mills which could favor the use of a combined 
facility to produce both uranium and coal-gas or uranium and electricity. 

Figure 1 is a schematic of a combined coal power plant and uranium mill. It is labeled a 
Coal-Uranium Breeder (CUB) because, in some circumstances, it would actually make 
available more fuel than it consumes. The use of a combined coal-gasification plant and 
uranium mill as a CUB is also feasible and most of the following discussion would apply to it as 
well. The inputs to the CUB are coal and water for cooling and processing. The outputs are 
U,Os and electricity or gas, as well as various waste products and environmental emissions. 

The uranium mill section of the CUB requires sulfuric acid, steam, hot water and electricity 
to process uranium ore. All of these are available from the coal plant. In fact, the ash, hot water 

Air and Solid 
Water waste 

emissions 

Fig. I. Coal-Uranium Breeder (CUB). 
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and sulfur are often considered as waste products and their disposal results in a net cost to the 

coal plant. In a CUB they would create income. 
Table 1 illustrates a possible mass balance for a CUB. The average annual LJ,O, requirement 

for an LWR is about 131 short tons. This includes the requirement of the initial core and the 
annual refueling and is averaged over the lifetime of the plant.” Thus. one year of operation of 
this 1600-MWe CUB (or a 230 M ft’/day gasification plant at 58% capacity and 66% thermal 

efficiency) would provide enough U,Ox to fuel a IOOO-MWe LWR for one year. The annual fuel 
requirement for an HTGR is about 75 tons of UIOR.” Thus, a 1600-MWe or 230 Mft’lday CUB 
would provide enough uranium for a 1750-MWe HTGR. This CUB in combination with an 

HTGR could be thought of as having a breeding ratio of 1.09 since it makes available 1.09 time\ 

more fuel than it consumes each year. 

Table I. Parameter\ of a Coal-Uramum Breeder deslgned to wppl) the uranium for a ItMW)-MWe L WK 

rower Plant C0alC 

1600-MWe 
58% capacity factora 
37.51 thermal efficiency 
99.36 particulate captweb 
40: sulfur captureb 

7000 BTU,‘lb [3880 kc~likl 
1O"o ash 
0. 70 sulfur 
25 ppm “ranlun, 

Annual Flak (metric tons) 

Coal 4,800,000 (25 ppm U) 
Collected ash 477,000 [zso ppm lid; 
Sulfur captured 13,400 
H$iO,, produced 39,000 (05: con\~erslon)~ 
UjOs produced 120 (6% recovery) (137 short tons) 

a For comparison purpo<es the capacity factor is taken to be equal to the 
aberage capacity factor for the 40 year life of nuclear plants used in 
ERIIA-1 .* 

b 
To meet 1975 EPA emission standards of 1. 2 lb SOz/mllllon RTU input and 
0.1 lb particulateslmillion BTU Input. 

c Tjplcal values for lignite. ‘I An Argonne study I.- lndlcates that the 
averax uranium content of all li.S. coals burnrd ma:% soon bc ten times ___L 
the 19-O average of 3 ppm. - 

d Almost all the uranium ends up I” the slag or fl!_ ash.” 

e If all this kas used in the uranium ml11 it would provide 164 lb/ton ore 
or about 35% more than woLld be required for shale.‘l Tbls extra acid 
ma) be necessar) for extracting the uranium from the slag. The acid 
requirements will vary depending on the amount of acid-consuming minerals 
in the ash.l’ 

The exact materials balance and breeding ratio would depend greatly on the characteristics 
of the coal, on its ash, uranium and Btu contents. In addition, the recovery percentage depends 
on the uranium concentration in the final ash, which depends both on the original uranium 

concentration and the ash content. Recovery diminishes as the ash content increases because 

the uranium is less concentrated in the final ash. The breeding ratio could be much higher. 
depending on the type of reactor, the type of coal, and the recovery technology (see Fig. 2). 

Processes have been developed to extract uranium from lignite both with’” and without” 

roasting but have generally been designed for the relatively high-grade but scarce uraniferous 
lignite ores.IR An attractive potential removal scheme might be designed by taking advantage of 

the characteristics that (probably) trapped uranium in the coal naturally. Coal will extract 
uranium from solution” and the coal, thus further enriched in uranium, could be burned to ash 
which would be further concentrated. In addition, there is at least some evidence that coal 
could actually be improved in this process because some of the sulfur will exchange with the 
uranium being extracted.“’ 

There is some government-sponsored work being conducted on various methods of 
removing uranium from coal*’ and, although there does not appear to be good published 
references, much work is going on in several countries which is cloaked in industrial secrecy. 

The estimate of the total amount of uranium which might become available from CUBS is 
very sensitive to the assumptions about coal use, average uranium content and recovery 
percentage. Table 2 illustrates the range of possibilities for the percentage of uranium 
requirements which could be met by CUBS. The scenarios of energy production have been 
taken from the ERDA National Energy Plan.‘* 
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Fig. 2. Breeding Ratios for Coal-Uranium Breeder in combination with various nuclear reactors. Uranium 
requirements for reactor are from ERDA.4 The lower line for each type of reactor corresponds to coal of 

9GOO Btu/lb. The upper line is coal of 7000 Btu/lb. 

Table 2. Possible uranium production from Coal-Uranium Breeders 

Year 2000 Numbers of 1 GWe Plantsa coaib Total Uranium Potential 

Scenarios 
from ERDA" 

Million Short Tons Requirements' Percenta e 
IITGR LWR Short Tons U308 gd from CUBG 

u III 
Intensive Electrification 90 807 13x1 112,470 15% 

# IV 
Limited Nuclear 9 21s 2112 28,840 92% 

UV 
Combination of all 
technologies 90 412 1790 60,720 37% 

LMFBR's counted as LWR's. 58% capacity factor assumed.4 

Coal exports have been subtracted from these totals. 

131 tons U30s/year - LWR; 75 tons UjOg/year - HTGR" 

50% of total coal assumed to be westerh with an average of 25 ppm uranium which is US% recoverable. 

Figure 3 illustrates how the total uranium availability depends on the average uranium 
concentration and the ash content of the coals. ERDA’s favored Scenario V has been used as 
the basis of this figure. If coal deposits were exploited with an eye to their uranium content and 
they turn out to be extensive enough, the average concentration could be high enough to 
provide several tens of thousands of tons of U,08 per yr. 

COST 

Workers at Oak Ridge National Laboratory have done a preliminary analysis of the cost of 
U30s from low-grade ore.14 If the same methodology is applied, the cost of UXOs from the 
1600-MWe CUB of Table 1 would be about $25/lb (see Table 3). Nearly all the costs scale 
directly with the grade of ore. Thus, although the concentration of uranium in the coal would 
place it in the low-grade range (less than about IOOppm), the concentration in the ash would 
place it in the intermediate-grade range (about 100-500 ppm) and in a CUB it might be produced 
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Fig. 3. Potential Uranium production in 2ooO from Coal-Uranium Breeders 

at a cost that would be competitive with uranium produced from relatively high-grade ores (less 
than $30/1b). 

In addition to the savings in mining cost which has been listed in Table 3, the costs of 
sulfuric acid, hot water, steam and electricity would also be substantially less in a CUB than in 
a free-standing mill. Reducing the costs for sulfuric acid in particular would have a significant 
effect on the final cost. Some of these savings might counter-balance the costs of attaining good 
recovery from the slag and of maintaining coordination between the coal plant and the uranium 
mill. 

The capita1 requirement is minima1 as compared to the requirement for a large coal power 
plant or a gasification plant. The uranium mill would add only about $9.00 per installed kilowatt 
or $60 per lOOOf?/day capacity to the cost of construction of coal plants. This is, at most, 2% 
of the present cost of such facilities. The uranium mill doubles as an ash disposal facility for the 
coal plant and eliminates the capita1 requirement for this facility. In addition, the CUB 
supplants the need for capita1 to build uranium mines. The cost of the sulfuric acid plant would 
also be low compared to the coal plant. 

Table 3. Comparative costs of uranium from CUB and shale 

Uranium Mill Shale I4 CUB 

Capacity factor 90% 58% 

U in ore 60 ppm 250 ppm (25 in coal) 

ReCOVery 

Output (short tons U308/year) 

Capital investment (millions) 

Cost $/lb U3Oe 

Capital Charge (20% return) 

Waste Treatment 

Mine and Mill 

Subtotal 

Mining Cost @ $Z.Ol/ton 

Total (1974 dollars) 

70% 85% 

325 132 

$110.8 $13.8 

33.94 10.49 

31.73 6.27 

60.63 11.98 

126.30 28.74 

(20.39) -4.00 

5126.30 $24.74 
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ENVIRONMENTAL IMP 4CTS 

While a CUB using present control technologies will not be totally innocuous, its land 
impact and emissions will be less than that of a separate coal plant, uranium mine, and uranium 
mill.” In fact, the high uranium content of the western coals may require special handling of the 

ash whether or not it is processed to remove the uranium. ” The use of waste heat from the coal 
plant for the mill will reduce the need for additional energy use with its attendant environmental 

impact and the direct use of the recovered sulfur avoids the need for disposal or transportation 
to market. 

Recently, there has been concern expressed about the possible long-term effects of radon 
emission from uranium mill tailings.24 The concern is that, even though the emission rate and 
subsequent radiation dose rate to the public are low, the emissions will continue for many 

thousands of years. Thus, the total effect of the tailings from one reactor-year’s uranium 

requirement, summed over many hundreds of generations, might be large although, certainly, it 
would be masked by the effects due to other sources of radon. This kind of very low but very 
long term effect taxes our ability to perform meaningful measurements and comparisons 

between technologies. The conceptual and methodological difficulties are severe. 
However, if it is decided to pursue an LWR program vigorously in this country (a decision 

that would have to consider the radon emissions as well as other, probably more important, 

impacts), then it would certainly be better from an environmental standpoint to obtain uranium 
as a by-product of coal production than from conventional uranium mines and mills. The radon 

emissions over long periods from uranium tailings depend on the amount and the density of the 
Thorium-230 left in them (TH-230 is a long-lived daughter product of Uranium-238 and a 

precursor of radon). The ash from a CUB would have a concentration of TH-230 about ten 

times lower than those of uranium mill tailings. Therefore, more of the radon will decay before 
seeping out of the ash piles than out of mill tailings. More importantly, since the coal will be 

mined anyway and coal production will expand whether or not nuclear power is pursued,” 
there would be no additional radon impact from the CUBS which would not have existed 
otherwise. The retention of uranium and most of its daughter products in the ash in the power 

plant part of a CUB is roughly equal to the particulate capture efficiency.” Thus, the long-term 
radiation dose commitment from this emission is a small part of that from the ash pile. 

In addition, there are other metals in some coals, for example thorium and germaniumi 

which also might be economically recoverable as by-products and thus increase supplies and 
decrease impacts accordingly. Interest in the recovery of alumina from coal dates back at least 
to 19302’ and has increased recently.*’ A process is being developed by ERDA2’ to recover 
aluminum, iron, and sulfur from coal. It also might be feasible to extract uranium and other 
metals from the coal as part of an upgrading step before combustion.” 

CONCLUSION 

Western coals have large amounts of uranium which could provide a significant fraction of 
our total uranium demand at a reasonable price if facilities are constructed which combine 
coal-power plants or coal-gasification plants with uranium mills. There is a kind of natural ratio 

of coal power plants to converter reactors of between 4: 1 to 0.5 : 1. This represents the energy 

contained in the uranium found in coal. In addition, significant environmental advantages would 
result from the production of uranium as a by-product of coal use rather than in separate 
facilities. The amounts and concentrations of uranium in coal are not accurately known but 
there are extensive surveys of uranium resources now being conducted as part of the National 
Uranium Resources Evaluation Program29 and as part of coal investigations3’ To be useful, 
they should carefully tabulate coal deposits by uranium content so that the desirability of 
combined facilities can be determined. It will be necessary to know the extent and re- 
coverability of intermediate-grade uranium resources in order to make an informed decision 
about developing an extensive plutonium-breeder industry with its complicated questions of 
safety, security and economics. 
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