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ABSTRACY

Chattanonga shale, a large and mineral-rich member of the
Devonian oil shales of the Eastern United States, is a resource
of about 100 billion bbl of o0il, 10 million tons of uranium, and
significant guantities of other metals including aluminum,
molvbdenum, cobslt, coluwbiom, sud vamadium, Uelike coal and
western oil shale, kowever, Chattanooga shale is not vet ready
for commercial exploitation. The hydrocarbon content, while
comparabie to that of western shasles, is more difficult to ex~
tract, and the metals, while generally more varied, are less
concentrated than those of resources that are being exploited
today. Although this study indicates that s large scale
{100,000 tons/day) combined operatiom for ©il and metals re-
covery appears 1o be ecopomically attractive, commercial opezr-—
ations are presently impeded by the risks associated with the
need for an extremely large capital investment and substsntial
unknowns with respect to envirommental effects and the methods
for mining, processing, and waste disposal. Some of the prinm~
cipal technical problems that rvequire resglution are those of
roof stability and water intrusion associated with the under-
ground mining of Chattsnooga shale, the need for environmen—
taily acceptable methods for disposal of tremendous guantities
of spent shale, and the need for processes that can efficiesntly
recover most of the hydrocarbon and mimsral wvalues with minimal
Ioss of expensive processing reagents,

1., SUMMARY AND CONCLUSIONS

The purpose of the work presented in this report has been to make a
prelimipary evaluation of the science, technology, and economics associ—
ated with the large—scale recovery of hydrocarbons and minerals from Chat-
tanooga shale. Although more dilute than resources that are being ex—
pleoited today, Chsttanocoga shale is a uniquely large and versatile re-
source of hydrocarbon fuel, uranium, and strategic minerals, This Summary
and Conclusions will summarize why ORNL has an interest in Chattanooga
shale, the pature of the rescource and its regional setting, comsiderations
related to shale mining and the management of residues, processes for re-
covery of 0il and minersls, estimsted envirommental and sociological im-
pacts, and needs for further rescarxch and development. Finally, coanclu-
sions of the study and recommendations for further work and actioms will

be summarized.



1.1 Background

Oak Ridge National Laboratory and the Unionm Carbide Nucleas Divi-
sion in Osk Ridge, Tenmessee have had 2 lomg-tsziw imterest in Chattanooga
shale — initially becawse of its enormous content of uranium (a rescurce
of sbont 1) million toms of U,0, with an average uranium concentryation of
about 60 ppm) but more recently beecamse of its comtent of hydrocachons (a
rescarce of shout 100 billiom BBl of 0il) and minerals (inecluding esps—

cially high concentrstions and potentially recovexrable guantities of

Iumi-
nnx, molybdennm, cobsali, copper, aud nickel), From the 1940s ithrough the
1960s Oskx Ridge had a lead role in identifying U.S, urssiusm resouvces;
processes were developed that axe wow widely =zsed for commercial recovery

of nrenivm from sandstones snd phosphate wock. and exploraztory developwment
was carried out op uranium recovery from leaner rosocurces such 8z the Da-
kota lignites snd the Chattapooga shale. The Uniocwn TCarbide Nuclear Divi-
sion is a lead participant in the National Uranium Resource Evaluation
Program, PBegipning in 1973, OENL has pexformed research and development

work related to fossil emergy and for the past five years has devoted 5 to

10% of its resources (repreosenting an annual budget of $20 to $4% million)
to the physical scisnce, eagineering, 2md heslth and envircamental effects
associated with the recovery of emecrgy sud synthetic fuels from coal,
Concurzently, but at s smaller scals, ORNL has beew performing assessment
studies and resesrech related to the recovery of strategic metals, pazticu-
laxrly those unseded for ensrpy applicetioms, from domestic zesources.

In view of thess historical isterests and capabilities, the worseniug
problem of dependence on foreign countriss for oil and strategic minersals,
and 2 continued interest im long—term uranium swpply, ORNL undertook this
present study in July 1983, Ths study kes been conducied with a very
limited badget available from ORNL‘s discretiomary funds but this has per-
mitted sn evalustion of the literature, the collectiom of views f{rom ex-
perienced and knowledgeable stsfif membors, 2 limited number &f scouting
experiments, and the development of reference design inforwation that has
formsd the basis for several conclusions snd recommendstions for further

study.



1.2 fhe Resource and Begional Setting

The Chattanooga shale, 8 black Devonian shale related to other Devo~
nias cil shales found in the Esstern United States but gensrally higher in
valueble minerals content, underlies z substantial portion of Middle Ten—
neseee, Southern Eemtucky, and Northerm Alsbama. Fig. 1.1 shows the gen~
eral regionsl setting sand, in particular, sreas with thick seams neay ocug—
crops which wonld be most promising for imitial mining. |

& typical siratigrapbic section of the geologic members that include

the shale near ountcrops in Middle Tennessee is described in Tsble 1.1.

The shale is generally overlsim by the thick Fort Payne chert formation
which should provide 8 structurally competent roof for uunderground mining.
The Gassaway member of the shale — the member that probably would be
chosen for initial exploitation — gemerally would vield about 10-12 gsl

of 0ilfton with simple retorting {(and perhaps twice this with s hydrore-
torting process to be described later) and has a ursniuom concentration
averaging about 60 ppm. Typical concentrations of other metallic elements
in the Chattanoogs shale sye shown ia Table 1.2.

Important water resourges in the regiom sccur both s surface and

grovndwater, Groundwater is ap important source of poisble water for mu-
nivipal and private water supplies throughout the Chattsnocogs Shals Re~
gion, Groundwater occurs im alluvisl squifers sdjscent to the major
streams and rivers im the ares, in 5011 or weathered rock residvam, snd im
solution cavities in the carbonate bedrock of the region, Alluviasl aqui~-
fers are not extensively untilised as e source of water because of the more
general occurrence of soil and bedrock aquifers.

In terms of present water use and water avsilability, both surficial
and wnderground, the Chattanooga Shale Begion is capable of supporting the
growth of water cansumptive industries., Water consumption uses only a
fraction of the surface and groundwater available om a vear round bhasis,
More significsntiy, the water mse for the region consumes only & small
peroentage of the oxitical low flow., Water conmsumption during the criti-
pal~low-filow month could increasse approximetely 10 times befors it wonid

cause 8 potential low-flow water—shortage problesm.
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Fig. 1.1. Approximate geographic boundaries of the Chattanooga shale.
The shaded area, extending 8 km from rhe line of outcrops,
is the most accessible for mining.



Table 1.1.

General stratigraphic column showing the thickness

of members and typical contents of oil snd uwranium
of the Chattanvoga shale in DeKaldb County, Tennessee

) Thickness Fischer Uranium
Formation Member {m} assay (ppm)
{gal/ton)
Fort Payne Undivided 60+
chert
Maury Undivided 0.7 -
formation
Chattanooga Upper 2.1 7.5-10.258 £5-75
shale Gassaway
Middle 0.7 4.0-8.0 3743
Gassaway
Lower 2.3 8.012.5% 48-61
Gassaway
Upper 2.8 2.5-3.5 12
Dowelltown
Lower i.9 8.0-10.48 2535
Dowelltown
Leipers Undivided 15.2

iimestone
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Table 1.2. Typical distribuatios of
metallic elewents in the Chattasmcogas shale

; TG
Average Stratigraphic

Element concentration affinity
by weight

Aluminem 5.7-6.5% n/u
Iron 5.8-6.4% G
b
Cobzlt 1CH ppm G
Chrominm 100 ppm I
Copper 100~-2G0 ppmb U
Manganesse 106-500 ppm U
LN
Holybdenum 200-300 ppa" G
1,
Nickel 30-360 ppa” G
Uraninm 40--100 ppmb G
Vanadium 200 pom I
Zine 200 pom G/
% = Uniformly distributed
D = Dowelltowan member
G = Gassaway member
I = Irregulasrly distributed.

Average concentration in shale exzceeds
average cxusial abumdance,



Land use in the Chattancoga Shale Region is varied and closely asso-

ciated with the physiography of the land. Most of the land is either
heavily forested or cleared for c¢ropland and pasture. Urban land com~
prises the three major cities — Nashville, Chattanoogs and Huntsville and
their surroundings. Small communities are also dispersed throughout the
region. Land used for recreation is significant to the economy of the

region but is not large in area.

The climate of the Chattanooga Shale Regionkis relatively mild and
pleasant,vinterrupted by long summer hot spells and variable winter out-
breaks of freezing cold. Average annual temperature is 14.8°C and average
annual precipitation is 131.5 cm, Average annual wind speeds are around 3-
4 m/sec (7-9 mph). Strong winds associated with tornadoes, hurricanes or
blizzards are infrequent compared to most other areas of the country.
Existing ambient air guality in the Chattancoga Shale Region is generally
moderate for pollutants which have been monitored.

The vegetation of the region reflects the influence of 200 years of
settlement, The original vegetation has been cleared or modified such
that it no longer reflects physiographic comtrol, Predominant vegetation
continues to be broad-leafed, deciddous forest with mixtures of coniferous
trees.

The fauna of the region has been enriched in those species which
thrive in a mosaic of forests, fields, and extensive water reservoirs,

The aguatic biota of the region is highly diverse due to the great diver-
sity of habitats. Seven terrestrial animal species, three terrestrial
plant species and nineteen aquatic species appearing on the U.S. Fish and
Wildlife Service Endangered Species lists occur within the regiom.

The socioceconomi¢ environment is clearly divided between the urban

areas (e.g., Nashville and Chattanooga) and the rural areas (e.g., coun—
ties where mining may occur). Urban sreas are experiencing growth by im-
migration while rural areas contain a population age structure suggesting
emigration of a substantial portion of their young people. The urban por-
tions of the region have enjoyed considerable economic growth and have per
capita incomes above the national average,

Manufacturing has surpassed agriculture in importance in rural areas

but rural per capita income remains below the national average and 40% of



the countics have been declared to be surplus labor areas, The rural
areas have a velatively high freguency of suvbstandard hounsing. All out-
crop counties have medical esre available, slthough hospitalization may
requnire travel outside the county. Public education from kindergsrten
through twelfth grade is available in all counties and specialized
schools, vocational~technical schools, and institwtions for higher educa-

tion are svailable im the regiom, if not in the home counnty.

1.3 Mining and ¥aste Disvosal

Large scale extractiom of the Chattanmoogas shale will require under-
ground mining since omly 8 relatively swall fraction of the resource is
located at or mear outcrops with favorsbly low ratios of ovsrburden to the
shale., Mines would extend up to about 5 miles (8 kM), generally downward,
into the formation from adits at the outcrops. Mining of the shale is
aszessed to be moderately difficult and expensive but practical if care is
nsed in site selection and the selection and development of mining meth-
eds, The most significant mining problems appear to be associated with
roof stability aad the reguirement for contimmously removing and disposing
of watsr that seeps into the mine from overlying sguifers, The nomismally
2 ft (0.7 m») thick Maury shale that immediately overlies the Gassaway mem—
ber of the Chattanooga shale would mnot provide s structurally competeat
mine roof and might have insufficient streagth as & componeat of pillars,
The thick, overlying Fort Payne formatiom is a hard, siliceous limestone
that is gemerally structurally competent but in some areas contaims a mod-
erately porous aguifer that would be & source of significant quantities of
water, Miniog methods that have been considered imclinde leaving perkaps
the upper 10% of the 10 to 20 ft (3 to 6 m) thick Gassaway member of the
Chattanooga shale to provide a2 competent and water—tight roof and loungwall
or other continuous forms of mining that would exploit the zelative sofi-
nzss of the rock and minimize the consequences of roof falls,

The Chattancoga shale will increase im volume during mining and pro-
cessing. It is estimatesd that expansion by about 85% in volume will occur
during mining, crushing, hydroretorting, roasting and metals recovery.

Preliminary calculations suggest that only about 55% of the spemnt shale

v



g¢ould be backfilled into the original mine if the shale residue iz not
compacted. Laboratory tests have indicated that the spent shale can be com-—
pressed to its original volume at & pressure of 5000 psi. While compres—
sion may be feasible, there is no commercial system available and this
possibility wounld have to be explored in a research program,

The magnitude of the solids management and spent shale disposal prob-
iem is huge over the life of a design basis prbcessing operation with a
capacity of 100,000 tons/d (90,000'Mg/d). Such large scale handling of
rock is typical at present only within the sand and gravel industry and
the strip mining of coal. For such an operation and assuming a 20~year
1ifespan, about 500,000 acre—ft (600 million cubic meters) of spent shale
would be generated and require disposal. Landfills would be required in
flat lands and valley fills could be used in regions of relatively high
xelief.’ Revegetation would be required for both types of surface disposal
snd procedures to control the quality of runoff water would be a necessary

ingredient of basins and valley fills.

1.4 Recovery Processes

A schematic diagram of the reference plant design that has been de-
veloped for a preliminary technical and economic evaluation of the recov-—
ery of hydrocarbons and minerals from Chattanooga shale is shown in Fig.
1.2. Estimated products that would be produced in the plant for several
possible modes of operation and a shale feed rate of 100,000 tons/d are
shown in Table 1.3,

The reference design of the hydrocarbon recovery process is based
upon a hydroretorting procedure that is being developed for eastern Devo-
nian shales at the Institute of Gas Technology supplemented with data from
scouting tests with specific Chattanooga shales that were performed at
OBNL., 1In this process crushed shale is contacted with a large recirculat-
ing stream of hydrogen at a pressure of 500 psias (34 atm) and temperature
of 1220°F (660°C)., The overhead gas stream is cleaned and treated to xe-
cover oil, sulfur, and ammonia,., Hydrocarbon product gases are reformed
with steam to replenish the supply of hydrogen. After onsite hydrotreat-

ing of the raw shale oil, it is estimated that this plant would produce
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Fig. 1.2. Schematic diagram of reference plant for recovery of oil and
minerals from Chattamooga shale.
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Table 1.3. Estimated products from various operation modes
of reference plants for processing of Chattanooga
shale at a rate of 100,000 tons/day

Recovery mode

0il 0il + U 0il + U Full

only + Mo + Mo + Al TECOVery
0il, bbl/d 46,000 46,000 46,000 46,000
Sulfur, t/d 2,500 0 0 0
Ammonia, t/d 350 0 0 0
U30g, t/d 0 6 6 6
MoOg, t/d 0 30 30 36
A1,04, t/d 0 0 2,700 8,100
Mixed trace metals, t/d 0 0 0 100

{Co, Cu, Cr, Mn, Ni, Van, Zn)
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about 46,000 bb1l/d of relatively high guality oil suitable for shipment
offsite for further refiming into gasoline, diesel fuel, jet fuel, and
heating oil,

The reference process for minerals recovery has been developed with
literature dats supplemented with several specific scouting experiments at
ORNL., In this process the spent shale from the hydroretorting process is
first roasted with aixr to recover the zemainder of the hydrocarbon energy
value and sulfur and reoxidize some of the minerals, The rossted shale is
leached with sulfuric acid by a procedure that should remove 60-90% of the
metals that are to be recovered, This aqueons stream is treated with vax—
ious solvent extraction and precipitatioun processes to recovery uranium,
molybdenum, aluwina, and a concentrate containing mixed oxides of the ze~
maining trace metals. It is then mecessary to clean the aqueous wastes
and stabilize the solid wastes for disposal,

Several technical findings became apparent in the evaluation:

¢ Gasification or combustion of the spent shale from the hydroretorting
process appears desirasble. This makes better use of the emergy com-
tent of the spent shale, and allows for coproduction of 0il and syn—
thetic natural gsas.

® For minerals recovery, only moderate extensions of current technology
are needed for recovery of uranium and molybdenum; alumina recovery
appears feasible but requires research and development; and recovery
of Co, Ni, Cu, Cr, and Zn appears possible but current separation
concepts are omly speculative,

@ Much research and development work would be required to develop en—
vironmental contrxol techmology for the gaseous, liquid, zmnd solid

waste streams,

1.5 Economics

An ecconomic assessment wss made of the reference plant for recovexy
of 0il and minerals from 100,000 tons/d of Chattanooga shale assuming a
plant life of 20 years; and rates of general inflation, federal imcome
tax, and state income tax of 6%, 46%, and 6%, respectively. The rate of

retorn on the investment was calculated based upon the estimated prices
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and escalation rates of the oil and other products. Estimates of the cap-
ital snd operating costs that were derived from the reference plant design
and used in the economic sanalysis are shown in Tables 1.4 and 1.5. Re~
sults of the ecomomic analysis are presented in Table 1.6.

These results indicate a favorable return on investment of the postu-
lated recovery modes, Improved economics apparently resuvlis if wranium,
molybdenum, and some¢ of the aluminum are recovered as opposed to the re-
covery of oil alone, Recovery of additional aluminum snd other trace min—
erals (full recovery) does not appear as attractive with the reference

process,

1.6 Environmental Impacts

A preliminary and gqualitative assessment of envirommental and socic~
logical impacts that would be assoéiated with the large scale, commercial
mining and processing of Chattanocoga shale for o0il end minerals recovery
has been made and is summarized in Table 1.7. The major potential impacts
that can be identified now and which would require more study are those
associated with the requirement for disposal of the extremely large guan—
tities of spent shale and their potemtial for disrupting the water gquality
and land uses of the region. Impacf of mining on groundwater rescurces
may also be high., Only moderate to‘low impacts are currently estimated
for other'regional characteristics such as water consumption, stmospheric

gquality and socioeconomy of the region,

1.7 Needs for Research and Development

The most pressing needs that have been identified for research and
development that would permit a more realistic evaluvation of the techmical
feasibility, economic viability, and envirommental and sociological ac~
ceptability of the recovery of hydrocarbons and minerals from Chattanoogs
shale are for: :

e an improved scientific basis, engineering data, and an snergy-effi—
cient integrated process for the recovery of oil and gas,
o assessment and development of unit operations and am overall approach

for minerals recovery,
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Table 1.4, Capital investment cost summary
(106 1980 $)

Recovery mode

0il 0il + U 0il + U Full

only + Mo + Mo + Al recovery
Mining 170 170 170 170
Solid waste disposal 70 70 70 70
0il recovery plant 1,700 1,700 1,700 1,700
Roasting 25 25 25 25
U + Mo recovery 0 400 400 400
First aluminum step 0 0 75 15
Final recovery 0 0 0 710
Tailings treatment 0 83 85 170
Total 1,960 2,450 2,520 3,320

Table 1,5, Operating and maintenance cost summary
(106 1980 §/year)

Recovery mode

0il 0il + U 0il + U Full

only + Mo + Mo + Al recovery
Mining 125 125 125 125
Solid waste disposal 35 35 35 35
0il recovery plant 130 130 130 130
Roasting 15 15 15 15
U + Mo recovery 0 75 75 75
First aluminum step 0 0 60 60
Final recovery 0 0 0 380
Tailings treatment 0 35 35 70

Total 305 415 475 890
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Table 1.6. FEconomic results

Recovery mode

0il 0il + U 0il + © Full
only + Mo + Mo + A1 recovery
Return on investment, % 23 24 27 23
Revenue source, %
0il 93 70 59 43
S + NH, 7
Uranium 16 i4 10
Molybdenum 14 12 10
Aluminum 15 31
Trace metals 6
Assumed prices 1980 prices Escalation
($) (%/year)
0i1, $/vbl ; 35 9
U,0,, $/1v 30 9
MoO,, $/1b 7.50 6
S, %/t 45 6
NH,, $/t 155 6
A1,0,, §/t 200 6
Mixed trace metals 1/2 market 6

price
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Table 1.7. Preliminary assessment of impacts from a
100,000 ton/day Chattanooga shale plant

Aguatic
Groundwater — high potential contamination and disruptionm,
Surface water — medium impacts — silt, solubles.
Water use — low potential,
¥ild and scenic rivers — low potential.
Terrestrial
Land use — high potential impact, aboveground waste.
Soils — mediuwm impacts.
Subsidence — medium impacts,
Scenic areas — low potential.

Atmospheric

Air quality — medium impacts, dust, 80,.
Noise — low potential.

Biology

Revegetation and recovery — High—-to—medium potential impacts,
Aquatic — Mediuwm~to—low impacts,

Socioeconomics

Low, perhaps favorable, impacts.
Conclusions

Limited, local comnstraints.

No ''show stoppers,'
Resesrch needed on waste disposal, stasbilization, and revegetationm,.
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# research, development, and assessments in mining and waste disposal,
and

® research into health effects of shale o0il fractions {e.g., aromatics
and trace metuls), gaseous effluents, and ggueous effluents,
Resecarch and development needs that mow appear to be less pressing

but would be required as part of an integrated ﬁrogram inciunde:

& Resource and regional assessments including studies of geology, hy~
drology, geochemistry, geography, and socioeconomic and institup~
tional factors,

® Basic chemical and physical research to evalnate properties of the
Chattancoga shale, provide process kinetic and thermodynamic data,
and evaluate the basis for improved recovery processes.

2 Engineering development of mining, conveying, crushing, backfilling.
and process equipment, materials development, and the development of
improved instruments and controls,

# Apalytical studies to guide site and process selection and evaluate

effects of envirommental, socioeconomic, and institutional issues,

1.8 Conclusions and Recommendations

The following conclusions have been made as a result of this study:

# Chattanooga shales are a very large and potentially important energy
resource {100 billicp barrels oil, 10 million tons mranium)

¢ Recovery of o0il and minerals from Chattanocoga shale appears feasible
and economically attractive in the lomng term. The risk would bs re-
duced and profitability improved through R and D.

# 0il and SNG produced from Chattancoga shales are close to mejor max—
kets and/or pipelines.

® The development of Chattamoogas and other eastern shales can provide a
hedge against envirommental or resource constraints that might impede
the rate of western shale-oil production., Although western shale and
¢0s8l appear to be the most promising sounrces of synfuels in the short—
and mid-term, eastern shales are likely to become important im the

long—term.
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Strategic minerals recovery could be an imcreasingly impertant incen—
tive for commercial development of Chattanooga shals.

I+ is further comcluded that Chattancoga shales meel reasscnable

guidelines for govermment—sposnsored research and development:

&

2

It is & msjor amational resource.

Chattanoogs and other esstern shales offer a credible sltezxmative (or
supplement) to coal and westerm shale.

# and D in Chattanoogs shale involves relatively high~risk and long-
texm progrsms of the type that wonld not normally be undertaken by
private industry.

It is recommended that ORNL seek support from the U.S, DOE for re-

sesrch snd development of methods for recovery of hydrocarboas and mimex—

als from Chattanooga and other easterm shales,

L4

L

L]

OFNL is well gualified to manage and carry out a complets program
(engineering, science, envivobment).

No other federal laboratory or zesearch center has a fully integrated
program in sastern shale development.

CRNL has unigue capabilities in many of the relevant R and D program
aress,

ORNI, is locatsd in sames geographical axres as the resource.

Such an effort would fit well with ORNIL interests im strategic
minerals,

The zoles that might be appropriate for ORNL include:

technical svaluation and program management,

process R and D for oil/gas recovery,

resonrce recovery research, development and demonstration,

research to enlarge the techmology base, and

environmental research and evaluation,
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2. INTRODUCTION

The U.8, is totally dependent on foreign rescurces and imports for
supplies of chromium, cobalt, tantalum, and tin, Large amounts of
alemina, antimony, manganese, nickel, nicbium, and the platinum metals are
also imported for econmomic reasons, although there are long-term U.S.
resources of these critical elements (Silverman 1979 and Goeller 1980),.
One potential source for the domestic production of some of these metals
is the Chattanooga shale, a major component of the eastern Devonisan
shales, |

Considerable effort was expended during the period from 1944 to 1960
in investigating the Chattanooga shales, mainly for their ubranium content
(Mutschler 1976). This work was discontinued in view of the extensive
finds of uranium in the western U.S. The continuing depletion of higher
grade U.S. reserves, along with the possible future growth in demand of
the nuclear industry, led DOE to fund a more recent comtract with Mountain
States Mineral Enterprises, Inc., to determine the feasibility of future
large~scale production of uranium from the Chattanooga shale. Also, re-
cent investigations of the Institute of Gas Technology (IGT) have sug-
gested that the Devonian shales of the eastern U.S., including the Chat-
tanooga shale, can be a major source of 0il and gas (Weil 1979).

Mountain States concluded that a plan involving the production of
synthetic o0il from shale by IGT's hydroretorting process, along with the
recovery of uranium and possibly other metal coproducts, was not only fea-
sible but also economically viable (Mountain States 1978). Handling the
waste volumes and tailings was determined to be a difficult problem, al-
though it was estimated that about 70% of the waste could be reinserted
into the mined—out areas. Laboratory tests at Oak Ridge National Labora-
tory (ORNL) confirmed that uranium and many of the trace strategic min-
erals could be leached from the retorted shale (Silverman 1981).

As a result of this renewed interest in Chattanooga shale, ORNL began
internally funded studies starting in July 1980. The general objectives
of these studies were the following:

e To provide an overall assessment of the Chattanooga shale resource
and the technology for production of o0il, urapium snd strategic

metals,



22

¢ To define specific needs for research and development if the resource
were to be developed.
¢ To develop capabilities within the laboratcory staff to comtribute fo

DOE’s eastern shale activities,

The internally funded studies cover am overall assessment of Chatta-
nooga shale (reported here), an emvirormental assessment, and process ex—
periments on oil recovery and metal extraction, The environmental assess-
ment will be reported separately but informatiom from that report appears
in Chapters 3 and 7 of this report. The process experiments are still un—
derway but some preliminary reselts are presented in Chapter 5.

This report consists of a resource snd regiomal assessment (Chapter
3y, a discussion of mining and solid waste disposal (Chapter 4), a dis—
cussion of recovery processes (Chapter 5), an economic assessment {Chapter
§), an environmemtal assessment (Chapter 7), and a discussion of ressarch

and development needs (Chapter 8).
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3. ASBESSMENT OF RESQURCE AND REGION

3.1 Geologic Setting

The discussion of geologic setiling includes physiography of the
Chattanooga Shule Study Regiom, area and structural geology of the re-

gion, and the shale geochemistry and mineralogy.

3.1.1 Phvsiography

The Chattanooge Shale Region lies in two major physiographis prov-
inces — the Interior Low Plateaus Province and the Appalachian Plateaus
Province, Within the study area, the Interior Low Plateaus Provigce in—
cindes the Western Highland Rim, the Central Basin, and the Eastern High-
Iand Rim (see Fig. 3.1). The Appalachian Plateaus Province is referred to
a5 the Cumberland Plateau in northern Alabama and southern Tennessee and
as the Cumberland Mountains in northern Tennessee.

The physiography of the region is directly related to the bedrock
geology.

3.1.2 Geology

Bedrock formations which occur in the region discussed in this rsport
range in age from Ordovician (the oldest rocks in the ares) to Pemnmsylva~
nian {the youngest rocks in the area). A stratigraphic sesction is pre-
sented in Table 3.1 showing the position of the Chattanooga shale in rela—
tion to the other rocks. The Chattanooga shale outcrops at the bhoundary
between Ordovician and Mississippian age rocks — along the boundary be-
tween the Highland Rim and the Central Basin., The Chattanooga shale once
overlaid the Central Basin; however, weathering and erosion have removed
the shale and all overlying strata from that area. The Chattasocga shale
lies beneath the Mississippian and Pennsylvanian strata of the Cumberland

Plateau and the Highland Rim aress,
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Fig. 3.1. Physiographic regions within the Chattanooga shale study area.



Table 3.3,

Stratigraphic column in th

¢ Chattsnoogs shals study ares

Svstenm

Formation

Thickness

Outerop arean

Pennsylvanisn

Mississippian

Grdovician

(Undivided)

Peanington

Bangor and Hartsells

Monteagle

8t, Lowis and Warsaw
Fort Pavyae

Maury

Chaeitancogs

{Undivided)

12060 = +

45120 o

207140 m

3590 m

7 Y

310 m

2060 w +

Cumberland Platean and Mountaing

Camberland Plateay and Eastern
HBighland Rim

Exsters Bighland Riwm

Northern, Eastern, and Southern
Hiphland Binm

Al Highland Rim Suedrants
A1l Bighland Bim Quadrants
Highland Bim Escarpment

Bighland Eim Escarpment

Central Basin
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The maior features of geologic stvucture withinm the study avea ars:
1lle Dome, the Synclinzl structure vaderlying the Cnmberland

Digtezu and Cumberland Mountzins, and the Blac a

The Nashville Dome is a broad gentle upwarped structiure, the ceatsro
of which lies in the Central Basinm Region. Rock strata surrounding the
Nashville Dowe (on the Highland Rim) dip gently away from the stimecture
east on the east flank, south on the souwth flank, etc. Dips in the fewn-
tral Basin and Highland Rim areas are gensrzlly less than 5%, The Chat-
tanoogs shale dips ahout 2 to 3 w/ka (10 to 15 ft/mile) in this region.

Fast and northeast of the Nashviile Dome the ecasterly to sounthcast-
erly dip increases on the western 1imb of the Cumberland Mountain Syn-
cline. 0il amnd gas well log information indicates that the Chattauvoga
shale occuxrs at about 580 m (—1900 fi} near the axis of this synclinsz

beasath the Comberland Mountains in Morgam County, Teunessse.

This shale outcrops alomg the hsse of the Cuwberland Escarpment at

the east edge of ths study ares and dips steeply to the northwest t
the axis of the syncline. Ju some areas along this outecrop belt, the
shale has bgen removed and/or covered by fanlts.

The Seanatchis Anticling ocecurs withinm the Cumberland Plateau. This

structure is 2 breached (faulted) anticline alomng which the Chattawsooga
shale is beought to the surface. Frosion has formed a lomg valley which

citends from Tenpessece into north central Alabama,

anf
=

u north central Alsbawma, Pzleozoic age rocks dip to the south into

)
W

the Biack Warrior Basin (alsc referred to as the Warrior Basin), Ths Se-

<

guatchie Anticline forms the gastern margin of the basin in JFackson,

and Blount Counties, Alabama. However, s

wth of Biount Comnty

o
the Segunatchie Anticline plunges to the sounthwest, b

structuye, The southermmost outcrop of the Chattanoo

cunt County. The Chattanooga shale occurxrs at elevations cang-

(¢}
ek
[=%
=
1]
s
=
[~}
=i

ing from near sea level to more than 1000 wmeters below sea level inm the
Bilack Warrior Basin.
Chattanooga shale consists of two major comstituents, the Gassawey

menbey zvd the Dowelltown membex. The Gassaway membesr is the prime tazget
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for multiple rescurce development., It exhibits classic black shale char-
aeteristics, petrolifercus odor when broken, high organic content, a2nd
when weathered breaks down into very thim flakes, In general, this member
iz 5 massive black shale with little lithologic varistion. The Gassaway
megber is commonly 3 to § m {10 to 15 ft) thick in the region of imterest.
Figure 3.2 from Comant and Swanson {(1961) is a thickness map of the Gassa—
way member. The Gasseway is subdivided into upper, middle, and lower
units. These subdivisions arxe based on the presence of several gray «lay~
stone lavers intexrbedded with blsck shale in the middle of the Gassawavy.

The lower unit is composed of massive black shale with occsssional ghos—

=3

sate nodules and very thin gray siltstone partings, The middle anit zon-

e

W

iste of a dark gray to black shale as described earlier witk several in-

£

rerpedded, lighter colored claystones, The upper unit is similar to the
shale im the lower unit. The upper 15 cm (0.5 £t) contains abundsnt phos—
vhate modules in a shale matrix.

The Dowelltown member of the Chattanooga shale is ~§ m (16 ft) thick
znd is subdivided imto an upper and lower unit., The lower onit is z typi-
vgl blsck shale which emits a petroliferous odor when broken., %When
weatheved, it breaks into very thin fissile flakes, Imterbedded with the
organie~rich materisl are numercus very thin silt and clsy-rich lavews.
The upper Dowelltown unit is a lighter colored, gray to dark gray scguenss
of sliernating clsystones and darker shales., A thin bentonits bed is
fouvad near the top of the upper Dowelltown unit (Hass, 194%). Conani aad
Swansonm (1961} identified this bentonite bed as the Center Hill Bentonite.

It is ~3 om (0.1 ft) thick and was deposited over most of the study asres.

3.1.3 Geochemistry and mineralogy

Guarte, clay minerals, pyrite, muscovite, and sericite are the major

{1952}, The above listed minerals comprise ~60% of the Chattanoonga shale
by volums: the remainder is described as kerogenous material. Bates and
Zrrahl {(1957) determined the primary clay minersl to be illite with swmal~

ler smounts of kaolinite and a total clay content of ~10%.
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The govavis content dis ~25%, caleite 3%, snd muscovite-sericite less
than 5%, The pyrite content is of special interest because of snviron~
wental considerstions and is estimated by Botinelly (1952} to be ~10% in
the samples examined,

Many Chattanooga shale samwples have been anslyzed as 8 rezult of the
various investigations of this unit as a potentisl wranigm resourss. A
wide variety of snalytical wmethods bave been stilized over a2 35-vear
period and comparisons sre difficult in some cases., Uranium is the most
commonly determined elemeant in the Thattsnoogs shale and most of the
values are fyrom the upper unit of the Gassaway wmember, The Gassaway meom-
ber comsistently corntains more uranium than the Dowelltown member. Values
for the entire Gessaway member average 50 ppm. The upper portion of the
member averages ~63 ppm, and the middle and lower units average somewhat
iess than 60 ppm (Hickman and Lynch, 1967).

Organic carbon is 2 major chemical comstituent of the Chattancoga
shale with values up to 73% in thin cosl or bitumen lavers present atl some
ogalities. The organic casbon comfent provides not only 2 petroleum re-
source, btut also a geochemical mechanism capable of concentrating several
trave elements, Pyimary among these is uwrsniwm which is precipitated in

the presense of 4 reductant {orgssic carbon) or adsorbed on surfases of
oxganic particles, Orgsmic carbon concentrations in the Gassaway memberx
rary over the sren of dnterest but have freguently been observed to be of
the order of 15% or more,

Mutschler {1876) indicates wranium concentration decregses north of
DegKalb County and orxganic casrbon content decresses southeast of Dekulb
Connty. Oil yislds can be expected to be higher north of DeKalb Counaty in
southern Kentucky, but araniuwm recovery wounld be lower, Little is known
about how other elemental concentrations vary laterally within the Bassa—
wav member of the Chattsnooga shale, Most of the gvailable data have peen
ohiaingd in asd aronud DeXald Eaunty, Teunessee, and this ares appears to
be the most promisimg for initisl resovyce recovery from the Gassaway.
Greater thicksess of Gassaway is present in northern Alsbama, but 200 to
200 m of younger wocks overlie the Gassaway and preclude this ares from

consideration at this time.
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Much of the area under counsiderstioan has not been evaluated thorough-
ly for a number of rezsons. Among these are:
1

. Availzble dats are unfaverable with regard to cavbon content,

W

Availsble data are uafaverable with regard to uranium concentrstion.
3. OGverburden thickness is too great to allow for ecomomic recovery of
the raesource,

Very few analyses of the trace minerals have besn reported. It ap-
peared to be desivable to obtain Chattanooga shale samples from seversal
locations to determine the range of mineral concentratioans which might be
suticipated,

Analytical results of five core samples {provided by H. ¥, Leimer of
the Teanessee Techiiological University) from Warrem, DeKalb, %hite, and
Putnam Countics are listed in Tsble 3.2 and im Appendiz A, The thick-
nesscs of the core ssmples are listed in Table 3.3, These analyses indi-
cate that. while there is comsiderable variability in the samples, organic
carbon wzs well above 10% in each Gassaway member (Tennessece Techmological
University, 1981) end valuable and strategic minerals were always present.

Ca the othex hand, none of the minerals was observed in concentrations of

o
B
r
4]
o
]
*+
o

ommercial interest.
Further investigations of the Gassaway membey should imclade defini-

tion of a favorable arsa based on elemental comncentvations, o0il yields,

~ing considsration, and eavironmental comsideratioms. Once such am area
has been defined, & detailed drilling snd sampling program should be car—
ried out to delineate the best subarcas within the favorable area. Coxe
samplcs should be used in determining elemental analyses because outexop
samples do mot reflect elemental concemtrations found in uwnweathered rock.
Sampling of tbe core should be done in a comsistent wmanner to assure the
cousistency of the amalytical results., Uranium valnes and, to a lesser
extsnt, carbom values are guite well established for the Gassaway; how-

ever, wultielement analyses would be a large part of the zualvtical pro-



Table 3.2, Mineral content of Chattanovgs shale samples asb
Gassaway Dowelltown

Upper Middie Lower Upper Lower
Percent
Al 3,5,7 6,7,9 5,6,7 7,9.9 6,7.%
C (organic) 13.,14,16 7,9.,% 12,14,17 2,2,4 §5,10,13
Fe 2,6,8 4,5,5 5,5.5 3,3,5 3.4,5
X 1,2,8 2,3,3 2,2,3 3,3,3 2,2,3
S 3,6,8 4,4,5 4,4,5 1,2,2 2,3,4
8510, 49,53,56 58,60,63 52,54,56 34,60,63 53,56,62
PPM
Co 10,48,90 20,35,40 40,42 ,50 30,39,110 20,25,40
Cr £0,98%,15¢ 160,103,130 100,107,130 90,108,120 120,142,150
Cu 90,122,200 110,118,130 160,176,190 80,94,110 170,192,220
Mn 140,156,170 160,216,360 170,208,250 190,340,460 120,266,339
Mo 40,174,270 20,107,140 120,152,180 10,390,100 20,129,180
Ni 90,213,400 9¢,137,16¢ 140.,154,17¢ 60,88,130 100,222,290
Ti 1500,2420,2560 3G060,3380,4100 2600,2960,3300 3400,3900,4400 2500 ,3360,4000
U 30,65,90 16,40,50 50,63,75 16,16,40 108,37,45
v 190,350,890 200,234,260 210,232,250 170,210,250 210,622,890
Zn 160,370,660 176,190,220 190,204,220 11G,152,190 210,394,600

aCarbon and 5 snalyses were reported by Tennessee Technological University, 1981. Other

analyses were performed by UCCND as part of the assessment projsct.

b . . 5 .
The three numbers listed represent the minimum, aversge, snd maximam concentzations, respectively,

1€



Table 3.3.
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Thickuiess of Chattanocoga

shale core samples, £

Minimum Average Maximum

Gassaway

Upper 3.8 8.0 12.2
Middle 2.2 3.5 5.3

Lower 2.9 5.4 8.9
Total 14.5 16.9 21.3
Dowelltown

Uppert 4.0 7.9 10.0

Lower 3.8 5.6 7.7

Total 7.8 13.5 17.7
Total Chattanocoga 26.5 30.4 34.2

a Reported by Tenmnessee

versity, 1981,

Technological Uni~



2.2 Begional Betting

The discussi

of regivnal setiing imcludes g deseription of the re-
gional eavizeswent, the sceiseconomic setfing, and some alternative sca-

rarics for development.

32.2.1 Fzdsting eavizonment

Land vse in the UChaitsnoogs Bhale Region js differentiated into broad
patterns and cleosely sssovisted with the physiograsphy of the fand., Hoth
the ¥estern Highland Rim and the Cumberland ?i@tgau sare heavily forested.
In conteast. most of the leud in the Central Pasin, the Sovthern Highland
Bim and the Fennyroval (Mississippian Plateayn) is cleared for sgriculturs,

exhibiting various patterns of oropland snd pasture. The Eastern Highland

3
A

Rim cxhibits 8 mix of sgricuilture snd forest. Urban land unsze is mainly

;m
4

confined to the areces surrounding the three major sities of the region —
Nashville, Chattencogs, and Hantsville, Smell communities are also disz—

pevsed throughout the region. Minor classifications of land use, such 23

=
&
s
=
o]

caticon, are siganificant to the scomomy of the geglon; however, the
total srea encompassed by these Isnd uses is mot great,
The Chattsnooga Shale Region is characterized by e rvelatively mild

and pleasant climste interrupted by loang summer hot spells assd vevisble

k4

2

winter owutbresks of freezing cold, Climetie varistion within the region
determined primarily by Istitwdinal differences and sevondarily by diffes—
ances in elevation, Average asnusl temperature is 14.8°C and averszge an—

prXes -

I
i‘ﬁ
‘Q
oo
9?»
$§

fieonm is 131.% ewm. Abouwt half the precipitation falls as
rein or saew from December thrmnghkMarchf when large-scale svnoptic sys—
tems traverss the ares; wost of the vomsinder falls from Msreh through
pirembey with 2 msximum in mid-suemer, primarily ss 2 resnlt of thunder—
ms,. Septomber znd Oetober are relatively dry. Average anumsl wind
speeds are sryound 3 to 4 afsec {7 o 9 mph) with wmeximon speeds in March
wigimum spesds in August, Birong wings sssoviated with tormadoes,
borricsnes, or blizzards sre infrequent compared to most othsr arsas of

the sountry, Poor dispersive conditions, producing a high meteorclegicsl
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% thick resideszl deposiis zs doss the Fort Pavae., Solil
d

fers mey Iintersosnest with ander

£
grs ia bedrock of the Highland Eim snd Central Basin tvpica

e Filled solution mavitdies in the carbosate bedrog

te
the Highland Rim the predominent bedrock agnifers ovoccur in ih

Huvsaw. and 8t. Louwis formations., The Fort Psyne formetion Forms an out-

srop band s much as 28 km wids a&@ﬁg the Highlend Rim Escsrpment., ¥ithin

vuterop dand, the bodrock and overlying residuum locally somisin aa

4 the sffects of mining bexn

@
weriical poslition of the squifer must be koown., If

e¢x rests on the Maury and Chattsnosgs shales, uwndermining wouid resalt iun
dewatering of portions of the squifsr., In srens where the basal portles

is vnwesthersed sad wnfraciured, undsrmisning would net hs

sxpeoted to damage the aguifer wmnless subszidence caussd feilusre of the

Basel aguisiuwde. Aress in whick povoss zones penstrates o ths hese
Fort Pavne csonot preszently be identified.

Grovndwater guality dn the Chattancoga shale study ares is variab
Ty most eross the waisy Is bard fo very hard, Most snalyses indiszte thaz
minently & oslcium bicarbonate type, thowzh iz a
few areas sodiam, chilovide, snd sulfale arxse pressnt inm high concentra-
ticsons, Covsentrztions of iron, manganess, hydrogen suifide, snd matural
8% fdverssly affest water guality in some aress particularly whers walsy

drock openings, Weler obisined from the s0il sguifer

oveyriving the Fort Pavos formetion iz less likely to sontain puicsnce
guautities vf these zomstitusnts,
Gocurrence of surfsce water in the Chatiancogs Bhele Hegion

butabls to runoff {snaswel sv. ~20 em} of local precipitstion {av.

vesy), discharge of groundwater, and streaw inflow. The surfsce wals

supply is subjiect to matural depletion from infiltvation, evaporstion,
k}k' ¥ «f £

J

from the sres via stresms sad rivers.
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(30,3 mg/L) when there are increused levels of irom. Although serface
water hardness ranges from soft (<75 mg/L) to hkard (3150 mg/L}, hardaness
ig most of the larger streams exceeds 100 mg/L,. This property does not
limit water use in this region but may require treaiment to reduce hard—
ness prior to use in cooling systems or boilers in order to prevent scal-
ing .

In terms of present water wuse and water availability, both surficisl
and underground, the Chattanooga Shale Region is capsble of supporting ths
growth of water consumptive industries., Water éonsumption uses only =
frection of the surface and groundwater available on a year rousd basis,
More significantly, the water use for the region consumes only s swall
percentage of the gritical low flow. Water comsumption during the eriti-
cal-low-flow month could increase ~10 times before it could possibly ba

identified as a potential low~flow water shortage problem area.

3.2.2 Socioceconomics

The sociveconomic enviromment is clearly divided between the urban
areas (e.,g., Nashville and Chattanooga) and the rural areas {e.g., Defalb
County). Urban areass are experiencing growth by immigration while rural
sreas contsin a population age structure suggesting emigration of a sub~
stantial portion of their young people.

The region has enjoyed considerable economic growth with urban aress
having per capita incomes above the national average. Manufacturiag has
surpassad agriculture in importance in rural areas but rural per capita
ingome remains below the mational average and 40% of the counties have
boen declared to be surplus labor areas.

Rurel areas have s relatively high frequency of substandard housing,
averaging 12% in the outcrop gounties, All outeorop ccuntiss have medical
care available although hospitalization may require travel outside the
sounty. Public education from kindergarten through twelfth grade is
available in all counties; and specialized schools, vocational~technical
svhools, and institutions for higher education are avsilable in the re—

givn, if not the home county,
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Total tax vevenues sre propoitional to county popunlation with an
average of 26% of revenues coming from local taxes with the remainder com—

ing from state and federal sowrces. In gemeral, urban counties raise a

o]

reater portion of revemues locally (48% in Davidson Coumty). Local taxss

ki3

are low compared to matiomal averages,

3.2.3 Chsattancoga shale development scenarios

The scale, location, and timing of Chattasooga shale developmant is
nnpredictable, Scale and location of processing facilities would be par-
tizlly dictated by the following factors:

# optimum process facility size,
¢ availability of sites having access to mimeable shale, adequate watex
supplies, and the tramsportation metwork,

» permanent labor force avsilability,

L

environmental constraints.
Establishment of the oil shale industry reguires simnltanesus
deveclopment of the processing umits and minss to supply the feedstock.

Several development scenarios awve possible,

1. A total wmine mouth type operation with one owner/operatoxr running ths
sptire mining and processing operstion. The scale of this type opera-
tion is assumed to be on the crder of 90,000 Mg/d shale mining aud

processing with ~8,000 m*/d4 (50,000 BPD) oil produced,

2. An operation in which s central processing facility seceives and pro—
cesses shale from a number of wmines withim 2 local avea. The process-
ing facility is assumed to handle 90,000 Mg/d of shalec and produces

8,000 nn3/d of oil. Mining may be entirely independently operated or

mineral leases may be owaed by the processisg plant,

‘>
.

Dispersed development of the processing and wmining activities., Uadst
this scemnario the processing centers are envisiomed as being of vari-

able size and perbaps none of these facilities would be as large as
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those considered in the preceding facility. Historically, this type
of development has been typical of development of mommetallic mineral

resources of the region,

These three scenarios are used throughount the envirommental assess—

ment on Chattanooga shale development. Some develcopment of each type may
ultimately oc¢nr depending on the viability of different types of shale

processing technologies.
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4. MINING AND SOLID WASTE DISPOSAL

It is the purpose of this chapter to summarize and assess the avail~-
able information on mining and waste disposal activities applicable to the
Chattanooga shale. Factors which determine the feasibility of mining the
shale are identified, potential reserves within reach of proposed under—
ground mines are tabulated, and the feasibility of surface mining at out-
gcrop is evaluated. EKey factors in the management of solid wastes are dis-—
cussed and options for lomg-term disposal of solid wastes are evaluated in
terms of the advantages and disadvantages of each option. Reclamation of
areas affected by shale development and the existing regulatory framework

governing sclid waste disposal at federal and state levels are discussed.

4.1 Mipning Feasibility

The discussion of mining feasibility, in the sense of this region-
wide assessment, is a generic discussion of factors which will affect min—
ing of the shale zresource. A strict mining feasibility study proposes a
specific mine plan for a particular tract of land on which exploratory
work has been completed. Rather than providing a site—specific feasibil-
ity study, this assessment will identify areas where the shale resource
has the best potential for economic development, provide rough estimates
of in-place shale tomnages, and identify geoclogic aspects of the region

which will affect shale development.

4,1.1 Resource distribution

The region considered in this study is sbown in Fig. 4.1, Develop-
wnent of mines in the Chattanocoga shale depends on the selection of mineral
tracts having thicknesses of shale of sufficient hydrocarbon and metallic
content to profitably mine and process the shale,

The Gassaway member of the shale appears to be mbre attractive for

mine development than the Dowelltown because of its geochemical character.
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Fig. 4,1. The Chattanooga shale region. Stippled areas are underlain
by the Chattanooga shale.
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A thickmess of 3 m of the Gassaway member was suggested as the minimum
mincable thickness (Mountein States, 1978)., The Mountain States mine plan
indicates that reserves within about 8 km of the mine mouth could be recov—
ered, A minpe produciﬁg 32,650 metric tons/d is expected to recover shale
from an srea of about 5 x 8 km within a 20~year period of operation, En-
try could be made at the shale outcrop or by comstruction of a slope entry
in areas where the overburden is of appropriate thickness and could safely
support the driven tunanel required for slope entry. Areas with greater
than a 3 m thickoess of the Gassaway member und lying within 8§ km of the
outcrop are showa in Fig. 4.2, These areas would logically be the easiest
to develop because of the accessibility of the shale,

A geclogic cross section between Lebanon and Clintoan, Tennessee, is
shown in Fig. 4.3, Data from which the geologic cross section was drawa
came¢ from ¢il and gas well records which are available from the Tennessee
Division of Geology. These data were first plotted as a geologic struc—
ture contour map on the top of the Chattanocoga shale and then transformed
g0 the cross section, The cross section shows that near the outcrop on
the Eastern Highlend Rim the shale is nearly lyi#g fiat and is compara-
tively close to the surface, Beneath the Cumberland Plateaun the south—
sasterly dip steepens on the western limb of an asymetrical syncline,

The sxis of the SW-NE trending syncline lies beneath the Cumberland Moun—
tains and is thought to plunge gently to the NE, The ares within 8 km of
outcrop {from Fig, 4.2) is also shown on Fig. 4.3, It may be possible to
develop areas beneath the Eastern Highland Rim by a slope eatry if devel-—
opable reserves are proven to exist in that mrea., Access to shale re-
serves beneath the Cumbgrland Plateau and Cumberland Mountains requires
greater development expense because of the depth at which the shale lies
and steeper dip of the shale caunsed by the geologic struncture in the
aree.

As shown in Fig. 4.1, the Chattanooga shale outcrops in several coun-
tiss in northern and northeastern Alabama. Shale thicknesses measured at
outcrops in Lauderdale, Limestone, and Madison Counties, Alabama, range up
to 1 m, Drilling logs indicate a thickening trend in the southern parts

of these couniies; this trend continues to the south and southeast into
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the Warrior Basin, The Gassavay member reaches thicknesses im excess of
12.2 m in Cullman and Blount Countics,

Structure contours drawn on top of the Fort Payne in the ¥arriox
Basin show that the Chattanooga dips to the south southwest at about 1CC
m/kn (Thomas, 1972). The 12 m thick shale previonsly mentiomed lies ap-
proximately 200 to 800 m below the surface. Access to the shale wonld re—
quire & vertical shaft entry, Additional developmentsl drilling and test-
ing would be reguired to determise whether the resource is worthy of de-
velopment in this area, since the omly reported sample from Alabams
yielded 2,9 I/metric ton in the Fischer Assay.

In northeast Alabama the Gassaway member reaches thicknessez of about
12.2 m in Cherokes and DeKalb Counties, In this part of the state the
shale lies in broad synclinal folds which underlie Sand Mountain and Took-
out Mountain. Jocally, low angle thrust faults have occurred in the shale
in these areas, causing the shale to thin and thicken erratically, ke

hydrocarbon content of the shale in these areas is unknown.

4.1.2. Geologic factoxs of significance to miune planning

The following geologic factors will have to be comsidersd in planning
any mines in the Chattancoga shzale:
®» thickness and structore of potentially minesable horizons,
o stability of overlying stratsa,
®# saccessibility of the reserves, and
e control of groundwster.

Thickness will affect the selection of miming metheds, RBoth thick-
ness and geologic structure will affect mine layout and operations plam-
ning, These factors are discussed in previous parzgraphs. At aay speci-
fic locality, thickness and geologic structure must be determined by a
developmentsl drilling phase which provides data on a close spacing fox
mins planning.

The stability of strata overlying the shale must be determimed for
areas to be mined, The Maury shale is not expected to stand as 2z roof

rock snd, therefore, will be removed with the shale unless a portion of
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the Gassaway is left ss the roof rock, When mined with the Chattanocogs,
the Maury will act as a diluwent in the shale fed to the processing plant,
The Maury averages 0.5 to 0.9 m thick (Stockdale and Klepser, 1959) and
would dilute mined shale from a4 3-m ore zone by & factor of 15 to 30%.
Dilution by imclusion of the Maury when mising thicker sections of the
Gassaway would be proportionately less. The Fort Payne formstion, which
overlies the Maoury, is described as being strongly jointed (Brown, 1975},
In some areas closely spaced joints might cause roof instability; these
arcas could be detected in development drilling and avoided in the mine
plan,

Mines can be economically developed only vwhere the shale is accessi-
ble., Mines which enter at the outerop are expected to recover shale with-
in several miles of the outcrop. Additionsl reserves benesth the Highland
Rim end the western e¢dge of the Cumberiand Plateanw would be accessible by
driving slopes or vertical shafts into the shasle. The resource potential
of shale beneath the Cumberland Plateaun and Mountains is largely unknown.
Access to these aress will be sufficiently difficult doe to the depth to
the shale that these areas will be developed after more accessible shale
has been mined out {see Fig. 4.3).

Mining the Chattanooga shale probably will affect local groundwater
conditions. The Fort Payne contains an aguifer which supplies drinking
water to most rural residences and to many communities on the Eastern
Highland Rim, The Maury and Chattanooga shales act as an aquiclude bhelow
the Fort Payne. Undermining aress where the aquifer directly overlies the
shale will allow water to flow into the mines through fractures and solu-
tion openings. The result will be lowered water tables around the mined
areas, Inflowing water must be pumped out of the mines to pfevent flood~
ing. This water may alsc require treatment by sedimentation or other

means before it is discharged to surface streams or reinjected,

4.1.3 Hydrocarbon votential of the Chattanoogs shale

The Fischer Assay is commonly used as an indicator of o0il yield of
shale samples for conventional retorting. The Mountain States Report in~

cluded a figure showing Fischer Assay o0il yields for samples taken from
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the Gassaway member within the study area, The same figure is reprodeced
in this xeport as Fig. 4.4. Bench scale hydroretort testing at the Insti-
tute of Gas Technology has resulted im oil yields of up to 2.5 times the
Yischer Assay yield for samples of the New Albany shale from Kentucky
(Feldkirchner, 1979). It is not known what increase in o0il yield can be
expected from a commercial scale hydroretort operating with run-of-mine
feedstock, The average Fischer Assay o0il yiecld obtained from four drill
cores from DeKalb County, Temnessee, and one core from White County, Ten-
nessee, is 40.65 L/metric ton of shale (determined from data of Mutschlex
1976). If hydroretorting cam increase oil production by a factor of 1.5
to 2 times the Fischer Assay yield, reserves in Dekaldb County would be
expected to produce 60.9 to 81.4 I/metric ton (14.6 to 19.5 gal/ton} of
shale,

The effect of weathering on Chattanooga shale o0il yield was evaluated
by Brown (1975). Fischer Assay o0il yield and oil/water ratios from tests
on closely spaced ountcrop, road cut, and drill hole samples were compared.
The effect of weathering is a reduction of oil yield; the amount of reduc-—
tion depending on the degree of weathering. The result of Brown's compar—
ison indicated that weathering has extended at least 10 m behind the out—
crop., Therefore, samples are of no quantitative value when obtained from
outcrops or from road cuts which have not exposed fresh shale, Many of
the data points on Fig. 4.4 were obtained from outcrop and road cut sam-
ples which probably werec weathered to some extent, Ouantification of the
effect of weathering on the yield at any specific sample locality om Fig.
4,4 is not pcssible due to lack of information om outcrop condition.

The available data indicated that

& the Northern Highlaund Rim, the central and northern parts of the
Eastern Highland Rim, and south central Kentucky appear to hold the
best potentially developable hydrocarbon resources,

e o0il yields are low in samples from Walden Ridge,

¢ insufficient information is available to evaluate the hydrocarbon
resource in Cullman, Blount, and Morgan Counties, Alabama, or in the

northern Cumberland Plateau and Cumberland Mountains in Tenunessee,
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Western 0il shale reserves which are comsidered most attractive for devel-
opment are expected to vield 104 to 167 I/metiic tom (25 to 40 gal/tom)
based on Fischer Assay anslyses (Kash, 1978). Additional core drilliag
and testing of ths Chattancoga shale will be reyuired to demonstrate ihe

potential for commercial hydrocarbon production asd to identify target

4.1.4 Chattanoopgs shale ressrves

The extent of Chattanoogsz shale occurrense is shown in ¥Fig, 4.1.

Avcas in Teanessee and Kemtucky which have average Gassaway thickmesses

"

greater than 3 m and are within sbout 8 &m of the ouicrop are shown in

' tonnages, thicknesses, snd

Fig. 4.2. A semmary of approximate 'in place
for the reserves withinm 8 km of the outevop is pre-

The percentage of in-place reserves which conld ul-

is dependent on local factors such as:

2 pillar size and spacing reguired for roof support [about 30 to 40% of
the resource within the mine arsa for nndergrouvnd mines remains as
pillars {Sehmidt, 1979)1,

2 awvailability of leasable reserves,

2 local configuration of towns, buildings or other azess benesth which

wmining conld causs damag

subsidence,

ko]

¢ geclogic factors such as weak voof, faulting., groundwatecr, 2ts.,

uwld prevent wmining some arsas,

Assuming that 50% of the in-place Gassaway shale can be recovered from
4

this zone, the o0il to be produced within 8 km of ovterop would be 18 bil-

lion barrels (0.5 bhl/ton). The avaniuwm produced would be 2 million tous
I ool 2 a M
of 1,0, (60 ppm, 80% recoveryl.
While the shale near the outcrop would bs the initial target for de~
voelopwent, witimately many times as much materisl wounld be accessible

through deep mining. The resocurce has not been explorcd sufficiently to
d

efinjitive estimate of reserves.

¢l

The recovery factor for uunderground mining of the itotal coal resarve

base has been estimated (Schwidt. 1979) to bz about 30% dus to the fsctors



Table 4.1.

Adypproximats in~place ressrves of Gessaway membery

within 8 km of ocuterop aress with shals grester than 3 a

. a
Approximate

S e ae a2 g S b e A A o e

&
Average

Approzimate

Professional Paper 357 by Conant snd Swanson, 1961,

State, area {ha) Gassaway in-place
County within 8 km thickness tonnage
of outcrop {m} metric tons x 10%
Tennesssg
bavidson 23,600 3,56 2000
Roberison 7,860 3.9¢ 12
Sumner 46,0060 4.57 £700
Macon 38,000 3.96 360D
Clay 46,800 4,87 4500
Gverton 28,200 4 .88 3300
Fackson 28,800 4,88 3400
Patnam 40,000 8.49 5200
White 18,400 .79 2400
Dekald 38,400 4,57 4100
Cannon 28,400 3.8¢ 2500
Coffee, Fraaklin, 58,400 3.98 £500
Moore
SUBTOTAL 4.3 x 10%% metric tons
Eentucky
Allen 40,000 4.8% 4500
Barresn 21,600 4,88 2000
Monroe 8,800 5,18 1100
Metcalfe 22,800 Unknown Unkaown
Camberland 50,000 7.62 880D
Adair 14,800 762 2800
Bussell 16,400 8.15% 3200
{linton 15,600 6.10 2300
SURTOTAL 2.8 x 103 metric tons
TOTAL 6.8 x 10% metric tons
GAcreages were measured on 1:500,000 scale outcrop maps,
%
uﬂassaway member thicknesses are averages of data published in USES
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listed above. Assuming that a similar proportion of the land within fthe
Chattanooga shale resource area might be unmineable, the producible ton-

nages may be about ome—third of the in-place tonnages.

4.1.5 Chattancoga shale mining methods

The choice of mining methods for extrsction of Devoniam shales de-
pends on shale thickness and grade and om the character of overburden orx
roof rock which overlies the shale. The Chattanooga shale in Tennessee,
northern Alabama, and south central Kentucky is overlain by the Maury
shale (0.5 to 0.2 m) and the Fort Payne formation (30 to 60 m) which, in
most outcrops, is predominantly a thin-to-medium—bedded, cherty dolostomne
or limestone,

The only kpown mining plan for extraction of the Chattanooga shale in
Tennessee was prepared by Cleveland Cliffs Mining Company and is imcluded
in the Mountain Stetes Report. The wmine plan describes the procedures for
developing three large, 30,000 Mg/d underground mines which supply a
90,000 Mg/d shale processing facility.

Ifactors which must be comsidered in selecting surface vs. underground
mining mecthods include: overburden thickmess, lateral extent of the de—
posit, physical properties of overburden (e.g., Will overburden serve as a
roof rock for underground mining? Is the overburden amenable to excava-
tion?), resource recovery efficiency, productiom costs, and envirommsntal
constraints, The gemneral character of overburden inm the study regiom is
not favorable for arca type surface mining due to excessive thickmess and
toughness, However, a contour type strip mine along outcrops way be feasi~
ble in some areas, The Fort Payne formation is expected to provide a com-
petent roof in most areas, In some localized areas, the basal portions of
the Fort Payne is shale whkich may lead to weak or unstable roof comndi-
tions, The locations of these areas are not accurately known,

Previous underground mining experience in Chattanooga shale ~ Pre—

vious experience with mining the Chattanooga shale is limited to the
excavation of an adit near Sligo in DeKalb County, Tennessee, im 1947-

1948, The adit was excavated to provide large (12 to 15 ton) samples of
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the shale and to provide information on mining conditions., The adit was
excavated in the topmost unit of the Gassaway member and the Maury shale
was also removed in most places. Dimensions of the adit were 1.5 to 2 m
{5 to 7 ft) wide x 2,5 m (8.5 ft) high x 30 m (100 ft) long. Details of
this excavation are reported by Brown (1975). Brown’s report includes
primarily information on the blasting methods which were used, a survsy of
the adit, and descriﬁtion of the jointing patterns. The adit excavation
was performed by manual labor with the exception of drilling and blasting
and no information is available from which to estimate mining costs,

Surface mining potential of Chattancoga shale — Surface mining costs

generally are less than underground mining costs. The ratioc of overburden
removed to resource recovered (the stripping ratio) determines the maximum
thickness of overburden which can be economically removed, Two approaches
may be used to determine the approximate stripping ratio for a typical
outcrop of Chattanooga shale, One approach is to estimate mining and pro—-
cessing costs and product values, This requires reasonably detasiled esti-
mates of the overall processing costs and capital investment analyses
which are not yet available. The approach used here is applicatiom of
surface mining economics of coal strip mining in the Appalachian area to
shale mining. This procedure does not evaluvate the effect of market value
on mining economics and provides only a rough estimate of the surface min—
ing potential, '

Deriving stripping ratios for the Chattanooga shale by zmnalogy to
Appalachian coal strip mining economics involves comparison of two very
different hydrocarbon resources, A stripping ratio of 12:1 is commonly
used in contour strip mines in Appalachia, Area mines, which use drag—
lines or bucket wheel overburden excavators, can operate om stripping ra-
tios greater thanm 20:1, The machinery used in area mining is generally
not sdsptable to contour mining especially on steep slopes. Area mining
eguipment is well suited for excavation of comparatively soft or friable
overburden materials, The tough Fort Payne formation which overlies the
Chattanooga and Maury shales in Tennessee would require blasting and hand-
ling with conventional contour mining equipment. Some areas in the North-

ern Highland Rim and in central Kentucky, where shale is the predominant
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overburden, may be ameanable to development usimg larger ares mining eguip-
meat .,

Prelimionary calculations of highwall and pit dimensions for contounr
mining of the Chatiaxocoga shale arz presented im the following paragraphs.

tes are comsidered rough spproximations sinece local geclogic

anid topographic conditions =t awy specific mine site will determime the
acinal economics of shals extraction.

The following conditions definme the basis for estimstimg the produc-
tion poisntial by surface minimng of shale in central Tenmesses.

The average energy per pound of coal = 2,67 x 107 Jfkg [~11,500

Btu/lb {(Minerals Yearbook
1976) 1

The average strippisg ratio® = 10.52 »?*/metric tom (12 yd?
overburden/ton) coal

2.67 x 107 J/kg {11.508G Btu/lb) = 2,67 x 101° J/metsric ton
(23 x 10% Btu/ton) coal

2.67 x 102% J/mstric ton 23 x 10% Btu/ton
10.52 m?/metxic tom over— 12 yd3 overburden
burden

= 2.54 5 10° J/w?® overburden removed (1.9 x 10¢ Btu/yd?® overhurden
temoved)

Btw ratings of the shale are not directly 2vailable, so the following as—

1]

k]

umptions are made., The product oil is assumed to be 30° AP gravity »nil
(Feldkirchuer, 1979). f 83.5 L/wmetric tom {20 gal/tons) of 30° API
gravity o0il (132.000 Biu/gal) ie racovered from shale by hydrorctoriing,
the shals would have 3.07 x 10° I/mstric tom (2.64 x 10% Btu/tom or

) marketable hydrocarbon. Additonal carborn eomversiom would
provide energy for pazrt of the processiung heat requirements,
The stripping ratio for shale (at 2.64 milliom Btu/tom), whick is

o

squivalent to a 12:1 ratio for coal, is determimed by dividimg the avail-

)

able eanergy pev volume of shale by the overburden removal cost for mimin

e
tra

(in terms of energy produced per volume of overdburden removed).

*Higher Bin/1b coal could b2 mined to a higher stri pping ratio be-
cause of higher preduzct walone. lowes Btu/lb corl would e mined unsing a
somewhat lower siripping ratio.
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3.07 x 10% J/metric ton 2.64 x 10°f Biu/ton shals
2.54 x 10° J/m? T 1.9 x 10¢ Btu prod/yd? OB

= 1.21 w® overburden/metric tom shsle (1.39 vyd? overburden/ton shale).

Given the density of undisturbed shale as 2.3 g/em?, there are 2.2 metric
tons/m? (3,115 tons/mcre~ft) of shasle im place. A 3 m thick rescures zone
bears 69,000 wetric tons/ha (31,150 toms per asre)., Average and maximum
highwall heights for shale yielding 41.7, 52.2, 62.3, 73,0 sngd 83.5 L/
metris tom (10, 12.5, 15.0, 17.5, and 20 gsl/ton) snd shale thicknesses of
3.0 m, 3.66 m, 4.26 m, 4.88 n, and 5.48 m are incliuded in Teble 4.2.

These computations are based only on conversion of the orgenis carbon
to & petroleum fuel and do not include any consideration of recovery of
metals or residusl carbon which may be recoversd by further processing.
The 83.5 Limetric ton {20 gal/tomn) vield gives some idea what the surface
mining potential might be if conventionsl reterting is wsed. Higher oil
vields, potentially obtainable by hydroretorting, wonid increase the
stripping ratio as shown in the table,

A geologic cross section of the Central Basin/¥astern Highland Rim
boundary shows the occurremce of the shale im a typical, eroded. cutcrop
arcn {(Fig. 4,5). FErosions] sutliers are found in areas where stream val—
leys have eroded the shale. In comparing sstimates of strippabis overbur-
den thicknesses to those encountered in the outerop zeme, it is appavsnt
that only 8 very small fraction of the potentinlly deveslopable skals re-
serves could be recovered by surfacé mining methods {(Fig. 4.5}, Thes buik
of the shale resource will have to be miged using undergrovnd methods,

Strippable reserves — Key factors which determine suxface mining

feasibility have been discussed in the previouns sccetion., Rough estimates
of potentiaslly strippable reserves per kilometer of shsle ocuterop are
presented iz Table 4.3, This table follows the format of Table 4.1 and
uses maximom highwall heights from Table 4.2. A slope sngle of 20° at
vuterop is assumed and the shale is essentially flat lving. A recovery
factor of 90% is used [90% recovery is copsidered maximum recovery for

gontour coal strip mining (Schmidt, 137931,



Table 4.2, Averagea/maximumb overburden thickuesses {meters) for
surface mining of Chattanooga shale: preliminary estimates

0il yield,e Thickness of Gassaway member
liters/metric ton
{gal/ton) 3.05m 3.66m 4.26 m 4,88 m 5,48 m

41.7 (10) 4.1/13.6 4.8/15.0 5.7/16.2 6.5/17.3 7.3/18.4
52.2 (12.5) 5.1/15.4 6.2/16.8 7.2/18.2 8.2/19.4 9.2/20.6
62.3 (15.0) 6.1/16.8 7.4/18.4 8.6/19.9 9,8/21.3 11.0/22.5
73.0 (17.5) 7.2/18.2 8.6/19.9 10.1/21.5 11.5/23.0 12.9/24.4
83.5 {20) 8.2/19.4 9.8/21.3 11.5/22.9 13.1/24.56 14,7/26.1

aAverage overburden thicknesses is the thickness which could be mined on a
sustained box cut or arez mining basis using 12.1 stripping ratio. Average
values appear left of the slash,

Maximum overburden thickness is the maximum highwall cutoff height for a
contour type mine on 20° slope. Maximum values appear right of the slash.

©0i1 yield of shale is for assumed 30° API gravity oil prodamct with energy
value of 132,000 Btu/gal. Yields assume that hydroretorting is a viable process.

<9
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Table 4.3,
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Approximate strippable reserves

(metric toms x 1000) per km of outcropa

01l yield, Gassaway thickness, meters

liters/metxic ton

{gal/ton) 3.05 3.66 4,26 4.48 5.48
41.7 (10) 235 315 390 480 §is
52.2 (12.5) 265 350 440 540 640
62.3 (15.0) 290 355 485 590 700
73.0 (17.5) 315 415 520 640 805
83.5 (20) 340 445 555 685 815

aAssuming contour siripping on a 20° slope.
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Bengh width = & ¢ 2.75
Metric toms/km outcrop = [bench width (m) x 1000 m/km] x thickness (m)

x 2.3 metric tomns/m3® x 0.9
Actual strippable reserves in any specific locality depend on site
specifis factors and available information is insufficient to permit csl-
gulation of potentially strippable reserves on s county level. Site spe-
eific developmental drilling and testing of shale and overburden charac—
teristics and guantity would be required to provide actual strippable re—

serve estimetes,

£.3.8 Legal aspects of mining

The vast majority of land in the Chattancoga Shale Region is owned by
the private sector. Only a small percentage is contrelled by federal,
state, county vr local govermments., As a result, almost all development
along the outcrop must be negotiated through sales and mimeral leasing
involving individusl landowners., Acquiring mineral rights for large
underground orxr surface mines in the Chattanooga Shale Region will emtail
many repeated contacts and legal contracts to be made with individual
jandowners. Unlike the western United States, where rural land tracts are
wsually large and property owners few in number, the rural areas of the
Chattanooga Shale Region are broken into numerous small tracts of land.
For sxample. DeKald County, Tennessee, has 7,977 parcels of rural land
pwied by 8,500 property holders within its 72,000 ha (278 squaie miles),
Contacting sach property owner and negotiating the sale of mimeral rights
will be fime-consuming and expensive.

Shale mining activities onm private lands may be regulated by each
state in the absence of e federal oil shale mining regulatory framework.
Simee the Chattanooga Shale Region extends through three states, each
stste may vegulate the development of the industry within its boundaries,
Regulations and permitting procedures are unique for each state and are in

varicus stages of formulation and completion at this time,
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The Federsl Govermment owns or has jurisdiction over few tracts of
lznd in the Chattanocoga Shale RBegiom. Becanse of this limited ownership,
the Department of Imterior (DDI), which sdminsters fedsral lands, has not
planned for leasing programs or regulatiom of easterm 0il shsale lands as
it bas western oil shale lands (Hall, 198)). However, three of the prime
Chattanoogs shale development sites in terms of wster and shale resources
— Center Hill Lake, Dsle Hallow Lake and Cumberland Lake — are under fed-
ersl jurisdiction. The three major water impoundments and their adjecemt
lands lic alomg the skale outcrop sud are owned and operated by the Corps
of Engineers. The Burean of Land Management (BLY) has jurisdiction over
sehsurface minerals on Corps of Epgineers' land; therefore, BLM wonld hold
responsibility for leasing and developing shale on these launds.

Federazl regunlation of westerm oil shale lands is being dome thromgh
an expanding prototype leasing program. According to DOI, no regulations
for shale development are being written at this time, mor are plans being
made to develop fedezxally-owned eastern o0il shales, As a result, the
47,716 acres of land in Clay, Clinton, and De¥slb Countiss in Tennessee
znd in Cumberland and Russell Counties of Xentucky survounding Center
Mill, Dale Hzllow and Cumberland Lakes will not be developed in the forxre-

seeable future,

4.2 Solid ¥aste Dispossal snd Reclamation

The design of solid waste disposs) systems sud reclamation projects
is an integral part of mine plemning, Unfortumately all too often waste
disposal planning occurs as an afterthought, creating unnnecessary expense
or uwnaesthetic features on the landscape. This section identifies major
considerstions in solid weste dispesal planning, the magunitude of the
problem, and feasible disposal options. The discussion desals with dis-
posal of nonhazerdous solid wastes only and excludes considerstion of
liguid effluents, sludges, slimes, and other processing wastes, At this

time the exsct nature of the spent shale, the quantity of slimes (fines),
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and the characteristics of effluents gemerated by the processing is mon-
known, It is assumed thsat the spent shale will be classified as = nonhax-
ardous waste, It is possible, however, that the waste materials will be
classified as hazardous; in that case, the following discussion of dis—

posal options would mnot be applicable.

4.2,1 Key considerations in solid waste disposal design

The design of 2 solid waste disposal system and a disturbed land re-
c¢lamation program for 2 shele mining and processing operation shounld be
based on z number of key considerations., These comsiderations can be
categorized into three basic groups — processing, eavironmental, and eco~
nomic.

The state in which the tailings leave the processing plant is an es-—
sential consideration in the dsvelopment of disposal and reclamation de—
sign. The manner of processing determines the characteristics of the
spent shale, Characteristics such as grain size and carbon contemt can
affect the volume and compactebility of the spent shale as well as i¢s
sventnal impact on the environment,

The following assumptions have been made concerning the hydroretort-
ing and metals extraction processes and their effects on spent shale,

® The spent shale is clsssified as a nonhazardous waste.

¢ The spent shale has been leached for uranium and other metals and
contains minimal amounts of these metals,

o The spent shale has been treated with a slurried ground limestone to
neuntralize the acid from the leachimg process and to precipitate
soloble elements such as irom and aluminum,

® The spent shale has been roasted; therefore, the organic carbon con~
tent of the shale is megligible.

The spent shale will also have the following characteristics as determined
by preliminary examipation:

® The spent shale is c¢rushed to approximately 0.25 to 0.65 cm {1/10 to
1.4 in.).
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@ The spent shale weight is 55 to 60% of the oxiginal weight of the
shsle,
e The denmsity of the spent shale is 0.69 g/cc.

1

The inappropriate and/or unsafe disposal of tailimgs is potentiall

[

one of the greatest emvironmental hazards of shale development. FEnviron-
mental systems could be seriously damaged by the improper disposal of
wastes., As a resunlt, envirommental preservation becomes omne of the key
considerations in planning a solid waste disposal system, Several regula-—
tory agencies, at state and federal levels, will have jurisdiction over
eastern shale development through their envirvommental protection wegnla—
tions.,

¥Within the scope of envirommental and legal limitations, the options
for weste disposal are pragmatically eveluated in terms of econemies.
¥hile specific methods of disposal may be more assthetiecsally pleasing ox
have a smaller impact on the enviromnment, the cost of sveh disposal sys-
tems may be great enough to retard the developmsnt of the resecurce.
Costs, both capital and operational, are estimated and discussed for sey—

eral methods of waste disposal.

4.2.2 Identification of the magnitude of the solid waste
disposal problem

Shale, like many other rock materials, incresses in volume durisg
mining and processing. This expansion makes complete disposal of the
spent shale in the original mining site impossible, thus componnding waste
disposal problems. In the case of underground disposal, called backfil-
ling, not only must plans be made to backfill original mins sites, but
additional disposal sites must be located and desigmed. In the case of
complete surface disposal of wastes, large suitable areas must be found
which have the cepacity to store thousands of tons of spemt shalec per day
When discussing the combination underground and surficial storage of wmin-
ing wastes, it is imperative to identify the magrnitude of the storage dis-
possl problem in terms of the percentage of spent shale that will fit into

the mine site and the percentags that is to be storesd elsewhere.
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Using preliminary weight, volumetric, and compacticn data supplied by
the Engineering Technology Division of ORNL, it was calculated that a
given volume of shale expands about 85% of its original volume during the
mining, hydroretorting, roasting, and metals~recovery procedures., Pre—
liminary calculations suggest only 50 to 55% of the spent shale can be
backfilled into the original mine site without some form of compaction,
The remaining 45 to 50% must be disposed of above ground or in another dis~
posal site such as an abandoned underground mine.

The magnitude of the spent shale disposal problem over a 20 year
operational life span of a 100,000 ton (90,910 metric tons) per day pro—
cessing plant is tremendous. Such a processing plant produces 60,000 tons
{54,545 metric tons) per day of spent shale at 43 1b/ft? (690 kg/m?). Of
these 60,000 tons, 50% is expecied to return to the mine. The remaining
50%, or 32 amcre feet (39,475 w3) per day, must be disposed elsewhere.

Over a 20 year operational lifespan, 233,600 acre feet (2.8817 x 10% m?)
of spent shale must be disposed on the surface, assuming a 50% mine back-
£il1l; with no backfill, 467,200 acre feet (5.7635 x 10* m3) must be
disposed. The exact acreage that will be covered with spent shale dur~—
ing the life time of the operation is indeterminable at this time. The
terrain surrounding the processing plant will di#tate the type of disposal
to be used (i.e., land fills will be used in relatively low relief areas
while terrain of high relief will require valley fills). Since valley
fills have a high volume to surface area ratio, fewer acres of land would
be unsed for waste disposal than if the same amount of waste is disposed in
land fills. |

Alternative dumping sites such as old coal mines or quarries are of~
ten sither too distant to make tramsporting the spent shale economically
feasible or are too small to alleviate much of the disposal problem. For
example, a quarry that extends over 30 acres (12 hectares) to a depth of
60 ft (18 m) will accept slightly less spent shale than a 100,000 ton
{90,910 metric tons) per day processing plant will produce in one month,

The estimate that 50 to 55% of the spent shale will fit into the
original mine site may appear low when compared to the Mountain States

projection of 70%. Mountain States, however, did not document how this
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figure was calculated; the report simply stated: 'Tt has been assumed
that 70% of the tailings produced by the processing plant cam be placed
underground as backfill material’ (Mountain States, 1978}. Since Mountain
States’ backfill design was based on hydraulic transport and hydraulic
stowage through a roof hung feeder system, it can be assumed little com—
paction occurred other than that caused by the weight of the overlying
backfill., Given the nature of the spent shale, as determined by the En~-
gineering Technology Division of ORNL, it does not appear feasible to re—
turn 70% of the spent shale 0 the original mimne site using the techmology
described by Mountain States. For the purpose of this study the original

estimate of 50 to 55% will be retained for uncompacted shale.

4.2.3 Underground disposal options

Underground disposal of mining wastes has been used extensively in
Europe and to a lesser extent in the United States, Backfilling has two
advantsges: (1) it minimizes the envirommental disturbance of the land
surface and (2) it allows increased resonrce recovery. Enviroamental
surface disturbances are reduced by underground waste disposal in that
fewer sites exhibit subsidence and less surface ares must be dedicated to
waste disposal. Smaller amounts of waste material present on the suxfase
alsc lower the potential of large quantities of sediment and leachates
being introduced into surface runoff; however, the leachates are probably
introduced into the groundwater instead of the surface rupoff, Thus, the
total impact is not reduced; only a trade off between introduction of
leschates to groundwater rather than surface water occurs. Shale recovery
is greater using backfilling {as opposed to nonbackfilling) im that zroof
supporting pillars can be narrower and designed to fail gradually omn the
premise that the backfill comfimes and provides lateral support for the
pillars. The increassed shale recovery could also extend the life of the
mine {(Earnest, 1977).

Backfilling s large active mime (with a life expectancy of at least
20 to 30 years) reguires a design that allows simultancous mining and

backfilling, or altecrnating periods of mining and backfilling. If there
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is to be no production loss due to backfilling, the stowing of tailings
must take place in a part of the mine that is isolated from the mining
sctivities. Mines, therefore, must be designed for backfilling opera~
tions, rather than retrofitted, if there is to be no loss of production
time. Ideally, mine design must also take into comsideration?the limita-—
tions of the backfilling system in terms of flexibility and mobility. The
long open cavities left from chamber and pillar mining activities are more
easily filled than the checkerboard cavities left by room and pillar min-
ing, FKFilling around pillars is difficult when using inflexible semi-immo-
bile systems such as conveyor or pneumatic and hydraulic stowers, Al-
though these stowing systems can be moved, movement is not achieved with-
out considerable effort, Filling a panel mined by room and pillar design
with an inflexible stowing system would require too much effort to achieve
100% fill, whereas filling cavities left by chamber and pilisr mining
requires far less effort.

Evaluation of backfilling options — A variety of methods for back-
filling underground coal mines has been used for years., Among the promi-
sing ones are pneumatic and hydraulic backfilling and mechanical stowing.
Fach method is effective under specific circumstsnces and neither method
is best for all mine backfilling conditions and situations,

Analysis of backfilling operations can be divided into two major com—
ponents — transport and stowage, Transport is the movement of spent shale
from the processing plant to the mine site or stowage site. Stowage is
the final placement of the spent shale into the previously mined areas.
Four major types of tramsport can be considered — conveyor, mechanical,
pneamatic, and hydraulic. Four major types of stowage — conveyor, mechani-
cal, pneumatic, and hydraulic — also can be discussed, Transport snd
stowage options will be analyzed in the following combinations: hydraulic—
hydraulic, pneumatic—pneumatic, conveyor—conveyor, and truck-mechanical,
These combinations are generally recognized to be the most feasible.

Ppneumatic and hydraulic transport are similar in that the spent shale
is conducted from the processing plant to the mine site in a pipeline;
only the transport medium differs — air or water. Truck transport entsils

the movement of solid wastes from the processing plant to the injection



site by dump truck or similaz vehicle. Comnveyor trassport uscs a system

1

onveyor belts for the processing nlant to the wine., Each tramspovt

o
h
L]

svstew is limited with respsct to grade, distance, cozts, stats of tech-

facumatic and bydraulic stowage zre accomplished in ons of thre

¢
ways: blind flushing, controlled flushing, and dirvected flow., In blimd
1

flushing the spent shale is imjccted into thes mine throu

mine volume can be filled with blind hvdraulic backfilling. In

flushing the sluzey is injected into a mime througk a3 borshole
tod to sreas to ba back{ille 1
Gensrally 300 to 600 ft (80 te 180 wm) of horizontal distribution can be
ovizined for overwy 100 ft {30 m) of vertical borzhole drop in hydraulic
controlled fluskimg {National Acadewy of Science, 1973); approximately 90%

£ the mine volume fill can be achieved {Momntsin States, 19278}, Is

is piped frowm the borshols to the sits to be
¥, similer to a giant nozzl dirvectis ths flow of

slugry to the ezact site. As the backfilling progresses. the stowsr is

woved, 1o waintain the backfill im its intendsd position, brattice cloth

Ty

LR 4
the fill and the roof of the miue, Conveyo
i

c
by mine desiga, the type of transgort system wsed, cspital a2md operatiomal
1

costs. and the staie of stowage technology.
Hydraulic-hydraulic — Hydraulic bzokiilling, consisting of both hy
drauliec transport and stowage. s been suggested by States as

t
the ideal baekfilling system for & Chattwmooga shale room and pillar mining

operation, Mountain States proposes a conirollsd flushing operatiom im
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in which spsrt shales would e slurried ond piped from the ﬁf@@ﬁs%iﬂg plant
to a borehole where it wonld be injected into the mine through a roof~hung
feeder systewm. A metwork of gollection pipes would drain the backfill,
and the water would be recirculsted through the system. Although not all
of the following discussicn of hydvaulic backfilling dizsetly spplies tu
the proposed Movntain State backfilling plan, the major problsm azreas of
fine generation, water rotention in the backfill, creation of fill matesx-
izl wnable to provide adeguate lsteral support ito pillars, and mine de~
terioration still apply.

Hydraulie backfilling presents a set of technologicasl problems that
need to be resolved before hydraulic transport snd stowage can be con~
sidered n viable option for back{iiling shale mines. The major problem
associsted with the use of water for a transport and stowage wmedium is the
production of fines whick would retfain water in the spent shale, creating
a8 pnsuitable water—-logged backfill materiasl. The istroduction of large
gusntitiss of water into ths mine conld cauvse mine deterioration nnd loss
of production.

Hydrsulic transport of soclid wastes iz accomplished by slurrying the
spent shale, up to 30% by weight, with water., The guantity of water re~
guired to transport the spent shale from the plant to the borehole is up
to four times greater than the amount of water reguired to inject the
spent shale into the mine, depending upon which injection asd stowags op—
tiom is wsed. An expensive system for partisliv dewntering the slurry and
vecirenlating the water o the processing plant prior to injection may be
necessary (National Academy of Boience, 1975). ’ﬁutiﬁg bydraulic trans—
port, great guantities of fines ave vreated and sarried in suspemsion dus
to the readily abradable characieristic of the spent shale. These fines
ister become 3 problem in mine dyainage and backfiil stabdility.

fven though the total amount of water ussd im trxansport may not be
necessary for stowage, thousands of gallons of water will be introduced
into the mine eack day. Although the sxtent of structoral damage caused
by watey retasined and percolsting thongh the i1l has not beon detezrmined,
it is possible that load-bearing structures svuch as pillaers, panel walls

and bulkheads could be weakened, deformed., and sventually fail, resulting



74

in roof collapse and suirface subsidence. Water introduced with backfill
stowszge, in all probability, will not remain contained within the back~
filled pamel or planmed drainege system but will seep out of the pauel
through structural wecaknesses (i.e. seams, joints, etc.). Water scepsze
into the zetive mining area cam cause an increase in water recirculation
costs, groundwater contamination, mine degredation (such as the deforma—
tion of wailroad tracks) and loss of production time. V¥ater returned to
the surface from the mine will be sediment laden from backfilling activi-
ties. This water will need to be centrifuged or settled aund decanted he~—
fore it can be recycled throuwgh the mine. The slimes would be disposed ian
surface slime pounds.

As the guantity of fimes in the slurried spent shale increases, the
potential for holding water in the fill also increases, For westera spent-
0il shale backfill to dewater adequately, the slime portion of the back-
fill should be limited to 20 to 25%. If the fine content is higher, the
£fill w11l be slow to drainm. The percolation rate for a high fine comtent
backfill may be as low as 1.4 x 10-3 ft {0.04 om) per day (Earmest, 1977).
Using this percolation rate, it would take 16 ft (5 m) of backfill over 31
years to be dewatered. The imerease in fimes also temds to increase clogg-
ing of drainlines, thus preventing dewatering. Undrained backfill is not
able to provide adequate lateral suwpport for the roof supporting pillars,
thereby eliminating one of the major advantages of backfilling.

As the fine content of the backfill rises, the density of the fill
material may iocrease due to decreasing pore size among spent shsle parti~
cles; ostensibly increased fill demsity improves the support characteris—
tics of the fill materials. With fill demnsity increased beyond the 0.69
g/cc density of the spent shale, more than the expected 55% of the spent
shale may fit into the origimal miune site; the percemtage of imcrcase,
however, is not known.

The lack of dust is the principal advantage of hydraulic backfilling.
The major disadvantages arc excessive water consumption, high emergy ro—
guirement, high capital costs, high operating costs for pumping reclaimed
water to the surface, poor support characteristics of the backfill,
groundwater contamination, production loss due to seepage, and surface

disturbance associated with slime ponds.
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Pneumatic—pneumatic — Pneumatic backfilling, consisting of both pneu-

matic transport and stowage, has been used mostly in Europe in lomg-wall
goal-mining operations. Shale to be pneumatically transported is fed into
abrasion—resistant pipes and blown to the stowage site.

As is the case with hydrauvlic backfilling, many technological prob-
lems must be resolved before puneuvmatic transport can be used to backfill
shale mines. Dust and the creation of fines are the greatest problems
associated with pneumatic backfilling. Pneumatic transport creates =
large quantity of fines as pieces of spent shale collide with one another
and the pipe; the fines are them released as dust during stowage. Mine
ventilation systems must be designed to prevent dust from entering the
area of the mine which is actively being worked. The problem of fines is
net as great in pneumatic backfilling as it is in hydravlic backfilling
because the settling velocity of fines in the air is greater than in
water., If the backfill, however, becomes saturated by groundwater, it
will be difficult to drain for the same reason that hydraulic backfill is
difficult and slow to drain; in addition, there will be no network of
drain pipes to dispose of excess water. Once the backfill is saturated it
will not lend sufficient lateral support to load-bearing pillars.

Pneumatic stowing may increase fill denmsity up to 14% due to compac—
tion caused by fill depth and high velocity impact according to Earnest,
1977. 1t is doubtful, however, that fill density of spent Canattssoogsa
shale will imcrease greatly due to compaction under its own weight. As—
suming the average depth of backfill will be 16 ft (5 m), and given drzy
dry spent shale weights of 43 1b/ft?® (690 kg/m3), the pressure on the bot—
tom of the fill pile will be approximately 5 lbs/in.2 (3360 kg/m*}. Ac—
cording to ORNL compaction studies, 5 pounds per square inch (3360 kg/m?)
of pressure will not be sufficient to parceptibly increase fill demsity.
If fi1l density is greater for pneumatically transported fill than spent
shale, it is probably due to the generation of fines and general degrada-
tion of the spent shale particles during transport.

With a moveable stower and chamber and pillar mining, complete back—

filling is possible.



2r haulage systems. For
xamplie, if conveyor or truck traunsport is used, the spent shale can be

tower at the backfill site. The combiumation of con-

The primcipal advantages of using pnewmatic backfilling arxe that 1it-
tle water is introduced into the wmime and that the stowing systesm can ac

comwodate several foxws of tramspeort., Disadvantages are abrasion to pipe~
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between the processimg plant and the stow-

e around a corner is

1
the frictional ss of caergy im tramsporting msterial 200

wy of Sciemce, 1975). As min_.ng advances,

the number of linsar feet of pipe must be imcveased. The addition of

pipe, and perhaps corners, would regquire additional blowers Lo resuspend
le, thus incressimg capital costs and epergv reguirements.

In general, capital a2mnd operating costs, as well o5 energy reguirements of
£
[l

Convevor—-conveyor — Waste disposal by coaveyvor tramsport and couveyor

x’J

stowage is z2ccomplished by 2 wain systeom of conveyors used to transfer the

spent shale to the wmins. In the mine, splitters transfer the spent shale

o

elts which ecarry the spent shale to stowage sites.

2

then ussd for actual chamber filling. Comveyox

nlly used in terraim comsidered too steep for trucks

e is mors feasible when associated with chamber and

pillzr miuning thaen roow and pillar mining. Given the inflexibility im-
herent in comveyor wuse, it would require contimual extensiom anmd addition
of crosslines to fill zround the many corners of a voom and pillar mining
system. Coanveyor stowage canmnot backfill a chamber to capacity. The

space left at the top caun be left vacaat or can be filled by anothes
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technigue such as pneumatic stowing. (The backfiil transpurted

and stowed by conveyor systems shouwld be more similar to the spent shale
28 it exits the processing plant than the backfill that is generated by
preumatic and hydraulic systems.) The density snd namber of fimﬁs'shouid
ingrease minimally dewring conveyor tramsport or stowaze, Home dust will
be generasted at transfer points, but is should be controllable with water
or proper ventilation.

Frincipal advantages of conveyor backfilling are low operationsl
cost, low manpower and svergy reguirements, little introduction of water
into the mine, and miniwal dust and fine gemerstion. Iaflexibility of

routing and high capital costs are the major disadvantages.

Truck-mechanical ~ Solid waste disposal by truck transpor? znd me~
chanical stowage is accomplished by using large off-road hauling vehicles
and self-propelled, tamping—foot drum compactors. OFff-recad trucks, that
are best used on low-grade short distance hauvls, would cersy spent shale
from the plant f¢ the stowsge site in the mine where they would discharge
theix lcad and retnrn to the suxface. The mine design would have sgveral
modifications for vehicle traffic., The passageways and entries would be
widened and ventilation {(for fumes and dust) increased.

The backfill material will experience only minimel degradation from
transport and compaction., The ultimate density of the i1l material will
be dependent on the compasctabilty characteristics of the spent shale aund
the amount of compazciive force applied to it {see Tadble 4.4}, Imcreased
£ill demsity may increase lateral support to load-bearipg strociurss and
decyease $ill permesbility; however, testing on spent Chattsucogs shale is
necessary to confirm this.

The advantsges of truck-mechanical backfilling include flexibility in
routing, imcreased disposal of wastes in underground sites and incressed
support characteristics of i1} materigl. The disadvantages of this me~
thod azre high manpower and eguipment reguirements, high evergy consump—
tion, and increased ventilating reguirements.

Copeluding remarks on backfilling — Backfilling of shale wmimes, by

whatever option, is strictly in the planning and theoretical phuse: no

shale mine has actually been backfilled. Tdeally if the spent shale is to
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Table 4.4. Preliminary compaction data

Confining pressure Unit Increase
weight in demnsity
[psi (kg/cm?)] grams/cc (%)
As received 0.69
500 (35.2) 0.82 18
1,000 (70.45) 1.00 45
2,000 (140.9) 1.12 62
5,000 {352.3) 1.27 84

12,000 (1409.0) 1.38 108
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be placed inte the original mime void, compaction will be mecessary for
maximum disposal, tokprevent the formation of leschates by water percolat-
ing through the fill material, and to minimize surface subsidence {Locke,
1674} . Current backfiiling technology, as described im the previoms sec—
tions, cannot accomplish all of the objectives, but this should not he
viewed d4s a serious constraint to the wse of underground disposal of spesnt
shale, Compaction techniques asd machinery conld be developed with the
present level of sophistication in mining techmology. In additiom to tech-
nelogy development, the economics and possible envirommental impacts need
tv be analyzed and proven acceptable before underground dispesal of solid

wastes is considered a viable disposal alternmative.

4.2.4 Surface disposal

Serface disposal of solid wastes will be the greatest visible expros—
sion of the development c¢f the shale resource. Some surface disposal is
inevitable for several reasons. First, mot all the spent shale will fit
into the original mine site; second, surface disposal is by far the least
expensive disposal option; and fimally, no laws or regulations exist which
make the underground disposal of waste mandatory,

Surface disposal is usually accomplished by a system of comvevor belitg
transport and stowing, tramsport by comveyor amnd truck, zad fimal stowage
by grading or siurrying the spent shale through a pipeline. The choice of
transpori system is dependent on cost infivencing factors suck as grade
and distance from the processing plant to the disposal site.

One of the major factors affecting surface disposal will bhe the s~
vailability of sufficient suitable acreage within the proximity of the
processing plant, The aciual form and manmer of cosstruction of the land~
£i1l or impoundment will depend on the topography snd the hydeology of the
area. Q(ther factors influencing the design of the disposal site will ip~
ciude the amount of waste and its charscteristics of shearing, compact—
ability, permeability, etc., which have not been determined at this time.
The spent shale should not be appreciably degraded by conveyor, itrussck, or

mechnical transport. Dust could be genmerated at tramsfer points but
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should be controllable with the water. The spent shale, however, if
transported as a slurry will degrade amd generate large quantities of
fines, waking dewatering difficult or impossible,

The recent trend of disposing of huge quantitics of minimg waste is
to impound the material behind man-made dikes or im valleys which have
been dammed for waste disposal purposes {(HMass, 1976). The other major
disposal option currently used is the landfill. The two major design con—
siderations in disposal impoundments and lamdfills sre safety and environ-—
wment. Impoundments must be designed to minimize potential failure from
liguefaction, sliding, slumping. piping. etc., brought onm by saturatiom
cansed by improper draimage or layering of materials (Hass, 1976). An
adequate drainage system, to accommodate normal surface runoff and water
introduced through the disposal process, must be provided during active
filling and later as the retention basin becomes inactive. 1If adeguate
drainage is not provided the dike or dam cam fail or the tailing can over-
flow the impoundment. In either case, tailings flow down the valley, cov-
ering the landscape, causing damage to crop or forest lands, and sadanger—
ing lives and settlements.

Surface disposal sites of speunt shale must be protected from erosion
during periods of active disposal and after suspension of disposal activi-
ties., Surface ruwnoff can erode the fill material and transport sediment
out of the retention basin, which will affect downstream water guality.
¥ind exrosion presents a relatively minor problem that exists only during
dry periods. To decrease the erosion caused by surface run—off and wind,
the impoundment structure and retention basin may be vegetated or treated
with chemicals to create a crust om the surface,

Reclamation — The method used to vegetate the waste will depend on
the characteristics of the spent shale., If the shale has been icached for
metals during proecessing, it probably will pot have sufficient mimneral
content to support a vegetation program. The spent shale will probably
have to be covered with topsoil, mulched, and fertilized before the site
can be planted. The gquantity of topsoil necessary to cover disposal sites
will be exceedingly large, and its acquisition may necessitate the use of

several options (e.g., stripping topsoil from the site before dumping the
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spent shels and storing it, stripping topsoil from other sites, or using
dredged material from reserveirs or river channels).

Low capital snd operational costs, minimal genmeration of fines, and
low enevrgy requirements are the advantages of surface disposal. The main
dissdvantages are aesthetic and environmental degradation including sedi-
mentation of rum—off, alteration of lsnd use, disruptiom of hydrology,
alteration of species composition, eiec. Specific environmental impacts
vaused by surfacs disposal will be discussed later in this report.

For summary of the advantages and disadvantages of the previously

dispussed disposal options, see Table 4.5.

4.2.5% Alternative uses and disposal sites

The magnitude and expense of the waste disposal problem will be so
great that any mivor sltermative use of the spent shale would not signi-
ficantiy diminish the ﬁndergraund and surficial disposal problem and zc-
companying cost. Althoungh the exact characteristics aad wtility of the
spent shale have not besn determined, it is assumed thet some shale will
be used for comstruction fill., Intermittent meed for constructing fill
will be generated by the growth of the industry and surromnding communi-
ties as the shale resource is developed; however, the local need will be
sporadic gnd cannot be comnsidered s dependable option for the consistent

disposal of major amounts of spent shale,

4.2.6 Disposal of fines

The guantity of fines genersted by crushing and the hydroretort and
metal extraction processes and waste disposal is not kanown., As a result,
the magnitede of the problem and the approach necessary to resolve it can—
net be identified,. Slime pord or impoundment dams with retentionm basins
are generally used to settle out fine sediments from the water used in
shale progessing or transport of spent shale. After the sediment has set—

tied naturally with time, the water is decanted and recycled through the



Table 4.5. Suwmmary of qualitative compsrisons of disposal options

Characteristics

Method

Hydraulic—
hydraulic

Pneumatic—
pneumatic

Conveyor—
conveyor

Truck
mechanical

Surface|

Percent fill achievabie
Problem aress
Fine generstion
Water vetention capability of backfill
Support and load-bearing capacity
Minz detsrioration
Loss of production due to backfilling
Ground H30 contamination
Dust
Surface disturbance
Suzface water contamination
Incressed mine ventilation
Vind erosion
Alteration of land use
Surface hydrology disruption
Ability to link stowage option with
other transport optioas
Flexibility of routing

desthetic alteration of surface

Costs
Capital
Operation
Manpower

Energy comsumpiioan
Water consumption
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mine and plant or returned to surface flow. Slime ponds in the Chatta-
nooga Shale Repgion must be designed large emough to accept heavy precipi-
tation without overflowing and carrying suspended sediment out of the set—
tling ponds. Slime ponds once filled or after project termination must be
buried and revegetated so the fines will not be transported out of the
impoundment by wind or water,

Until the exact quantity of fines generated in mining, crushing, hy-
droretorting, waste disposal, etc., is known, disposal options cannot be

planned and their costs cannot be determined.

4.2.7 Legal considerations of solid waste disposal and reclamation

The regulation of the disposal of mining wastes, processed mineral
wastes and processing effluents will be one of the major considerations in
the development of the eastern o0il shale industry. Many governmental
agencies directly or indirectly regulate the disposal of these wastes on
both the federal and state level. Overlapping regulations and nonregun-
lated sctivities make the legal status of solid waste disposal and reclam-
ation of mined 0il shale lands uncertain,

Federal — At the federal level, waste disposal of spent shale comes
under the jurisdiction of several agencies (i.e., Department of Interior
and Environmental Protection Agency). The disposal of spent shale is reg—
ulated by the Department of Interior through the prototype leasing pro—
gram which has been implemented for western shales only. The Environ-
mental Protection Agency (EPA) has several offices which regulate solid
waste disposal or the effects of solid waste disposal. The EPA Office of
So0lid Waste administers the Resource,Conservafion and Recovery Act (RCRA).
Originally RCRA was designed to regulate mining wastes but was amended by
HR3994 to exempt certain mining and mineral processing wastes from EPA
regulation ontil such time that studies determine whether these materials
present health or environmental hazards. EPA is in the process of col-
lecting data on spent eastern oil shales., This project, however, has been
given low priority because EPA is more concerned with studying and devel-
oping regulations for developed mining indusiries {(e.g., the phosphate

industry) {(Garve, 1981).
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The EPA Office of Drinking Water — Underground Injectiom Comtrol Pro—

u
Some, though not all, methods of backfilliag mines are regulated by the
fii

Undezground Injection Control Program. If mines are back
wells by hydraulic or pneumatic methods, thsy fall under EPA Underground
Injection Control regulation; however, backfilling eccomplished by machan-
ical msans (e.g., truck or comvever) would not be coversd by these vegula-
tions (Belk, 1981)., These regulations will be jmplementad thromgh state-
vun programs or the EPA if states defanli. State programs should be in
effect by April 1981 or &t the termimation of the 280-dsy extension per-
iod past the April deadline (Anzzolim, 1981).

EPA also has jurisdiction over so0lid waste dispssal through the Fed-
eral Water Poiluntion Control Act amended by the Clean ¥Watcr Act, 1977, amnd
the Safe Drinking ¥Water Comtrol Act, 1274. Provisions for detouzwmination
and regulation of maximum allowable comtaminztion standards for smrfacc
and groundwatser are made through these acts,

Reclamation of surface disturbances caused by shales wmining, both sur—
face and dsep, is not regulated by a federzl agency at this tiwe., The
Surfage Mining Control amd Reclamation Act regulates omnly reclamation of
surface disturbances associated with coal mining from surfase and deep
mines. However, the regnlatory and enforcement authority of the Federsl
Office of Surface Miniag is superseded or assuwod by the states as they
start individual programs, The state programs often ezpsnd their rogul
tory authority to cover mimerals and materials other thsn coal.

Alabamwa — In Alsbawma the Departwent of Iandusitrizl Relatioas, Divisiomn
of land Reclamation regulates the surfase mimning of ’'clay, sand, gravel,
oxes and other minerals....’ The division also regulates reglamation of
surface disturbances causzd by the surface mining of ths materials
thoughk specific regulations are not written for goversing oil shals, gen-

eral regulations would apply because shale is considered an 'oth

al' (Weller, 1981). Decp mining is slso regulated by the Land Reclamation
Division as is the reclamation of surficial cxprecssion of deep mining. No

regulation for the backfilling of mines in Alabama exists at this time.
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Suyrficial solid waste disposal of process mineral wastes is regulated
by the Solid Waste and Vector Control Division of the Public Health De~
partment. Any large solid waste impoundment such as a2 valliey fill will
also be monitored by the Water Improvement Commission.

Eentucky — The General Assembly of the State of Kentucky placed a
moratorium on the mining of shale in the spring of 1980, Except for & few
demonstration projects, shale mining has been suspended. Regulations are
being written by the Kentucky Bureau of Natural Resources pertaining spe~
cifically to shale mining, waste disposal and reclamation; these regula-
tions are to be completed by June 1981. The enforcing agency for shale
mining énd reclamation will probably be the Kentucky Surface Mining Re—
clamation and Enforcement Bureau. Although the specific agency for the
regulation of the disposal of mining wastes and processed mineral wastes
has not been decided at this time, it will be housed in the Natural Re—
sources and Environmeﬁtal Protection Department.

Tennessee — In Tennessee the Department of Conservation’s Division of
Strip Mining and Reclamation has jurisdiction over surface mining and its
roclamation including shale mining and reclamation. The division also
regulates the reclamation of the surface effects of deep mining; at this
time, however, regulation is restricted to coal only with no provision for
other minerals. The Division of Strip Mining and Reclamation is in the
process of writing regulations for the new strip mining law passed by the
Tennessee legislature on May 2, 1980. The regulhtions should be svbmitted
for public review and comment by June of 1981.

The Department of Labor, Mining Division, has jurisdiction over deep
mining in the State of Tennessee. At the time no regulations concerning
backfilling of mines nor underground waste disposal existed in the State
of Tennessee.

Surface disposal of processed mineral wastes will be regunlated by the

Division of Solid Waste of the Public Health Department,
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4.2.8 Hazardons waste

The preceding discussion was limited to solid wastes classified as
nonhzzardons .’ No discussion was directed towsrd the possibility of the
sste being declared '"hazardous'’ and its subseguent dispossl, nor was
discassion divected toward the storage and disposal of unprocessed shale
znd processing effluents.

At this time disposal of mining tailings and certaim processed min—
svsl wastes have been reamoved from EPA jurisdiction and casmot be classi-—
fied = hazesrdous waste subject to its wvegnlation. Therefors, it has bess
assumed, for the sconomic smalvysiz, that the waste is cosnsidersd nonhazar—
dous and will not incunr sdditionzl costs zzsociated with eztemsive dis-
posal site preparation and contioual momitorimg. I, at some timws in the
future,. the raw or spent shale is desmed & hazardous waste, new disposal

techanigues must be used and much greater expesse will be incvrved. Mine
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Dstenzibly, the costs associated with finding adeguate disposal
sites {in terms of size and satisfying vegulations), siie prepavstion and
site monjitorimg would raise total costs significantly, perhaps to ths
point of cresting 2z need for sconmomic reassessment,

The FPA is currently comsidexipg that mining wastes hsving a8 concen—
tration of *?%Rz im asxcess of 5 pCi/g »ight bes subject to regmlation as
'hnzardous waszts' and possibly regquire provisionms such as covering them

cgp to minimize the radon gas release, At this time
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ant of the radioactivity of the hydroretorted or hydrovetorted
eac begn msde. However, it may be calculated that the

©aw shale with a sranjur concentration of 60 ppm haes a 2%%Ra copcpntration

¢f 20 pCifg aad that spent shasle with 73% radiuw removal by leaching wonld

hava a *?¢Ea zcowmcentrstion of § pCilg.
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0f the three types of shale — raw, hydroretorted, and hydroretorted
and leached — raw shale is assumed to have the greatest potentisl for he-
ing environmentally dangerous. From it many trace elements can be
leached. Exposure of raw shale to weathering and leaching can foresceably
happen in two areas: during stockpiling of raw shale before processing
and in the disposal of raw shale fines. During these exposed periods con—
taminates can be leached from the raw shale and transported through sur—
face runoff and groundwater. No provision for the protection of raw shale
from rain during stockpiling was made in the Mountain States report, nor
was provision made for the pelletization and subseguent hydroretort pro-
cessing of the fines — only the disposal of the raw fines was mentioned.
Jf raw shale stockpiled or disposed on the surface is regulated in the
future, provisions must be made to protect it from being leached or
to capture runoff water.

Hazardous wastes other than spent shales will be genmerated by the oil
and metals extraction processes. These wastes, whigh include organic and
trace-metal-~bearing sludges, must be disposed in accordance with the EPA

regulations as mandated by the Resource Consexrvatiom and Recovery Act.

4.2.9 Summary

One specific type of solid waste disposal cannot be identified as
being superior to other forms of disposal. At this time not enougk is
known about the nature of the spent shale to recommend z specific waste
disposal system. In all probability two or more types of disposal will
be combined, especially if the life of the mine is extended beyond 10
vears and the total amount of tailings becomes mountainous. The major
influencing factor in determining waste disposal probably will be goverm-
ment regulations. The design of waste disposal systems will be determined
by criteria set forth in future EPA regulations, or, im the sbsence of

regulation, the least expensive form of disposal will be used.
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4.2.10 Uncertainties

Actunl testing of hydroretorted and leached speut shale, to deter—

ts gectechmnical emgireering properties aznd chemical composition,
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best measure of spent shale population, Once the geo

erties of the spent shale are kumown, safe, efficient, and ecaviron-

op
weutally sound disposal systems can be designed. Until that time impor-
tant design considerations {e.g., the density and lateral support capabil-
itics of backfilled shale and the permeability and water tetention charsc—
ecristics of mechanically compacted shale) must be sstimsted or dealt with
in geustal terms., The actual waaknmesses of existing waste disposzl sys—

&

tewis, which are thought to be apnlicable for speant shale, canuot be idep~

tified until the measuvementis ave made., Examples of gsotechmnical engi—
neering propexrty tests which need to be rum arve compaction, pewmeability,
permeability vwader compastion, triaxial strenmgth, shezving strength, and
abrasion resistance.

Final determination of the chemical content of hydrovetorted and
leached shale is also uecessary, It has been assumed that the spgent shale

would be considered sz nonhazardous wuste; howover., verification of this

prexise is necessary, The knowledge of its exsct chemical comtent is
also necessary for determining the nature of the fill material. The car-
posn, alwainum, and silicate contents can affect the cemzntation
of the fill material. The cewentation characteristics of the fi
the load~bearing capacity. Vegetation programs ars also affscted by chem-
ical content. It may be necessary to add autrisnis and organic material
to the spent shale bzfore seeding and planting programs arc iuitiated.
The guwanvtity of fincs producsd by crushing, hytorting., roasting. and
of Chattancoogs shale is not known. To design adeguately large
setiling ponds and disposal systems, the quantity of fincs gencrated neccods

to be more accurately determined,
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Punce the above tests are performed, & more sccurats predicticn of the

viability sand economics of speecific waste dispospl programs can be made,
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5. RECOVERY PROCESS ASSESSMENT

The purpose of this chapter is to assess the literature and to de—
velop reference designs for the techmical and economic evalpation of the
recovery ¢f hydrocarbons and minerals from Chattanocoga shale. A number of
processes have been developed and demonstrated at near—commercial scale
for the recovery of 0il from western oil shaie (IGT Symposium Papers
1980). They are comsidered ready for commercialization. A hydrocarbon
recovery process for Chattanocoga shsle has mnot been fully developed., How—
ever, for study purposes, the reference design of a potentially suitable
bydroretorting process was conceived onr the basis of laboratory-scals ex—
periments performed at ORNL and flow tests that were performed in a bench-
scale unit and a process development unit at IGT (IGT 1980a and IGT
1980b). The reference design of a process for minerals recovery from
Chattancoga shale was developed oh the basis of leaching experiments st
ORNL (Silverman 1981) and earlier studies at Columbia University (1955),
Both hydrocarbon and minerals recovery designs are developed only to a
degree of detril suitable for technical and economic evaluation,

Of the processes that have been developed for oil recovery from west—

ern shale, the Parahe (Pforzheimer 1980) and Union {(Ohomndt 1980, Hopkins

1980) processes are based on the pyrolysis of shale at essentially atmo—
spheric pressure utilizing spent shale combustion gases as the scurce of
heat, Each process has been demonstrated at the 1500 ton/d scale, produc-—
ing close to the Fischer assay amount of oil. The Superior process (Boyda
1980) has similarly been operated at a 250 ton/d scale, The Brazilian
Petrosix process, also similar, has been operated at 2000 tons/d.

In each of these processes, shale is heated with gases through sz pre-
heating zone and then in a retorting zone to a maximum temperature of
about 900G to 950°F (480 to 510°C), With western shale, yields of 01} are
about 0.5 to 0.7 bbl/ton of shale. About 15 to 25% of the carbon is left
in the hot ash; this carbon is burned to provide esergy for the process.,
The hot ash is used to heat gas streams used in the process or to genexate

steam.
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The Lurgi-Ryhrgas and 10sco processes are besed on the pyiolysis of

shale at atmospheric pressure uwtilizimg recirculzting hot solids as the

source cf hezt., 1In th e is combusted and mixed with
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the raw shale. In the latter, ceramiz balls are heated through shale com-
bustion and combustion of retort gas and recycled to heet the retort. The
former process has been dewmonstrated on Africam shale at 400 tons/d and

the latter on western shale at 1000 tons/d.

IGT is developing the Hytoxrt process for esstern shale (Feldkirchner
19280) which secewms to have the potential for gross recovery of §0 to

the carbon in easstern shale (vs about 35% recovesrsd in a simple indirecily
beated retert). The Hytort proecess, in which shale is retorted with hy-
drogen at about 500 psi (3.4 MPa), produces a2 high—guality hydrotvested
cruds 0il. However, the process suffevs from a uumber of disadvantages:
il yield achicved in IGT's 1 ton/b process developmaat unit

o
thus far has been well helow the 2 to 2.5 x Fischer assay claimed on the

internally for hydrogen production,

¢. The process is inherently wmore costly and compl than other re—
torting schemes becanse of the high presswre, a largs recirculating hvdro-
gen stream (reguirimg pumping and continucous cleaning), and the reguire-
ment for oxygen to burn hvdrogen for heatinmg withis the reotort.

et

d. Ahout 30% of the ensrgy is discarded in the spent shale aad the
fines.

(BT

[

DD) — with Davy McKee

e

The Baffalo Trace Arca Development Distric
1

as prime contractor, the Cleveland Cliffs Iron Company 83 minimg subocon

tractor, and the University of Kentucky Institute for Mianing and Minerals
Research (IMMR) as rescurce assessmenl subcomtractor — has completed 2

nine-month conceptual design study of 2 project for recovery of oil from

D

an oputerop of o0il shale in Flewming County, Kentuecky (Davy McRee 19813, A
reference plant site was selected in which shale could be stripped with am
verburden ratio of less than 2:1, au

plants for wetorting 30,000 tons/d of shale by the Paraho and Hytort pxo-

cesses. Althongh neither process kas vet begen tested in the select
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plaast configurations, it was estimated that both wonld produce shout
10,000 pb1/d of 0il {~115% of the Fischer assay) with SNE and electricity
as significant by-products of the Paraho process and sulfur and ammownis as
incidental by-products of the Bytort process.

The modified Paraho process assumed g two zone aimospheric pressure
reactor, Ip the upper zone fresh shale is retorted with an externally
beated stream of recircunlating reducing ges, In the lower zome the resid~
nal carbosn is burmed with air to heat the recirculating gss and boil
water for power gemeratiom {with limestome scrubbimg for flue gas desul-
furization). This process cosfiguration utilizes virtwally all of the
organic carbon in the skale amd is estimated to permit recovery of 44% of
the input enexgy as o0il, 15% ss high Btu zgas, and 5% zs excess elsctrical
power.

The "Hytort' process analysis was of limited scops becanse the ex—
perimental results {0 date essentially only involve the results of con—
treting shale with hydrogen and do not provide data for an oversll, espergy-
effivient process. The configuration chosen for the analysis assumed a
two stage, 30-ft-tall retort in which downflowing shale is vetorted with
relatively pure hydrogen st 350 psia. The hvdrogen is preduved from the
overhesd product stream bv a sevies of unit operations that involwe (1)
scrubbing for oil recovery, (2) acid gas removal, {3) cryogenic separa—
tion, and (4) steam reforming. This hvdregen stream enters the bottom of
the retort to cool the spent shale and is partisally buzmed {(with oxzygen
from an air ligmefaction plant) in the middle section to heat the shale to
the 1200°F retortying temperature., In this design 44% of the organic car—
pon content of the shale is comverted to prodsct oil, all of the gases
{representing 28% of the carbon) are consumed internally, and the remain—
ing 28% of the carbon is discharged as spent shaie.

This version of the Hytort process did mot compare favorably with the
low pressure Paraho process since it produces only the same guantity of
01l product while discarding a large fraction of the carbon and consuming
57% tons/d of oxygen and 45 MY of electric power. The capital jmvestment
regquired for the high pressure retorts, water pressurized feed and dis—

charge lock hoppers, the gas recirculation system, end the ozygen plant
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for the Hytort design were considerably higher tham that required for the
low pressuve retorts, simpler gas recirculation system, power plant, and
limestone scrubbing system for the Parabo design.

Cu the basis of the Paraho design, Davy McKee comclvded that oil re-
covery from casterm oil shale appears to be commercially feasible. They
estimate that crude shale oil could be produced at a cost of $40/bbl on
the basis of: (1) 100% equity and 12% rate of return, which gave annual
charges on capital of $96.7 million/year (§648 million initial capital
plus $126 million invested for additional mine development in years 8, 12,
13, and 18), (2) anuval operating and maintenance expenses of $63.1 mil-
lion/year, (3) annual revenues from shale o0il of $107.3 million/year {8132
bbi/d of oil at $40/bb1 from 30,000 tons/d of shale), and (4) annual rev-
cnues from by-products of $52.5 million/year (2282 bbl/d of light oil at
$25/bb1, 14,500 scfm of high Btu gas at $3/million Btu, and 48.3 MW of
electricity at $0.0275/kWh).

Although a process that combimnes atmospheric pressure retorting with
combustion of spent shale (or, altermatively, a hydrogasification process)
might be more eccnomical for the recovery of hydrocarbons from Chattanooga
shale, the lytort process has been used to develop the veference design
for this study. Directly applicable data are available from the small
scale hydroretorting of Chattanooga shale as well as from sxperiments in
which spent hydroretorted shale was leached with swlfuric and hydrochloric
acids. The available data indicate that high minerals recovery is possi-
ble by acid leaching of spent shale after it has been hydroretortsd and
roasted in air at about 900°F (500°C) and that there would be signifi-
cantly less mineral recovery from acid leaching of spemnt shale that had
been combusted at a temperature of 1400 to 1600°F (760 to 870°C). Al-
though about 30% of the hydrocarbon energy of the shale remains after hy-
droretorting, most of this energy canm be utilized in the roasting process
prior to leaching for minerals recovery.

The following sectionms will review the available experimental data
and develep the reference designs for the bydrocarbon and minerals recov—

ery processes.,
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5.1 Hydrocarbon Recovery

At the time of this writing no engimeering scale dats are available
for the hydroretorting of Chattanoogs shale. Plans are being made at IGT
for a process development unit experiment with Chattanooga shale, but the
shale that is svailable in suificient quantity for this experiment has
relatively low carbon content {(only sbout 10%) and probably is nct repre—
sentative of the xicher deposits {14 to 16% carbon) that would be ex-—
ploited in initial commercisl operatioms. In the absence of engineering
svale data, the reference design of the hydroretorting process for hydro—
carbon recovery from Chattanooga shale has been comsiructed on ths basis
of ORNL batch heastup tests with Chattancogs shale and IGT besnch-scale and
process development runs with New Albany o0il shale, a shuale that is simi-
liar to high—grade Chattancoga shale.

Measured properties of batches of Chattanooga shale and New Albany
shale that were used in the experimental work as well 25 a synthesized
design basis for Chattanooga shale are presented im Table 5.1. A4s com—
pared with the MNew Albany shale used in the experiments, the Chattamcoga
shale appears to have slightly higher conceuntrations of carbon and hydro—
gen, a relatively higher proportion of organic carbon, approximately the
same concentrations of sulfur asd mitrogenm, and abouf one-third lesz or-
ganic oxvgen, {(The experimental measunrement that indicates s muchk lower
content of organic oxygen in Chattanooga shale is believed to be in error
on the basis of mass balances obtained in the OBNL experiments,) The sig—
aificance of the differences in the two shales, particularly the higher or-
ganic carbon and the lower organic oxygen content, is that the Chattanooga
shale should have higher hydrocarbon emergy content, higher oil yizlds,
snd less water production im hydroretorting. These treands have besn con-
firmed in the experiments,

A summary of the referemce experiments with Chattanooga and New.
Albany shale, slong with a synthesized design basis, is presentsd in Table
5.2. The experimentsl procedures and the derived date will be discussed

in the following sections.




Tabie 5.1. Properties of shale used for experimental studles ané design basils

Chattanooga
New Albany Chattanooga
a,e ) 17
us 70% 31787 ¢ 5178 5 e design
Type of shale 79 BSY-2 80 PDU-2 basis
sample designation ORNL-2 ORNL-4 ORNL-3 ORNL-6
experiment no. Raw Raw ———— Raw Retort Raw Retort Raw Retort Raw Retort
shale Test Test shale Test Test shale residue shale residue shale resldue shale residue
residue residue residue residue
tltimate Analysis, wt. %
Jrganic carbdbon L4.14 i3.06 4.68 14,17 4,22 14,05 5.33
Mineral carbon 0.02 1.05 0.48 0.27 0.08 0.02 0.00
Total carbon 16.38 12,14 7.65 14.08 11.09 5.85 14.16 4.40 14,11 5.16 14.44 4,30 14,05 5.33
Hydrogen 1.72 0.58 0.51 1.79 0.68 0.63 1.57 0.2z 1.51 0.28 1.57 0.2: 1.57 0.24
Nitrogen O.SOf 0.46 .16 0.54 0.13 0,50 0.16
Oxygen (high temp. water) .72 4,45 .00 4.03 0.71 2.80 .52
Sulfur 5.97 3.31 3.85% 5.06 1.75 2.69 4.82 4.94 3.21 5.i9 3.56 4,92 2465
Ash 73.7 £4.33 39.8 74.97 85.8 92.2 78.23 74.53 91.98 77.22 93.5¢ 74.81 92.:90
Molsture 0.55 0.02 0.08& 1.25 0.08 0.02 1,00 0.1 1.5 0.10 1.90 0.0 1.25 0.00
Total 99.32 100.38 101.89 97.15 99.4 i01.39 101.00 4.72 101.50 :00.89 104.49 102,55 190.90 100,00
Metal Analysis, pmn
alweinum 60,000 50,000
Coiumbium 20 20
Cobalt 69 60
Chromium iG 100
Iron 60,000 63,000
Manganese 350 350
Molybdenum 200 200
Nickel 200 200
Vanad{um 320 300
Uranium 79 50 85 75 75 57 65
{iigher Heating Value, Btu/ibd 2313 3550 1019 2813 1015
Bulk Density, lb/f:r? 74,7 74.5 55.6 74.5 71 71.7
Helium Density, g/emd 2.25 2.31 2,66 2.27 2,72 2.25

yeathered shale taken from road cut in Smith County, 30 miles west of Cookeviile, TN.
bSample of Gassaway member providad dy IGT. Feldkirchner, . L. ({GT) letter to J. S. Watson (ORNL), May 13, 1380.
cORNL analysis.

2,

IGT analysis.

€1GT data reported in DOE/ET/:14102-1 and DOE/ET/14:02-2.

F B . o . -
“Probabls error., Organic oxygen 1s probadly about 3% on the basls of mass balances for the ORNL experiments.
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Table 3.2, Summary of svperimentsl resulfs of yesort tests with Chabtaaoogs =»nd New Albany shele acd a8zuned design basls fov Chattznooga shala

o

Shate Chartanooga® Chattanonga® Chatoa & Ney Albany fuw Albany
aie OPHL~2 CRNL~3 RN LG ] 83 PDU-2 33 PBU-2
Atmosohsrs ATgun frgon iy Hy iy 957 Hy B!
Pressuce, psig Q [+ 300 500 537 L06 508
Hax. shale temp. °F 1226 1228 1220 1220 1255 1355
et product, 1bs b raw shale
Spent shale ©.8730 0.8224 0.827% 5,799 G, 8390 . 8050
ol G047 g.08228 3,0954) 3,0606 C.0842 3,0842
H, 0.0019 0,001
fY) 2.0015% G.0628 2, 0073 G. 0030 3,3150 {C.0ta) {0,0184;
573 0.,0022 0,0060 G.0002 Q,0903 (.0068 .0037 4.0027
Hy 5.0012 03,0010 £0,0063) {C.0062) {C.0081; {3,0064} {0.0064)
CHy, G.0064 3.0038 0.0232 C.0L0% ,3163 0,0254 C.0284
CamCy 6,00337 C.0024 0,0081¥ o.u0a19 $4.0227 G.0137 0.0157¢
#30 3.0205 Q.G352 8.0275 0,0435 0.0851 09,0978 .0664
HyS D.%}?? 0.0123 ¢.0353 G.0210 23,0008 0,6083 G,0209
Nxa NA N NA Ha VA NA G,0015
Gelgon XA 4 NA Na. Na §A 0.025%
0y {6,0100} (C.81003
Total - "—— T0U99%8 4,9937 T.0015
Bet cgybon contenr of producks, wt. %
3Spent ghale 5% £5 38 Z 29 25 25 31,2
g1l 26 29 44 53 17 4G 40 57.9
Gas 5 B 17 9 30 1% 19 9.3
Agueous HaA NA 5.0% Ha Na N4 14 1.6
Tatal 143 100 39 18z 46 B4 98 100,05
¥ey higher heating ¥alue, Btuflb vew shale
i < i sran’t .
fead ~ shale 3500 2813, 3500, 2813, 3550 2700, 2700 2813
Praducts ~ shale 2200 1600 » 117 M 910 310 B850 65C 834
~ otl 845 8457 14544 168 1060 1130 1430 1667
~ gas 430 350 1020, 51% 580 550 2435
~ agueous A N4 z NA NA LTS 415 72
Producteffeed 0.99 G.99 1.04 1.ig 9.59 0.86 1.02 1.0

2%, L. Youngblood, R. Gibson, and A. D. Ryon, "Hydroretorting of Chattanocga Shale,” ORNL/IM-7987 {(in preparation}.

5
“I6T test reported In 16T 1980a.

®1CT rest reported in IGT 1980b.
4

“tatimated design basls for Chattanooga shale.

Data of 80 PDU~2 adjusted to add estimated guantitiece of phenol, WHy, end H48 to the aqueocus phase.

fustinzted from denslty of 0.%3% g/nl mwessured in ORRL-4 and ORNL-& and oll properities from 80 PDU-2. Carbou content 86.5 wi, .

heating value 17,70C Bruw/ ib.

9 snsumes average molecular weight of 39.35 and 82.3 wi? carbon sy determined in B0 POU-Z.

tia 48 not avallable.

z
Eetimated, not messured.

Righet

L6
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5.1.1 ORNL laboratoxry experiments

The ORNI. experiments were conducted by collecting and measuring the
products from s slow heating of nomimally 1-1b (500-g) batches of granular
Chattanooga shale to a temperature of 1220°F% {660°(C). Experiments ORNL-2
and ORNL-3 were conducted with shale samples US 70 and 3178 using argon at
atmospheric pressure as the cover gas, Water and o0il were coandensed and
weighed. The product gas flow rate and composition were measured with a
wet test meter and gas chromatograph. The speat shale was weighed and
analyzed.

Experiments ORNL-4 asnd ORNL-6 were comducted using batches of the
same two types of Chattamoogsz shale with hydrogen at a pressuxre of 500
psia (3.4 MPa) as the purge gas. Water and oil were again condensed and
weighed, The product gas flow rate and composition were msasured with aa
orifice meter and gas chromatograph. The oil from both tests was deter—
mined to have z density of about 0.936 z/ml. The agueouns product from
experiment ORNL~-4 was determined to have anm organic carbom content of 0.51
wt.%, possibly from phemols wnear their limits of solmnbility., Detailed
mass balances for the measured and adjusted data of the hydrogen purge
experiments of OBNL-4 snd ORNI-6 are prescnted in Appendix B and summar—
ized inm Table 5.2. These data indicate that the organic oxygea content of
thz raw shele must have been 2.5 to 3% and thst the fractiomal oil yields
by weight were 0.082 and 0.095 (21 and 24 gal/ton). The adjusted data for
the raw shale composition used in Ruan OBNL-6 (sample 3178) was used as the
reference design composition, The yield and composition of the spent
shale and the o0il yield were weighted heavily in selecting the design
basis data but were modified slightly on the basis of the engineering
scale datz with New Albeny shale to be deseribed in the following sec—

tiom.
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5.1.2 IGY bench—soale and process development experiments

The bench-scale {79 BSU-2) and process development umit (80 PDU-2)
experiments with New Albany shale are reported in detail in IGT gquarterly
progress reports (IGT 1980a and IGT 1980b). The bench-scale unit comsists
of an electrically beated, 4 in. (0.1 m) diam by 9 ft (3 m) tall hydrore~
tort with provisions for condensing and weighing the o0il and aqueous pro—
ducts, weighing the feed and spemt shale, and measuring the gas flows.

Run 79 BSU~-2 was conducted with a shale flow rate of 79 1bs/h (98.8 1bs/
fti/h), = pressure of 527 psig, a bed height of 9 ft, average bed tempera—
ture of 1151°F, maximum bed temperature of 1260°F and hydrogen feed rate
of 17.8 scf (60°F, 30 in. Hg) per pound of raw shale, The measured frac—
tional oil yield was 0.061 (14 gal/ton at the measured demsity of 1.036
g/ml) but the elemental material balances were rather poor (94% for car-
bon, 921% for hydrogen, and 156% for oxygen).

The process development unit utilizes a two stage, adiabatic, 36 in.
(0.9 m) diam hydroretort with an active bed height of 10 ft in each stage.
0il and water product from the twe stages are collected separately in
water scrubbers. Other flows are measured. Run 80 PDU-2 was conducted
with a shale feed rate of 1059 1bs/h (123 1b/B/ft?® in both stages), a
pressure of 406 psig. average bed temperature of 5759F (stage 1} and
1224°F (stage 2), maximum bed temperature of 1355%F {stage 2), and pre-
beated hydrogen feed rates of 18.96 scf/1b (stage 1) and 13.17 scf/ib
(stage 2). Significantly, it was mecessary to add air to the second stage
at a rate of 0.57 scf/1b shale feed to burm hydrogen and masintain the bed
temperature.

A detsiled mass and energy balance for the measured and adjusted data
of the run 80 PDU~2 with New Albany shale is presented in Appendix B and
summarized inm Table 5.2, The adjusted data makes allowance for ammonia,
additional hydrogen sulfide and carbon that might have been collected in
the water scrubbers. The material balamnce for carbon (87%), hydrogen
{103%), and oxygen (123%) improve appreciably (to 98%, 102%, and 99%, re-
spectively) if it is assumed that about 14% of the carbon is colliected as

phenols {conceivably from the high organie oxygen content of the New
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Albany shale). Data from this run that were used to establish a basis for
the reference design included spatial flow rates, the oxygen veoguiremesnt,
gas compositions, and oil properties,

The completed elemental material balance and energy balaace across

.

the hydroretorts that is used as the basis for the zeferencs plant design

ES

is presented im Table 5.3. Derived propertiecs of the referemce raw oil
and hydrotreated oil produced from Chattanooga shals sre presentsd im
Table §5.4. Properties of the raw o¢il wore estimztsd based upon the mea—
sured yield and specific gravity from expeviment ORNL-6 and clewznial oil
compositions relative to original shale compositions from 80 FBU-2. 'ihe
hyvdrogen reguirement for hydrotreating and properties of the hydroirsated

oil were based upon deta from IGT (1980%).

5.1.3 Reforence design of hydrocarbon recovery process

The reference design for technical and econcmic evalnation of = sowu-
ceptnal plant for the recovery of hydrocatbons from Chettancogs shale has
been based on a shale feed rate of 100,000 tons/d, which will yield shout
45,000 5b1/4 of hydrotreated oil product. Such a zelatively large plant
is desirable to achieve economies of scale. The solids handling reguire-
wents are formidable and in the upper ramge of existimg simil
tions but appear fo bes msmnageable.

A schematic diagram of the referemce design selected for the souncep
tuel hydrocerbom recovery plant is showa im Fig., 5.1. Estimated wass
flows of the process stresms snd an esvergy balsnce for the plamit are pre-
sented in Table 5.5. The following will briefly deseribe ths process.
Equipment reguirements and costs will be discussed iu Chapier §.

The miped shale (minus 12 in size) is crushed to wminus 1.5 in size
and the screcmed minus 3/8 in portion (representing about 16% of the total
aand which would tend to plug the hydroretorts) is comveyed directly to the
storage ares for the minexrsls recovery process. The bulk of the sizcd
shale is stored and fed, as needed, to the hydrorstorts at nominally 500

psia through lock hoppers. The shale is heated by the rising overhend gas



101

Table 5.3. Derived design basis mass and energy balance across hydroretorts

Mags per unit mass of raw sbale

; v
Total C H 8 0 N Ash
Feed
Shale 1.0008 0.1405 0.0181b 0.0492 0.0391 0.0050 0.7481 2813
Gasg 0.2576 0.0428 0.1682 0.466 10695
0y 0.0100 0.0100
co 0.059% 0.059% 0.0255 0.0339 258
Co, 0.0037 0.0010 0.0027
Hy 0.1627 0.1627 9918
cHy, 0.0218 0.0163 0.0055 520
Total 1.2576 0.1833 0.1863 0.0492 0.0857 0.0050 0.7481 13509
Product
Shale 0.8212 0.0438 0.0020 0.0218 0.0043 0.0012 0.7481 B34
011 0.0939 0.0814 0.0098 0.0009 0.0011 0.0007 1662
Gas 0.2848 0.1558 0.1680 0.0265 0.0345 10941
co 0.0495 0.0212 0.0282 215
C0q 0.0085 0,0022 03,0063
Hy 0.1563 0,1563 9528
CHy, ©.0329 0.0246 0.0083 783
Co-Cy 0.0095 0.0078 0.0017 206
H, S 0.0281 0.0016 0.0265 207
Aqueous 0.0577 0.0023 0.0065 0.0458 0.0031 72
H,0 0.0510 0.0057 0.0453
NH 3 0.0037 0.0006 0.0031 K1)
CgHgO 0.0030 0.0023 0.0002 6.0005 36
Total 1.2576 0.1833 0.1863 0.0492 0.0857 0.0050 0.7481 132509

“Higher heating value in Btu/1b.

Placludes hydrogen and oxygen from moisture in raw shale.
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Table 5.4. Estimated properties of raw oil
from hydroretorts and hydrotreated oil product

New Albany

Chattanocoga shale

shale
e — ..b Hydrotreated
Raw 0il? Raw oil 0i1°
Yield from raw shale
Mass/unit mass shale 0.0642 0.0939 0.0922
Gal/ton 16.1 24.0 27.5
liters/metric ton 67.2 101.3 114
Elemental composition, wt. %
C 85.4 86.7 85.6
H 10.1 10.4 14.3
0 2.4 1.2 0.01
S 1.2 1.0 <0.01
N 0.9 0.7 0.08
100.0 100.0 100.00
Specific gravity 0.956 0.936 0.806
API gravity 16.5 19.7 44,0
Higher heating value, Btu/1b 17,640 17,700 19,940
Higher heating value, Btu/gal 140,600 138,000 134,000
Hydrotreat H, consumption, scf/bbl 2600

aComposite o0il from test 80 PDU-2.

bOil properties on adjusted data from ORNL-4.

Cpgrimated frow dara in DOE/ET/14102-1.
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Tabie 5.3. Zstimated overaii mass and energy balance For hydroretorting process

Mass flow {1000 1b/h)

snale 07 CO S0z 2 ciy  CpCy  H0  FeS  ¥E3 phenols 01l  Total Ei?) PiZiijge
1 Shale to prep plant 3333 8333 70 15
7 Shale to retorls 7500 7500 70 500
3 gpeat shale 5159 6159 130 15
4 Shale to ninerals recovery 6992 6992 100 15
5  Oxygen [O Tretorts 75 75 100 550
6 Retor: overheads 371 64 1172 247 IR 382 2%% 28 23 704 3273 156 459
7 Cowhined ofl gas 445 64 1220 265 83 390 220 34 23 704 3454 100 500
5 Aqueous to ammonia, phenol recovery 390 34 23 [y 100 15
9 Acid gas to gul fur Tecovery 3% 220 256 100 15
10 Clean gas 445 23 1220 266 38 2047 100 450
11 Regycle gas to retorts 445 28 1220 164 1857 1490 550
12 Gas to hydrogen production 102 88 190 1400 450
i3 Steam to hydrogen productiod 366 366 1400 450
i4 Carbon dioxide discharge 3886 388 100 1
15 HBydrogen to nydrotreater 74 78 15 167 800 2200
16 Hydrotreater off gas T4 48 19 i7 8 9 6 181 100 500
17 Raw oil 704 704 100 15
18 Hydrotreated oil 692 692 100 15
19 01l product 541 541 70 15

" Masg Tlow Higher heacing value
tnput ¢10° 1bs/h) (10° Bru/n)

faw shale (100,000 tons/d) 333 23441

Oxygen 75

flectricity at 10,000 Btu/kWh 1420

8408 24861

Mass flow Higher heating valiue

Output (103 u/n) {106 Bru/n)
Spent shale 6159 5037
Fines 833 23y 0
o1l product (46,000 bbl/d) S41 10788 43.4%
Sulfur 237 824 3.3%
Amnonia 34 329 1.3%
Phenols 23 277 1.1%
Carbon dioxide 436
Process water 24
Fuel oil burned 151 3011 20.8%
Other energy no atmosphere 2152 oo

—— e

3408 24361

701
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in the top section of the hydroretorts, is hydroretorted in a center sec~
tion in which some hydrogen is buined with oxygen to maintain the desired
temperature of 1200 to 1300°F, is cooled in the bottom section as it ex~
changes:heat with a portion of the recycle gas stream, and discharged :
throughklock hoppers.

The cooled overhead stream from the hydrotetorts contains oil as va-
por and:mist, water, light hydrocérhons, Co, COZ, H,S, NH,, and the un~
reacted hydrogen, This stream is combined with the off~gaskstream from
the hydrotreaters and treated witﬁ deentrainment devices and scrubbers to
separate the aguneouns phase and oii from the gaé. The agueous phase is
separated from the oil and treated by the Chevron process for recovery of
ammonia and phenols.: The 0il stream flows through intermediate storage to
hydrotreaters. The gas stream is semf to a selective acid gas removal
system where virtually all of the H,$ and some of the €O, is removed.

The stream containing the H,5 and COZ is treated with the Claus process
for sulfur recovery and the SCOT tail-gas cleanup process prior to dis-
charge to the atmosphere. ;

The:cleaned, bigh pressure, high~flow~rate:gas stream is then treated
by a crybgenic process to separate}a stream thaf is concentrated in meth~-
ane and other light hydrocarbon gases. The main stream containing most of
the hydrogen and carbon monoxide is boosted in pressure, reheated (using
an 0il fired furnace and heat exch#nge with the spent shale) and retursned
as a& recycle gas to the hydroretorfs. The methane and light hydrocarbons
are used'fOt hydrogen production iﬁ a series of operations involving
catalytié reforming with steam at 1400°F and 200 to 400 psia (oil fired),
removal of most of the large volume of €0, produced in the process, and
methanation. The relatively pure hydrogen stream is compressed and fed to
the hydrotreaters where it is used to treat the raw shale oil with an ap-
propriate desulfurization, denitrification catalyst at about 800°F and
2000 psia. ; :

The énergy balance shown at the bottom of Table 5.5, and particularly
the reqniiement for electricity and:internal fuel o0il consumption, was
not estimated in detail but was performed using factors that were derived

from design data on reiated processes. The derived data, however, in



106

which the product oil contains about 43% of the input energy of the shale,
is believed to be 2 reasonable estimate based upon the current stage of

knowledge about the process,

5.2 Metals Recovexry Process

Considerable effort was expended during the period from 1944 to 1960
in investigating the Chattanocoga shales, mainly for their wranium and po—
tential oil comtent. The early investigations have becn summarized in a
recent report by Mutschlexr (1976). The continuing depletion of higher
grade U,S. reserves, along with the possible future growth in demand of
the noclear industry, led DOE to execute & contract with Bendix Field En-
gineering to determine the feasibility of large—scale production of ura-
nium from the Chattanooga shale, Mountain States Mineral Enterpriscs,
Inc., 25 & subcontractor to Bemndix, performed this study (Mountain States
1978), with the mining and envirommental aspects studied separately and
reported by two other firwms — Cleveland Cliffs (Hoe 1979}, and P. R,

Toups (1979), respectively.

¥owntain States concluded thst a coproduction planm imvolvimg the pro-
duction of o0il from shale by hydroretortimg, along with aranium production
and possibly other metal by-products, was not only feasible, but economi-
cally viable, Mountain States made mnse of the Swedish experiemce iun pro-
cessing shale for uranium {(Ranstad process) for delineating some of the
steps in their coproduction plan (Anderssomn, 1979},

Since some of the data in the Mountain States paper (based on ansly-
ses givem in the Mmtschler report) were old and fragmentary, recent
samples of raw and hydrorstorted shale were obtained from IGT and analyzed
to verify their metals content. Addiiiomal data om other Pevonian shales
wexe obtained from U.S, Geological Survey reports (Leventhal 1979 and
Leventhal 1978).

Explorstory experiments at ORNL on leaching a mumber of the ‘eriti~
cal' metals from both raw and hydroretorted Chattancoga shale samples
yielded very encouraging results (Silverman, 1981)., The purpose of tihe

following sectioms will be to develop a reference desigo for technicsal and
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economic evaluation of minerals recovery from Chattancoga shale on the
basis of information available in the Mountain States report, in Swedish
reports based on the Ranstad process, from recent ORNL experimental work,
and other information from the literature. An alternmative, and possibly
improved process, which would utilize leaching with hydrochloric acid, has
alsc been studied at ORNL (Gilliam 1981) but has not been emploved for the

reference design,

5.2.1 General description of process

A conceptual flow sheet for process evaluation has been developed
{(Fig., 5.2) which is similsr in many respects to that presented in the
Mountain States report. The hydroretorted shale and fines containing
about 33% of the carbon and 43% of the sulfur originally presemt inm the
shale, are roasted in two steps: one hour at 250 to 300°C to remove the
remaining carbon and a second one—hour roast at 320 to 500¢C to remove
nearly all of the remaining sulfur. Heat from the roasting process is
used to generdte steam for process heating, The snlfur dioxide is re—
covered and used for sulfuric acid production.

The roasted shale is leached with a 20% sulfuric acid solution by a
countercurrent percolation treatment. The leached residue is neuntralized
with crushed limestone, compacted and reinserted into the mine excess and
fines are transported with other tailings to a2 shallow dam. The leachate
soluetion should contain about 80% of the uranium and molybdenum, zbout 25%
of the Al, ¥Fe, X, Na, and Mg, plus the trace elements (amounts to be de-
termined by experiment). Sulfuric acid consumption is 400 1b/ton of
shale, ~90% of the scid production available from all of the sulfur re—
moved from the shale.

A solvent extraction process {Sialino, 1977), employing a solution
of a tertiary amine (Alamine-336) in an organic diluent, removes uranium,
molybdenum, and some vanadium (V) from the aqueous leachate into the or~
ganic solvent, This solvent is then stripped to remove U with &n agueocus
solution containing 1.5M NaCl, 0.3M MgS80,, and 0.5M Na,80,. The uraniom
is precipitated as the diuranate and calcined to produce U,0,. Molybdenum

is stripped from the solvent with NaZCO, (after U removal) to yield
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Na MoO, which is purified later and comverted to MoO,. The organic sol~
vent is washed with H,0 before return to the extraction step.

The raffinate from the first extraction cycle (the tertiary amine
containing Al, Fe, alkalis, alkaline earths and the trace elements) is run
through another extraction c¢ycle in which iron is separated (Se&ley 1981a
and 1981b) from the remaining elements by using a primary amine, Primene
JM-T, The iron is stripped from the organic layer with DTPA, precipitated
as the hydrous oxide, and converted to Fe,0, by calcination.

Aluminum is precipitated at 5 to 109C as the ammonium alum salt
(NH,),80,° Al1,(S0,)," 24H,0, by thé addition of ammonium sulfate to
the raffinate from the iron extraction cycle (8t. Clair, 1944). The alum
salt can be redissolved in hot water and recrystallized for purification
purposes before calcination to Al ,0,. An improved procedure {Sceley
1981a) used here for haendling the ammonium alum is dissolution and subse~-
guent precipitatior of hydrous Alzoaby the addition of gasecous ammonia,

This may allow more efficient recycle of the (NH 80, solution, avoid a

4)2
second recrystallization step, and provide a high purity salumine product
since iron and other tri— and tetravalent metals have already been removed
by the solvent extraction step. k

The solution which remains after the alum precipitation, containing
sulfate salts of the alkalis and alkaline earth metals, as well as those
of the trace elements (Co, Mn, Ni, Cu, Zn, Cr, V), is neutralized with
sodium hydroxide to am alkaline pH of 9 to 10. The hydroxides of Co, Mn,
Ni, Cu, Zn, Cr will all be precipitated, along with magnesium, present in
much higher concentration, whose hydroxide is slightly soluble. However,
the dissolution of all except magnesium is accomplished by the addition of
ammonia to form the soluble metal complexes. Purificstion snd reprecipi-
tation of these hydroxides is accomplished by heating to drive off NH, ;
the solids are dewatered and calcined to yield a concentrated mixture of
solid metal oxides which can then be shipped to an industrial metals sep~
aration plant.

The final tmilings solution, consisting of the alkali and alkaline
earth sulfates, is treated by reverse osmosis (Larsom, 1979) to concen—
trate the salts, which can them be packaged to form a cement—like sclid

that should be less susceptible te leaching by ground waters.
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5.2.2 1Unit process descriptions

Roasting — The solid residue after hydroretorting contains about 33%
of the carbon and about 43% of the sulfur originally presemt in the shale
(Fig. 5.3). Also, since the shale is retorted under a reducing atmos-
phere, some of the metals contaimed in it remain or are reduced to lower
valence states. This was demcnstrated by ORNL experiments {Silverman
1981) and the Columbia studies (1955); e.g., lower recoveries of uranium
are attained from leaching hydroretorted shale tham from raw shale. Al-
though the hydroretorted residue cam be leached directly for its mineral
content, energy recovery, sulfur removal, and improved properties, en-
vironmentally acceptable disposal makes it advantageous to roast the
shale,

Surface areas, micro and macropore volumes, and porosities of roasted
shale were exawined as a function of roasting temperature by the Mimeral
Beneficiation Laboratory at Columbia University (1955). Their data were
used to select the experimental conditions for roasting the shale. Roast—
ing is suggested in two discrete steps: (1) 250 to 300°C for 1 h to re-
move the carbom (emergy), and (2) 320 to 500°C for ome hour to remove most
of the sulfur, which is converted to sulfur dioxide, scrubbed, and sent to
the on-site sulfuric acid production plant.

Leaching — The Mountain States process flow sheet recommends crushing
the shale in a ball mill to —48 mesh to provide materisl for a 50% solids
slurry which is leached with 10% by weight sulfuric acid solutiom (200 1b
acid/ton of shale). The ORNL laborvatory experiments (Silverman 1981) as
well as those performed at Columbia (1955) indicate that it is possible to
leach uranium as well as other metals efficiently from the roasted shale
without further crushing beyond the 4 to 16 mesh size. This size material
has a macropore volume of ~0.19 em?®/g and a porosity of ~38%,

The design basis leaching process assumes use of a countercurrent
percolation treatment, with 20% sulfuric acid as the lixivium, for 24 h at
70 to 80°C, It is estimated that about 80% of the uranium and molybdenunm
in the roasted shale will be leached, along with ~25% of the alumiaum,

iron, alkalis, and alkaline earth metals. Experiments will be mneeded to
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determine what proportion of the various metal comnstitunemts im shale will

be leached by the 20% acid solutiom, Mountsain States has estimated a 60%

recovery for a number of elements (uranium, cobalt, mnickel, ete.) based om
using a 10% acid solution with a 6-h leaching period.

Tailings — The residue remaining after leaching will be washed and
mixed with crushed limestome to neutralize any remaiming acidity. Its
acid content should be low because the countercurrent leaching system is
planned to provide & leachate of pH ~1.5 for the following solvent extrac-—
tion steps. Practically all of the sulfur in the hydroretorted shale is
removed during the rcasting operation; those wetallic comstituents thst
are not dissolved during the leacking process will remaim in the roasted
shale as oxides, silicates, and sulfates that are not soluble in ground-
water., Hydraulic backfilling cannot put all of the neutralized residue
back into the mined-out area., Preliminary tests at ORNL indicate that the
density of the residue can be almost doubled by = compacting pressure of
5000 1b/in.?, Compaction of some type probably might be used to minimize
the volume of the residue for disposal.

Metal recovery — The leachate (adjusted to pH 1.5) is clarified be-
fore solvent extraction (Fig. 5.4). The oxganic extractant is the ter—
tiary amine, Alamine 336 (0.05M — about 20 g/L) dissolved in a solvent
consisting of a 5% solution of tridecanol im kerosesme. Because the den—
sity difference between the organic extractant and the agneous feed is
about 0.4 g/cec (1.2 to 0.8), countercurrent pulsed column extraction (with
about 5 stages) is recommended. Available data (Seeley and Crouse 1971)
indicate that all of the uranium and molybdenum and any vanadium (V) will
be completely extracted, Preferential stripping of the uranium is accom—
plished (Sialino, 1977) with a2 solutiom that is 1.5M NaCl, 0.3M Mg80_, and
0.5M Na,SO,. This stripping solution will permit satisfactory precipita-
tion of uranium as the uranate and swbseguent calcimation to U,0,. This
stripping reagent can also be recycled (50% rate); the sodium chloride
which is rejected can be replaced with fresh chloride.

Molybdenum, which remains in the solvent after uranium stripping, is
subsequently stripped with sodium carbonmate to yield a solution of sodimm

molybdate. The latter is purified to remove any phosphats or vanadium
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before molybdenum is precipitated and calcised to produce Mo0,. The sol-
vent can be easily reused after washing with water to prevent carryover of
carbonate to the extractiom sectioan.

The raffinate (pH 1.5) from the solvent extraction step (Fig. 5.5)
contains the sulfate salts of aluminum, iron, alksli and alkaline cazth
metals as well as the trace elements (Co, Cr, Ma, Ni, V, aud Zn}, In or~
der to obtsin aluminum in pure enough form for metal production by & pre—
cipitation process, it is mnecessarxy to remove iron beforehand. This is
accowplished (Seeley 1981b) by another solvent extraction cycle im which
_iron is separated from the other elements by using a2 high-molecular—
woight, branched primary amine, Primene I¥-T sulfate as the extiractant
(0.87M — a 30 wt % soluntion) in a diluent such ss toluenme or diethylben—
zens. The amine is first scrubbed with a Nazcoa solution for removal of
low-nmolecular—weight impurities. Then it is contacted with 1IN H,80, znd
equilibrated with 1M Na,80, solution that is adjusted to pH 1.5 with
H,80,. It is estimated that less volume reduction can be attained (~4 vs
20 in the ome above) in this extraction sycle {3 to 4 stages), bscauss of
the high iron content (0.42 M) in the feed. The irom is stripped from the
organic layer by DTPA (diethylenmetriaminepentacetic acid), precipitated as
the hydrous oxide, and converted to Fe,0, by calecination., It should be
pure enough to serve as a feed for direct reduction processes, although
even good irom ore ()65% Fc), commands 2 relatively low price, $50/ton.

Aluminum is precipitated (Seeley, 198la) from the irom zaffimate at 5
to 10°C by the addition of ammonium sulfate to form the crystalline ammo-
nium aluminum alum, (NH,),S0,° Alz(SO4)3' 24H,0 (Fig. 5.6). After xe-
covery by filtration, the alum is washed with ammomium sulfate sclution,
Contamination of this solid has been studied in some detail (S8t. Clair,
1944) ., Recrystallization can further reduce contamimation. However, an
improved procedure for purificaetion consists of its dissolution and subse-
quent precipitation as hydrous Al,0,by the addition of gasecous ammonia.
This may permit more efficiemt recycle of the ammoninm sulphate solution,
avoid =2 second crystallization step, and probadbly provide a high purity
alumina prodmect since irom and several other tri—~ amd tetravalent metals

#ill be removed by the extraction step. Decontsmination factors from a
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number of potential interfering elements have been tabulated (Seeley
1981b) .

The solution which remains after the alum precipitation, containing
sulfate salts of the alkalis and alkaline earth metals, as well as those
of the trace elements (Co, Mn, Ni, Cu, Zan, Cr, V), is neutralized with
sodium hydroxide to an alkaline pH, 9 to 10 (Fig. 5.7). The hydroxides of
€o, Mn, Ni, Cu, Zn, Cr will all be precipitated along with magnesium,
éresent in much higher concentration, whose hydzoiide is slightly soluble,
However, dissolution of Co, Mn, Ni, Cu, and Zn hydroxides is accomplished
by the addition of amﬁonia to form the soluble metal complexes. Purifica~
tion and reprecipitation of these hydroxides 1syaccomp1ished by heating to
drive off NH,; the solids are dewatered and calcined to yield s concen-
trated mixture of solid metals oxides which can then be sold to an indus-
trial metals separation plant (e.g,, Amax Freeport plant).

The final tailings solution, ¢onsisting of the alkali and alkaline
earth sulfates, might be treated by reverse osmosis {(Larson, 1979) to con—
centrate the salts, which can be packaged to form a cement—~like solid that
is relatively unleachable by groundyaters.

Metal recovery — altexnate process — An alternative flow sheet has

been devised for a process which differs considerably from that presented
above, after the first roasting step has been completed (Fig. 5.8). This
process involves an alkaline leach system, employing ammonia and/or am—
ponium carbonate under oxygen pressure (10 psi), to dissolve the divalent
trace elements (Co, Ni, Mn, Cu, Zn) from a shaleiconcentrate containing
mest of the iron and these elements, The concentrate is obtained by mag-
setic beneficiation of the roasted shale.

If one examines the list of elements presemt in the shale with re~
spect to the periodic table, it is noted (Kolm, 1975) that iron, cobalt,
and nickel are ferromagnetic transition elements whose compounds are in
many cases strongly paramagnetic. Moreover, there are additional transi-
tion elements such as chromium, manganese, molybdenum, and vanadium which
are parama;netic and form paramagnetic compounds, whose recovery from

shale is also desirable., Conversely, other elements such as alominum,
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silicon, alkalis, aund alkaline earth wmetals wmainly form diamagnetic com—
pounds, so these would be expected to rewmaia in the noomagnetic solids
during berneficiation,

A pireliminary set of laboratory cxperimants has been comploted at
ORNL on several grems of roasted shale wusing an 11.8 %kgsuss Frantz sepasr-
ator which indicate that some metallic species canm be concentrated by mag—

etic beneficiation., ‘The roasted shale was crushed, sieved, and separatsd
ianto two sized portioms of —30 + 200 and —200 + 400 wmesh., A third portion
(480 mesh) was too fine to be run ou this instrument, but a sample was
analyzed chemically {alomg with the separated fractioms below)., Three
sets of magnetically separated fractioms, 'mags,' 'middlings,’ and non~
magnetic waterial werxe obtained from each sized portion when these were
vun on the Fraptz sepsrator. The 'mags,' strongly magnstic even at the
low field strength used, containsd about 40% of the ivon, cobalt, and wo-
lybdenum in about 1%% of the total weight of material separazted. The
'middlings,’' represeating 25% by weight (but less megnetic than the mags
since a higher field stremgth was reguired for separation) contsined over
40% of the sbove metals. The combimation of ‘mags’ and 'middlings’ con~
tained over 80% of the irom, cobalt, molybdenum, zud over 70% of the
nickel! and uwranimm. HEven belter results possibly can be obtsined by using
larger samples a2nd more refined technigues,

The beneficiation process described above provides a metal concesn-
irate and serves severzsl purposes: (1) it simplifies extraction of the
trace elements, simce they cam be removed from ths ivon by an ammoniacal
leach treatment, which {2) also leaves ths irom behind as sm insoluble

hydrous oxide, permitting its separation and solidification if desired for

nstrial applieation; (3) it removes most of the irom from the alumisum
so that subseguent aluminum precivitation and purification from an zcid
lezch solntion is less difficult; amd (4) it simplifies the waste disposal
system, for irom oxide is welatively umleachable by groundwaters.

The metsl comnceantrate cam be treated with ammonia and ammousium cax-
bonate in elosed vessels at atmospheric pressure {Forward 1955). Irom

vemains insoluble as the hydrous oxide, while the txace metals dissalve in

the leach solution ss complex amimes. They are recovered as relatively



121

pure compounds {(basic salts} by boiling so thet the NH, and €0, can be
recveled., Also, the leach solutions after boiling and filtration are
substantially free df metals, Nﬁg and C0,, so they can be discarded, thus
facilitating the control of the water balance in the Jeaching circuit. If
uranium and molybdenum dissolve in these alkaline leach sclutions, they
can be separated from the trace metals by extrsction with a tertiary
amine, Alamine—336, from a slightly acidified sulfate solution {pH 1.%).
The major portion of the shale, nonmagnetics remaining after magnetic
beneficiation, is leached with sulfuric ascid snd the subseqguent processing
steps to recover aluminum are esséntially the same s described above in

the acid leach process.

5.2.3. Progess cost considerations

A preliminary discussion of process cost considerations will be pre~-
sented in the following. The development of costs unsed for the reference
process will be discussed in more detail in Chapter 6.

Thé major capital costs of the minerals recovery reference process
sre associated with the leaching step, the aluminmm precipitation and cal-
cining, and the sulfuric acid plant. The latter was sized to produce sul-~
furic acid from all of the suilfur that is liberated in the hydrorstorting,
hydrotreating and roasting steps. The most important operating costs are
those associated with sulfuric scid production, roasting {(energy), and
refrigerstion {ammonivw alum precipitation). All of these costs are based
on the recovery of ~80% of the wrsnium and molyﬁdenum in the shale as well
as 25% of the aluminum and irom., In order to recover all of the sluminom
and iron, it would be necessary to:huy sulfur and increase the size of the
sulfuric acid plent by at least 2 factor of two. We do not believe this
wonld be warranted, based on the recovered value of these #lements. The
fraction of the trace elememnts that can bs recovered from the amount of
#cid nsed for the leaching step, and subsequent precipitation as hydrox~
ides at the tail end of the process, is uncertsein at this time, Further
research and development datas are required to delineate these stsps in the

process; however, the costs associated with the recovery of the smail
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swonnts (total ~0.1%) of the trace elements in the shale as caleined
oxides are relatively minor compared to those meatiomed above.

The greatest uncertsinties in costs are those associsted with hand~
ling of the wastes, boith solid and liguid. The leached residue, after
washing and neutralization with ob~site crushed limestomne, would be com—
pacied and reinserted into the mined-out ares. The cost of removing the
salts from the final tailings solutionm by reverse osmosis is estimated as
about $13 million per year, but the costs associated with packaging thesec
salts into cemont-like solids that are relatively unleachabls by grouand
waters are uuncextain at this time.

No cost figures were obtained for the alternate process siumce it was
conceived after the cost study was completed for the asid leach process.
The cost of the magnetic beneficiation process is not a major ome., If
subseguent, larger experiments verify its validity, then substantial sav-
ings can bg made during the following process steps, even though more de~
tailsd data will be needed. First, the divalent metals such as cobalt,
copper, nickel, manganese, and zinc can be dissolved ss complex emmonium
selts by & cheap alkaline leach at relatively low temperatures, 150 to
170°F, They are separated from irom by this process and can be removed
s% wotal oxides at low cost. Secondly, the irom is largely removed from
the zluminum and remains behind as the insoluble hydrous oxide. Depeanding
on its purity and value, it can either be recovered or sesat to waste as a
nonleachable solid. Also, since most of the aluminum 2nd a small amount
of iron remain with the nonmagnetic portion of the beneficiasted shale,
more of the sulfuric acid is available for regovering aluminum by the acid
leach., The difficulties and costs associated with its subszyguent precipi-
tation as the awacnium alum can be weighed against its product value as
recoverad alumina, The costs of handling the waste solids amd liguids
from this process are expected to be lower tham thoss for the acid process

discussed previously.
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6. ECONOMIC ASSESSMENT

The objective of this economic analysis is to determine whether the
development of the Chattancoga shales has the potential to be competitive
and if so, under what conditiomns., The main qnestions addressed were:

Does Chattanooga shale look good cnough economically to justify additiomal
% and D? and Out of the potential product slate, which products add to the
profitability and which subtract?

¥ounr modes of product recovery were esamized. Tn the first mode, oil
is recovered {eil-only recovery stage) zlong with some by-produst suifnr
gund smmonia. In the second mode, uwraninm and molvbdensm are slse recow—
ered bnt the suifur and smmonia produced previcusly are now used in the
extraction process, JTn the third mode, about 25% of the available alumi—
num i also recovered. Im the fourth (fisal recovery) mode, zdditionsi
moiybdenun and aluminum are extrscited as well as a mix of other by-produect
metals {es oxides). EHguivalent unit product {0il} prices aad return on
investment {ROI) were estimated for reference cost and financizl param—
eters for each mode of product recovery. The sensitivity of the BEOI and

unrit cost to variations in parameters were also iavestigated,

6.1 Methodology

The basic methodology used in the economic analysis was the dis~
gonnted cash flow approach, Witk this method, & woit product price o
return on invesiment i3 found such that the revénue received from the sale
of the products throunghont the 1ife of the project will pay =ll expensss,
taxes, and returms on outstanding capital investment and %ill pay back the
investment by the emd of the preoject life.

A revision of the ACFAC {(Delene, J. G. 1980) computer code was used
to do the economic anelysis. The code was modified to fit tﬁe needs of
the Chattanoogas shale assessment. ACFAC im its original form was limited
to czleulating levelized product pricse and also did nef account for imfla-
tion explicitly, In the revised code, inflatios is accounted for sxplis-

itly and the returs on investment ¢an be found for a given set of predast
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prices. 1Im addition, percent depletion has been included with each pro-
duct treated separately. The minimum tax on tax preference items (deple-
tion and accelerated depreciation) has also been accounted for as has the
treatment of emnergy tax credits in addition to the investment tax credit.

The economic analysis methodology produces resunlts presented im two
ways., Alternately the implied rate of returm on total capital investment
or an eguivalent price for oil is calculated. The equivalent price ob-
tsined by the second method is a so-called levelized price.

The implied rate of return on investment (ROX) calculated by the
first method is that rate of return which caunses the sum of the cash

flows, discounted at that rate to be zero:

25: (Cash filow)y
(1+an - 0

Project

life

The discount rate d is the project ROI, The use of the RQOI as a figure of
merit implies knowledge of all the costs and revemues involved in the pro-
ject. The analysis uses projected market prices for all of the produects
including oil,

In the alternate approach, all costs and revenues are assumed known
except for oil. An equivalent levelized cost is calenlated for the oil
based on the other costs and revenues and the mimimum acceptable return on
investment. A nominal or a constant dollar levelized price may be ob-
tained. The more common nominal dollar levelized price is am equivalent
price which remains constant over the project life. Simce infiation oe-
curs during this period, the buying power of the dollar will chamge, thus
this levelized price is in dollars of no single year's buying power,

Alternately a constant dollar levelized price may be found, This is
2n eguivalent price in dollars of a given reference year's purchasiug
power, The price in any given year is assumed to vary with the rate of in-

flastion, thus for a constant inflation rate i,
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Po=F_ (1+i)m

where:
FQ = prigce in the reference vears dollars {1980},
Pn = price in yesar n dollars, and

2
I

< number of years betwesn year n and reforence vear o,

The gonstant and curront dollar levelized costs sre relsted ip thet the
present walue to the beginniag of the project of the revenves produced by

each set of prices are identical, thus,

§ " £-5 j{: POl + ¥
B . 9

- ) g
- - " g
Project {1+ da Project (1 +djn n
1ife life
where:
$ = sales in year »,

q
¥

4 = discount zste {aversge cost of monsy), snd

b
#

nomingl dollar levelized price.

e

An example is shown in Fig. 6.1, If the levelized prize for oil inm
1980 dolliers is $35/bbi, the equivalent, nomimsil dollar levelized price
for » 20 year project starting in 1985 is $70,.90/bb1 if the inflation rate
is 6 and the discount rate is 15%. Note that the comstant dollar price
implies s wmid-1985 o0il price of $46.80/bb1 and s 2005 price of $150.20/pb1
in those year’s dollsrs.

The advantage of constant dollar prices is that inflstion is effec~
tively removed from the resuits, Thess prices then csn be relsted to supr-
rent conditions., Exzcept where moted, the results of the amalvsis given

here are expressed in dollars of constant purchasing power,
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at $35/bbl in constant 1980 dollars.
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6.2 Economic Ground Reles

A tabulation of the ground rules used in the economic analysis is
given in Table 6.1, The start of operation is takenm as 1985 with a 20
vear project life. It is assumed that the average inflation rate through
2005 as measured by the GNP deflator will be 6%/year. This is lower than
fecent experience and implies a return to a somewhat more stable economy
with no suddern step changes in the price of o0il as occurred during the
1970s.,

A value of 18% was selected for the reference return on equity. This
return implies a real return of about 12% after removing inflatiom., A
tabulation of typicalvreturns experienced in industry, as compiled by
Forbes' magazine (1980), is given in Table 6.2. These values include the
inflation expectation and cover the late 1970s, a period of rising infla-
tion in which the average inflation rate (as measured by the GNP deflator)
was over 7%/year. The 18% rate on equity selected as reference is higher
than these medians but is consistent with all but 'other oil and gas’ if
compared to the best half of the companies listed in Forbes., This higher
profitability was selected as reference for the analysis since business
generally seeks to equal or better their overall performance when select—
ing new ventures, In addition, a range of equity returns of from 15 to
25% was considered.

The debt~to—equity ratio for companies listed for the industries
shown in Table 6.2 range from O to 1,0. A referenmce ratio of 0.5 {(1/2)
was chosen for the analysis. 1In addition, a range of debt-to-equity
ratios of 0 to 3 was considered. The 0 ratio (corresponding to no debt)
was selected since many companies evaluate new projects as if they were
100% equity financed. The debt to eguity ratio of three (25% equity
financed) is the same as reported for a western shale o0il project (Wall
Street Jour. 1980b) where the debt portion is guaranteed by the U.S.
goverament,

The 6% state income tax is the effective rate in Tennessee,

In addition to straight line (SL) depreciation over a 16 year tax
life, percent depletion is also taken. The applicable percentages are

given in Table 6.3, This is deductible from taxable income to a maximum



132

Table 6.1.

Economic ground rules

Refersance

Return on equity, %
interest on debt, %

State fncowms tax vate,
Cost of money during coastruction, %

Depreclation method

Tax life

g

¥inlmam tax on praference income, %

]
3
e

‘roparty tax rata

Insurance rate, %
;)

{nvestment tax cradlc (TCy, %
Fractlou of capital applicabls for ITC

Maximum fraction of tax llability
offset by ITC

Tax losg carry forward, years

N

Energy credit on applicable iavestiments,

Werking capital

1985
20

6

18

— U =
-~ o

[e))

Percent
15

1.0

.5

10

0.8
0.2

7
10

Three wmontlis
operating

costa

15-25

¢—3
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Table 6.2, Industry Berformance
statistics

Five~year average
return on equity, %

Industry : 5
Industry Best half
median median

Diversified metals o 11.3 17.4
Chemical » 15.1 19.4
International oils 15.3 18.3
Other oil and gas 17.0 26.5

aSouice: Forbes, Volume 125, Number 1,
January 8, 1980.

bMedian return based on best half of
companies listed.

Table 6.3, Depletion

percentages
Product Percent?
Uranium 22
oil 15
Sulfur 22
Other minerals 14

AThe percentage of
gross income allowable as
a deduction when computing
federal income taxes.
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of 5C% of the taxable inccme from the property figursd without the dedme-
tion for depletion. Percent depletion is deduciible for federal tax puy-
posez but not for state imcome tax.

The cost of money used during comnstwuction is capitalized at a 10%/
year rate.

In addition to the normal federal imcoms tax. an additionz! tax must
be paid on tax preference items. These items include excesss deprecintion

(over straizht line rate} aznd excess depletion {(over adiuslsd ba

[/}
e
»N
=l
iy

property). A 15% tax is imposed on the valus of these itews in exsess of
the zegular tax liability or $10,000, whichevexr is greater,

The ground rules a2ssume that 80% of the total investment is applicsa-
ble for the 10% ianvestment tax crxedit. This exedit is applied when the
investment is pnt in service, The assumption is also made that the ven-
tursz is an independent corporation so that losses, and credits im excess

of taxes, camnot be written off against other income bui wust be carviad

O

forward until used oxr lost. The investment tax eredit is limited ¢

O
of tax liability as curvently specified in the tax law for 1282 or latsw
J
n

Shale o0il cguipment is £ligible fox iness energy cyxedit. This
credit, cuvrrently 1C%, was applied to the ratort eguipment only. The
energy tax cradit is limited to 100% of tax liability.

Investmont tax credits not wsed in the year incurrsed are carrvied for-
werd for s maximuom of sevem yesars. Those oredits not used in this period
are lost,

The amount of wmomey nesded for Jday-io-day operation (working capitall

was taken to ba 2qual to three momnths operating and waintenazuce cos

-

S.

6.3 Capits)! Investment and Operationg Costs

6.3.1 HMining

Mining cost estimntes are derived from those used by Mountaim States

i
{3
“
©
58
=
T

b 278 Development in their Chattanooga shzle assesswent (Mountain

)
v

States 1978). The costs in the Moumtain Statez Report are based on esti-
a

531

1z by Cleveland-Ciiffs Izon Compzny for underground wmining of the

aing costs are in December 1977 dollars. The total direct
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capital investment requirement for mining was given as $301 x 10¢ for a
100,000 ton/d {(tpd), 350 d/year operation (3§ x 10% tons/vear). Of this,
$117.98 x 10 was preproduction capital investment and the remaining
$183.02 x 10¢ was deferred capital, being paid out during the 20 wvear 1ifs
of the mine. In addition, a 20% contingency was assumed. The operating
and maintenance costs were given as $2.336/ton plus an additional 10% for
general and administration costs.

The Mountain States costs were escalated to mid—-1980 dollaxrs {June/
July) and scaled to 33 x 10% toms/year throughout., Capital investment
costs were escalated using the Bureau of Labor's Statistics Producers
Price Index for materials and compoments for construction, This produces
a cost factor of 1.28. A logarithmic size scale factor of 0.8 was used
based on underground coal mining costs (Katell 1978). This results in 2
cost factor of 0.954,

A summary of the resulting mining investment costs is shown in Tabls
6.4. The preproduction capital investment of $172.9 x 10% is treated in
the economic analysis as depreciable capital. The same fractiomal four
year cash flow is assumed as used in the Mountain States Report. The de-
ferred capital investment is assumed to be paid ocut in 20 equal annual
installments of $13.4 x 106, These payments are treated as operating
costs in the economic assessment.

The Mountain States estimates for operating and maintenance cosis
were scaled to mid—-1980 dollars using the Bureau of Labor Statistics
hourly earnings index for mining, This escalation multiplier is 1.30,
Based on an annual throughput of 33 x 10% tons, the operating and mainte-
nance cost is $110.2 x 106 (2.336 x 1.1 x 1.30 x 33 x 10¢). In addition,
deferred capital costs add $13.4 x 10¢. The resulting annual operating

cost for mining used in the analysis is $123.6 x 106,

6.3.2 Vaste treatment and disposal

The waste treatment and disposal costs consist of all costs necessary
to treat mining and process wastes and to dispose of them ism an envirca-
mentally acceptable manner, There is a large uncertainty as to the pro-

cess requirements for envirommentally acceptable disposal and the costs
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Table 6.,4. Mining cost summary

(1980 dollars)

$10°
Investment costs
Preproduction capital 172.9
Deferred capitala 268.2
Total capital AHETT
Operating cosis
Operating and maintenance 110.2
Annual deferred capitala 13.4

Total annual costs

Tpeferred capital is treated as
an operating cost in economic assess~

ment.



thercofl . All recovery options include 2 cost for solid waste disposal,

In addition, the o0il only recovery option imcludes 2 finel high tempera-—
ture residue treatment step {roasting) to reduce the gesidug to an acecept-
able form, The options in which by-product winersls and/or wranium arec
regovered. involve ascid leach so that tailings treatment and disposal is
ageded for those options. |

Three sources of detailed cost information ars consideved, The first
{from 2 puper Earnest, H. W. et al., 1877) is for waste disposal from a
50,000 bbl/d western shale o0il operation, Although these costs are for
the same size project as assessed here, the costs are in 1977 dollars,

The secosnd source of detailed costs was a Nationel Academy of Beciences
iNARY {1975) committee report om Disposal of Wastes from (oal Mining,

From theyyoint of view of this shale pil assessment, these costs suffer
from several drawbacks. 7The NAS ¢osts are for coal operstion and not oil
shale. These costs are also for substantially smaller operations than the
shale o0il recovery project., In addition, tﬁe costs are in 19875 dollars
and contain some costs {such as crushing? which sre contained in other
parts of the o0il skale cost estimats,

A thixd source of cost isformation is the Mountain States Report.
Estimates are gives for solid waste disposal {backfilling) and for the
cost of tailings treatmseant, Backfilling costs sre given in December 1877
doliars® and tailings trestment in May 1978 dollaxs.

The Barnest et al. costs were escalated to mid-1980 dollars using the
producer’s price index for materials and cowponsnis for comstruction for
the c¢apital investment and the hourly carnings indez for mining for the
operating sosts., The results are shown in Table 6.5 for five cases of un-
dergroond disposal and one for surface disposai. 7The operating costs are
based on 33 x 10% tons/year mined.

The NAS capital cost estimates were escalated to 1980 dollars, azgain
naing producer’s price index information {2 facter of 1.32}, and sceled
for size unsing a iogarithmig scale factor of 0.8C., This scale factor was

derived baused on underground coal mining costs (Eatell 1978). The costs

*Mining and backfilling costs are specified as both December 1997
and May 1978 dollsrs in separate places in the Mountain Ststes Report.
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Table 6.5. Western shale waste disposal costs

(10° 1980 dollars)

Capital Annual

, a
Transport—storage . .
investment operating

Conveyor—conveyor 26.0 13.4

Conveyor—conveyor with 30.4 18.3
pneumatic

Truck-truck 58.0 23.5

Pneumatic-pneumatic 80.5 51.5

Hydraulic~hydraulic 113.6 33.2
— surface? 25.2 10.6

a . .

Denotes first the means of tramsportation to
the disposal site and second the means of putting
the material into the disposal location.

Dsurface disposal, transport mechanism un-
defined.
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were scaled to a 60,000 to 80,000 ton/d, 330 d/year disposal rate. The
shale residue material in need of disposal depends on the amount of by
products extracted and is assumed to range from 60 to 80% of the original
weight of material mined. Results are shown in Tables 6.6 to 6.8 for two
cases of pneumatic backfilling and one case each for hydraulic backfiliing
and surface disposal., It should be noted that costs will vary depending
on the mining technigue. '

The Mountain States Report gives a capital investment of £54.6 x 10
for backfilling and $62.4 x 104 for tailings treatment aund disposzl., In
addition, a 20% contingency is applied. The amnual opersting cost for
backfilling was given as $0.484/ton mined. The annual operating cost for
tailings varied slightly with product slate but amounted to approximately
$0.60/ton of material mined. JIn addition, there is a recurxring capital
cost for the tailing dam of 5.7 x 10%/year. An additional 10% gemeral and
administrative charge is added to operating costs.

The costs from the Mountain States Report were escalated to mid-128%0
dollars and scaled to 2 33 x 10° ton/vear mining rate, Capital investment
costs were escalated using the Materials and Components {onstruction
Index, Operating costs for backfilling were escalated using the hourly
earnings index for mining, and the operating cost for tailings was esca-
lated using the prodﬁcer"s price index for industrial commodities. Re~
sults are shown in Table 6.9, The tailings dam is treated as an cper—
ating ¢ost in the economic analysis.

The costs for waste disposal given in Tables 6.5 through 6.9 differ
widely depending on the source of information and the method of disposai.
The disposal method needs more study but will probably be pneumatic dis~
posal with conveyor or pneumatic transport and storage.

The reference costs for solid waste disposal used in this study were
$70 3 10% for capital investment and $35 x 10% for anmual operating cost
with a range of uncertainty of +50%. The reference costs for tailings
treaiment and disposal used in the analysis for the oil + U + Mo mode and
the oil + U + Mo + Al mode were those derived from the Mountain States
repoxrt with the tailiags dam investment treated as an operating cost. The

tailings disposal for the final recovery mode is speculative since this
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Estimates of the cost of coal mine waste disposal

by pneumaiic backfilling behind long wall faca?

(s10%)

Surface transport
Storage and handling
At plant
At sirte
Borehole and borehole site
Stowing system

Disposal of fines

Totals (1975 dollars)

Scale to 1980 dollars and
19.8 = 10° typ waste

26.4 x 10° typ waste

C .
592,250, typ

A
843,180 typ

waste waste
Capital Operating Capital Operating
364.0 498.8
53.5 43.6 53.5 19.9
265.0 83.5 423.0 158.5
70.0 140.,0
711.0 /67,0 1,421.3 1,443.0
500.0 6.1 500.0 7.1
1,529.5 1,339.2 2.397.8 2,267 .3
38,500 38,200 45,500 48,300
48,500 48,500 57,300 61,300

bBackfilling behind
mine can be accommodated

e bq s .
Backfilling behind

“fstimates based on NAS. 1975.

a longwall face where waste produced by entire
in a siagle mined-out longwall panel,

two longwall faces where amount of waste produced

by mine exceeds the capacity of a single longwall panel.
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Estimate of the cost of coal mine waste
disposal by hydraulic backfilling™

(510%)

waste disposal

Capital Opizzzing

Surface transportation 448.5
Borehale and site ?85.2b
Stowing unit and surface water supply 275.0 331.5b
Underground pumping and recirculation 192.0 86.0b
Underground storage site 6/.4b
Totals (1975 dollars) 467.0 1,218.6
Scale o 1980 dollars and:

19.8 x 10°® ipy waste 10,400 30,600

26.4 x 10° tpy waste 13,100 38,900

bore

690 tpy

UEstimates based on NAS.

b

holes.

1975.

Contains certain annual recurring capital costs such as
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Table 6.8. Cost estimate for surface disposal
of coal mine wastes

($10%)
690,000 tpy
waste disposal
Capital Operating
Tand acquisition 250
Disposal system 708.9 267.7
Reclamation 35.0
Disposal of fines 500.0 5.8
Totals (1975 dollars) 1,458.9 309.5
Scale to 1980 dollars and
19.8 x 10° tpy waste 32,500 7,780
26.3 % 10° tpy waste 40,900 9,880

OEstimates based on NAS. 1975,

Table 6.9. Waste disposal costs”
(10° 1980 dollars)

Capital Operating and

investment maintenance
Backfilling 80.0 22.8
Tailiags tceatment 86.1 28,7
Tailings dam 7.9

YEstimates derived from costs in Mountain
States report (1978).
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mode uses aboul three times as much sulforic acid as the other modes, The
costs here were assumed to be approximately double those for the previocus
extraction modes, The cil only recovery mode involves a final roasting
step. Roasting costs were estimated by UCND engineerimng {Cook, ¥, G.
1981) as part of the cost estimate for uranium, molybdenum, and aluminum
extraction, Capital costs here are $25 x 106 with an operating and main-

tenance coest of $15 x 10%/year.

£.3.3 04l regcovery

The capital investment cost of 0il recovery by the hydroretort pro-
gesg is based upon flowsheet and mass balasnce data that were derived in
fhapter 5 and are presented in Fig. 5.1 and Table 5.5. The cost estimaies
were derived in mid-1980 dollars from published estimates of similiar pro-
cesses and equipment. The total capital investment cost was estimated sas
$1.5% billion (Table 6.10). Annual operating and maintsnance costs were
estimated as $133 million {(Table 6.11).

Shale storage and preparation — The plant was designed to receive

100,000 tomns/d of shale., After grinding and sizing about 90,000 tons/d is
sent to the process. About 10% of the shale is rejected as being too fine
to use. The costs for preparation were estimated from two gemnersal
sources, The first was recent estimates for retorting western shale {(IGT
1980 and USBM 1975} and the sccond from commercial experience in handling
cosl {FEPA 1977 and Holmes 1977},

Shale feed and discharpe system — The shale feed and discharge svstem

is one of the critical areas needing ressarch and development and one of
the least best known of the cost components. The estimates presented here
are higher than those made by others for shale processing. For costing
purposes the commerical Petrocarb system is used, This system is commer—
c¢ially available and used in the cost estimate of a number of coal sys-
tems. Costs from estimates of coal feeding systems for pressurized fluid-
ized bed systems were considered as the baselins (EPA 1977).

While these costs are higher than other shale estimates. they in turm
are considered to be somewhat optimistic. The base line data sre for coal

fed against 150 psig of air, while the Hytort system requires feed sgainst
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Table 6.10. Capital investmeni cost

for oil recovery plant

(10° 1980 3)

Shale storage and preparation

Shale feed and discharge
Hydroretorts
Acid gas removal

Sulfur recovery

Hydrogen and recycle preheat

Compressors

Oxygen plant

Hydrogen plant
Hydrotreator

Steam generation

Electric distribution
Water supply and treatment

Particulate control

Subtotal
Offsite
Contingency

Engineering and fee

Total

100.
75.
50.
40,
70.

135.
40.
30.

190.

120,
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Table 6.11, Operating and
maintenance costs for
0il rvecovery plant

(10° 1980 $/year)

Labor ' 15.
Materials 25.
Power 45,
Maintenance 48,

Total 133,
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400 to 500 psig of hydrogen, Whether there exists eoquipment that can re-

liakly feed im this enviromment is gumestiomable; IGT has davelopsd

o

patented feed system but its reliability is unkaown,

Hvdroretorts — The hydroretorts are considered to be cylimndrical high

temperature pressure vessels. The residence time of the shale reguires
that the recactors have capacity of at least 200,000 ft2, For the purpose
of this assessment, six reactors, 90 ft high and 22 ft im diamstesr wore
chosen. The cost for these resactors was taken from a nuwwbur of sourcas
(EPA 1977 and Holmes 1977) and normalized.

Acid gas removal and sulfux receovery — The Selexol process wzs ssleec~

ted as the preferred system for removimg the hydrogen sulfide z2nd somz of
the carbon dioxide. The Claus process aad the SCOT process were assumed
for sulfur recovery amd tail gas cleaming, respectively. The cost of
these systems was estimated through the use of tha reported data of Ed-
wards (1979) and Singh {(1980). Bacaunse of the high suifur countent of the
skale and the extremely large flow rate of the recycle, the cost of these
systems is large.

Cryogenic separation - Cryogenic scparation is neceded to separvate the

hydrogen from the prodncts and from the feedstock to the steam reformer,
This compomnent could be eliminated by changing the overall system desizn
et an increased cost of other compoments, IGT took amother approach im

theitr evaluation of western shale retorting (IGT 1928(b). The cost for

Lt

Lis syvstem was estimatsd from several sourses (IGT 1980b, Holmes 1977,
and Vyas 1981). The accuracy of this cost and the need for the compoment
at all is ome of the larger umcertainties in the analysis.

Hydrogen production — The conversion of light hydrocarbons to hydro-

gen is commercial techmology. The hydrogen production step comnsisés of
stean reformers, CO-H2 shift reactors and a methanation step. The hydro-
gen is about 96% of the exit stream with the remaiundor being methane.
Hydrogen is prodeced for make—up to the wvecycle stream and for hydrotreat—
ing the shale oil,

Shsle o0il hydrotrgating — The shale oil is upgradsd from the a

1)

torted state to a fairly high gquality o0il via a hydrotreating process.
The purpose of this step is to remove much of the mitrogen and sulfnx ia

the o0il, Hydrogen is added in the process., The cost of hydrotreating is
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variable depending in large part on the severity of the treatment. Costs
were sstimated from the data of Ececles (1981},

Utilities — The costs for utilities including those for steam gonera-—
tion, cooling water, and water treatment were based upon design studiss of
s project for retorting of western shale {IGT 1980b). The cost of the aix
separation plant for the production of oxygen was estimated from the dats
of Wham et 51, (1981) and Vyas {(1%981).

Indirect costs — The indirect costs were estimated from various esti-

mates of similar projects, The contingency was assumed to be 30% which
represents the level of confidence in the cost estimates and the technical
ungertainty of the process.

Operating and maintenance costs ~ The estimate for opérating and main-

tenance c¢osts was accomplished im two ways. First, the maspower regmire-
mgnts (600 operating staff and 500 maintenance staff) were estimated using
guidelines sstablished in other studies (IGT 1980b and Holmes 1977} and

then using $25,000/man~year to estimate the labor charges., Eleciric power
comnsumption was estimated to be 142 MW st a cost of $0.040/kWh. The over-
all costs were checked by comparing them as a percentage of the total cap-

ital with other published estimates,

$.3.4 Uranium, molybdenum and siominum recovery

Lstimates by TCND Engineering (Cook 1981) indicate that the capital
investment cost for recovery of B0% of the uranium and molybdenum and s
subsequent partial (25%) aluminum recovery step is in the range of $400 to
$600 million, Based on this cost range, the reference capital investment
cost used in this analysis is €500 x 10¢. An approximate breakdown of
this cost is given im Table 6.12, Of this total, $25 x 10% is for roast~
ing of the hydroretort residme, $400 x 106 is for the uranium and wolyh-
denum recovery and $75 z 10% is for the sluminum recovery. Operating and
maintenance costs are $15 x 10% for roasting, $75 x 10¢ for uramium snd
molybdenum recovery, and $60 x 106 for aluminum recovery as shown in Table

6.15,
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Table 6.12. Capital iavestment costs
for metals recovery

(10° 1980 $)

U+ Mo + Alb Final step
recovery recovery?

Roasters 25
Sulfuric acid plant 55 93
Leaching 200 330
Solvent extraction 40 69
Stripping 10 12
U + Mo extraction 10
Process electricity 20 18
Process instrumentation 42 35
Utiliries 23 20
Aluminum extraction 75 133

Total 500 710

Qihese investments are in addition to those for the
U + Mo + Al recovery stepsS. .
b

The Aluminum recovery is optional.
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Operating and maintenance costs
for metals recovery

($10°, 1980 $/year)

5 U + Mo First Final
Roasting i recovery
recovery Al step

step

Chemicals and supplies 0 11 0 170%
Fnergy and fuel 8 0 40 30
Payroll 3 4 Ob 5
Maintenance 4 60 10 105
Refrigeration 0 0 10 20
Total 15 75 60 380
Total through step 15 90 150 530

IInclude purchase of additional sulfur for sulfuric acid

manufacture,

,
PNo additional manpower needs for first Al recovery step.



150

6.3.5 Finsl metals recovery step

This step includes the recovery of additional molybdenum and aluminum
as well as a mizture of trace ¢lement metal oxides. The capital imvest~
ment costs and the operating and mainterance costs for the fiuwal step are
summavized in the last columns of Tables §.12 and §.13. These costs arxe
guite speculative since the processes imvolved have not been fully de-

fined,

6.3.6 Cost summary

The summazry of the reference capital investment costs used in this
studv for the four operatiung modes comsidered is given in Table 6.14,
Reference annual operating and maintenance costs are pressnted in Table

§.15. The construction cazsh flow schedule is giver in Table 6.16.

6.4 Product Prices and Yields

6§.4.1 0il price

The most important commodity extracted from the Chattanooga shale is
0il. The price st which this o0il can be sold is an important comsidersa-
tion in detecrmining the econcmic viability of mining and processing the
shale, The quality of the oil produced from the hydroreifort process is
very good and it may regwiwre omly limited further wefining. Even so, the
referonce price structure used in this analysis is based om crude oil
price projeetioms., The behavior of the price of o0il in the recent past
indicates that aittempts at oil price predicting may be foolhardy. How~
ever, such 2 prediction (or range of price projections) is necessaxry if
projsct ecocaomics are to be evaluated,

Figure 6.2 illustrates the behavior of the interwational price of oil
over the last 13 years. This is a plot of the price of Saudi Arabian

crude oil, (0il snd Gas Jour. 1980a) f.o.b. Sandi Arabiz adjusted by the
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Table 6.14. Capital investment cost summary
(10°% wid-1980 dollars)

Recovery mode

Cost center 0il Pil + U O0il + U reiiiiry
only + Mo + Mo + Al

Mining 173 173 173 173
Solid waste disposal 70 70 70 70
Tailings treatment 0 86 86 172
0il recovery plant 1,690 1,690 1,690 1,690
Roasting 25 25 25 25
U + Mo 0 400 400 400
First aluminum step 0 O 75 75
Final recovery 0 0 0 7id

Total (1980 dollars) 1,958 2,444 2,519 3,315
1iDc 398 504 521 695°
Escalation 353 437 449 585
Initial working capital 115 156 177 324

Total (Jan. 1, 1985) 2,824 3,541 3,666 4,919
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Table 6.15. Operating and maintenance cost summary

(10° mid-1980 dollars)

Recovery mode

Cost center o o o Full
0il 0il + U 0il + U recovery
only + Mo + Mo + Al

Mining 124 124 124 124
Solid waste disposal 35 35 35 35
Tailings treatment 0 36 36 72
0il recovery plant 133 133 133 133
Roasting 25 15 15 15
U + Mo recovery 0 75 75 75
First aluninum step 0 0 60 60
Final recovery step 0 0 0 380

Total (1980 dollars) 307 418 h78 894

Table 6.16. Cash flow during construction

(fraction of total)

Time at which money paid
ralative to startup (years)

-3 -2 1 0
Mining 0.06 0.24 0.25 0.45
Waste disgposal 0 0 0.5 0.5
Tailings treatment 0.2 0.4 0.4 0
0il recovery plant 0.2 0.4 0.4 0
Roasting 0.2 0.4 0.4 0
Metals recovery steps 0.2 0.4 0.2 0
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U.S. GNP* deflator as given in the U.S. Dept. of Commerce Swurvey of Curvesnt

Business publication to obtainm 2 price in comstant 198C U,S, do

a
0il price in constani doilars has incieased eightfold from about $3.62/BL1
967 to an cxpected average of about $29/bb1 in 1980. 0il price in~
creases hsve been sudden and unpredictable., The 1973 price incroase ro-
siiltzd from the Arab-Yszaeli War and those im 1979 and 1980 resulted from
the Izznian Revolution and the subsequent Ivanisn~Iraqi War.

The official price of Saudi oil represents a minimum 0il price. It
does not include tramsportation charges aad, in addition, the other OPLC
countries are demanding and getting higher prices., Tmn late 1988, the spot
price of arab light, the benchmark crude producsed hy Saundi Arabia oil i=n
the U.S. warket, had reached $39.00 to 39.50 per barrel (The Fall Stxveet
Jounr. 1980z). Also Saudi Arabia is charging $35/bb1 for some of the oil
obtained through increzsed production. ¥With o0il price deregulation, the
price of crude o0il in the United States is expected to veflect the inter—
anational msvrket price, particwvlarly the price of Saudi Arabian oil.

The Saudi Arabians have recerntly proposed that the price of OPEC oil

2 on & guarterly basis im line with certaia indices (0il and
as Your. 1980b). Although not spelled out exactly, these indices con-
sider:
1. the rate of inflation of export 2nd conswumer prices ia the Crganiza—
tion for Economic Cooperation and Development (OECD) aations,
2. s compensatior for curremcy flusctuation through a market baskst of
ning ¢urrencies, and

3. a fio

Q

¥ price which rewains in lime with real GNP growth in the OECD

This plzn was mot acted om at the Juse 1280 OPEC meeting dbut can sgrve as
s means for projecting future o0il prices if the azswmptions are mads thst
the cuxrent Mideast problems can be resolved and that thexe sre ac fntuxe
gross disruntions 23 occurred in 1973 and 1973.
e 0il prices msed in this study are based on the assumption that
0il prices will scttle out in a range of from %30 to $45 per barrel in
1980 dollsrs plus an gscalation rate inm future years approximstely sgaal
to the xezl GNP growth in the imdustrial mations. During the early to mid~

1970s the growth in real GNP for the imdustrial nations (Int, Financial



Statistics 1978) was in the range of (1 to >5%/year with a nonweighted
average of close to 3%/year.

The reference price for oil in 1980 dollars shosen for this siundy is
$35/bb1 plus & real growth rate of 3%/year. The low estimate is $30/bb1 +
Z%/year and the high estimate is $45/bb1 + 4%/year., This price gange is
illustrated in Fig. 6.3.

£.4.2 Uranium ore price

One of the most important commodities to be recovered from Chatts—
nooga shale is nranium., At the recent current spot market price of £30/1%
U,0, and E0% recovery, shale containing 65 PPM uranium will vield about
$2.60 in wranium revenue/ton of shale mined.

Historically the price of uranium has exhibited wide fluctuations
{(NUEZCO 1977). During the late 1960s and early 1970s, its price was at g
low of $6 to $7/1b of U,0,. It then rose to an average price of nearly
$44/1b in 1978 with some reported prices topping $50/1b {(Nuclear ¥Fue!
31978). Recently the price has been in 2 decline reaching $30/1% (The Wall
Street Jouw, 1980c) in the third guarter of 1980, A plot of the uranivm
grice adjusted to 1980 dollars (using the GNP deflator) is shown im Fig.
6.4, As shown in the figure, the price change between 1973 and 1977 was
nearly a factor of five im constant dollarxs.

The recent uwranium price drop reflects a decrease in demand projec—
tions brought about by reacteor cancellations in response to an enhanced
public comcern over the safety of nuclear power, How much the price of
wranivm will fall and to what level it will recover is speculative. A ze—
cent report by Colorado Nuclear Corporation (Nuclear Fuel 1380a) predicts
2 bottom in the $17 to $26/1b range with recovery to $43/1b by 1988, A
price decrease to those levels would lead to the closing of som2 capscity.
A recent Nuclear Assurance Corporation {(NAC) estimate {(Nuclear Fuel 1980b)
fov a sample of major U.B. production centers arvives at anm average pro—
ducgtion cost of about $24“40/1b’U305, If profit is included, the uwras-
nivm price would have to be in the mid— to upper~30s for a 12.5% returs on
investment. Also, the average grade of U.5. uranium has been decressing

from an average of about 4.2 1b/ton in 1969 to 2.2 1b/ton 1979 {The Wall
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treet Jour., 1980¢). Such comnsiderations and the realization that the

2]

U.S. needs nuclear power to meet its emergy demands at a reasosable price
counid lesd to a recovery im the price levels,

On the negetive side is the possibility that the reactor sales will
not recover. Also, there is the prospect for increased competition in
worldwide ursnium sales. Canada and Australis have widespread deposits,
some of which are of very high grade. The average grade of Saskatchewan,
Canzda aranium reserves is about 30 1b/ton {(Nuclear Fuel 197%2), while

those of Austyalia are 8 1b/ton. Low cost production could lead to price

=

citting; however, buth govermments take an active role in uranium sales

contracts to assure auv optimum return on uramium exports (Nuclear Fuel

Uranium price projectioms are shown im Fig. 6§.5. Price projections

o

24 been developed for the Nomproliferatiom Altermative Systems Assessment
Prozram (NASAP) (U,.S. DOE 1980 and Spiewak 1980) and for the Energy
Fconcniic Data Base {(EEDB) (EEDB 1979) program of DOE. The NASAP prices

©
*y
9
=™
19

eveloped for various demand snd supply assumptions while omnly one

imate is presented for the EEDB, These prices were in 1978 dollars,

o
v
4
I

The prices shown in Fig. 6.5 were adjustied to 1980 dollars using the GNP
deflistor.

The reference urasium price projection used in the Chattanooga shale
econemic analysis assumes 3 1980 ore price of $30/1b, with a real escala-
tion rate of 3% above inflation {(same as for referemce oil), The low es—
timate sssumes s 1980 urenium price of $25/1b with the price recovering to
$45/1b in the year 2000. The high projection assumes that the price of
uraniwa recovers to the $40/1b (1980 §) level by 1985 then comtinmes to
escalate to the NASAP-high demand, mid-supply price im 1995, This growth
¢ontinnes antil the EEDB price projection is reached. The high projection
then approximately follows EEDB reaching a price of $75/1b in 1980 dollars
in 2005,

§.4.3 By-produst prices

Prices used in the anmalvsis for process by-products (other than oil
and uraniwm) are given im Table §.17. The prices of these minerals were

assumed to escalate with time at the gemeral rate of inflation (6%/year).
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Table 6.17. By-product prices

Productis Uuits Price
S s/t 45,
Nit; $/t 155.
Mo0 4 $/1b 5.50
Al:04 $/t 200,
Mixed trace metal $/1b 1.50%

Iapproximarely 1/2 of the value
of the metal as oxides.
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6.4.4 Product vields

The product vields used in the economic analvsis for each aonde of
operation are given im Table 6.18., These numbers are based on flow sheets

given clsewhere in this report,

$.5 Results of Bconomic Assessment

Two main figoeres of merit were used to assess the ecomomic viasbility
of the extracticn of 011 and other commodities from the Chattaacoga
sheles., These sre the project return on investment {ROI) snd the sguive-
Ient cost of the product oil, The methodology used to obtain BOI snd o1l
epst was discussed in Sect. 6.1, The economic analysis was dome for esch
0f the fomr operating modes: oil recovery only; oil, uranism, and molvbde—
num recovery; oil, uraniom, melybdenom, and sluminnm recovery: and full
recovery, The RO on the incrementsal imvestment st gach extraction step
was aiso estimated,

Iin addition to the computstion of the 01l cost snd the BOY for base-
line nssumptiaﬁs, the effect on the resunlts of variations in cost and Fi-

nancial perameters was investigated,

£.5,1 ROI analysis

The project ROI was calculated based on the reference [imancial and
g0t assumptions given in Sects. 6.2 and 6.3 and the projections of pro—
duct prices and yields given in Sect. 6.4, The projesct Debt to Eguity
retio wss held st 0.5 with interest om debt of 9%; therefore. as ROI var-
ies, the return on gquity also changes.

A summary of the results of the ROI analysis for each opereting mode
is given in Teble 6,19. This table shows the return on investment {ROL}
and the percentage of the revenues from the various product sales level-
ized at the project ROI.

The BOI for the recovery mode in which mo wranivm ox by-prodect
metals are recovered is 23.4%., In this operating mode some sulfur and

ammonis. are also obtsined as by-products, The low o0il price projection
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Table 6.18. Product slate
(100,000 tons/d of shale)

Recovery mode

0il + U 0il + U

0il Full

only + Mo + Mo + AL recovery
0il, BOE/d 46,000 46,000 46,000 46,000
Sulfur, t/d 2,500 0 0 0
Ammonia, t/d 350 0 0 0
U30g, t/d 0 6 6 6
Mo0,, t/d 0 30 30 36
Al1,04, t/d 0 0 2,700 8,100
Mixed trace metals, t/d 0 0 0 100

(Co, Cu, Cr, Mu, Ni, Vn, Zn)
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Table 6,19, Summary of results

Recovery mode

01l il + U ¢il + U Full
only + Mo + Mo + Al recovery
Return on investment, % 23.4 24.2 26.7 23.0
Return on equity,a % 30.6 31.8 35.5 36.0
Revenus SOUIC@,b 4
011 93 7G 59 43
S + NH, 7
Uranium 16 14 10
Molvbdenum 14 12 10
Alumioum 15 31
Trace metals 5

For 67% equity and 33%Z debt at a 9% interest rate.

bLevelized using project return on investment as the discount
rates
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produces an BOIL of 16.5% while the high o0il price projection provid
ROL of 32.7%.
In the recovery wode ia whiech oil, uwranium, and molybdenum ave racov—

gred, ths sulfur and ammonia produced are used in the process so are not
1

e 25 by-product sales, Bascd on the reference ai
price projestions, the ROI for the project is 24.2%. The low pxoject
for both oil and uramius prices result im an ROY of 12.5%, whils kigh pro-
jections for both commodities lead to am ROI of 32.6%.

The ivcvensntal ROY of going to the urvasium extrsction step was also
celeulated, This is the rotuern on the additional investment nceded t

o
the urarium asnd molybdenum. This weturn was estimated to be 27%

based on the reference vranium price projection and weference costs. The

low amd high wranium price schedules produce an iscremental ROI ramge of

from 22 to 32%.

The next recovery step involves the vecovery of about 25% of the
availeble aluminmws, DBased om the reference assumptions, the ROI for the
project operating in this mode is 26 .7%, The low projectiouns for bhoth oil

and urasiom prics reswit im an ROI of 21.2%, while high projestions for

Yoth commodities lead to an ROT of 34.5%,

The imcrementsl ROI ox the additiona! iuveostment needed to sxbvact
the sluminux is sbout 20%.
In the final wecovery step. sdditional molybdenwm and slvminum are

cud, as well as a mixture of trace element motals, zz oxides, The
refercmes project ROI for this operating wode is 23.0%., The low projsc-
tioss for both oil and wranium price result in an BOI of 18.4%, while hish
projsctions for both commodities lead to sm ROT of 29.5%. The incremental

¥0Y sn the Tinal extraction step was ostimated to be 8.6% at refarence
P

6.5.2 0il cost anzlysis

[

e

The constant, 1980 dollar. levelized cost of oil from the project was

zls0 caleculated for esch operating mode. 1Im this analysis, the retuyn

]
=

avestment is held constsunt at the reference value of 15% {(return om

[
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equity = 18%. interest on debt = 9%, and debt fo syuity ratio = 0.5)., Ths
cost of 0il was calculated assuming all other product prices and costs
remain at their reference values. This approach produces 2 cost for oil
which can be directly related to market price or the cost of oil from
other processes.

Figure 6.6 shows graphically the levelized cost of o0il for the four
operating modes. PBoth the total cost without by-product sredits and the
value of the credits on a dollars per barrel basis are shown., Table 6.20
gives the contribution of each cost center and by-product sredit to the
0il price at the reference sei of parametecs,

The referemce cost for oil in the oil only recovery mode is $35.30/
bbl. The recovery of the uprapium and molybdenum reduces the nst cost of
oil to $29.60/bb1l. This cost has in it the sale of uranium at the refer
ence price projectiom produéing o credit egual to $11.70/bbl of oil., The
iow and high uranium price projection produces credits of §9.00 and
$14.80/bb1, respectively,

The addition of the recovery of 23% of the availsble aluminum reduces
the equivalent levelized cost of vil to $22.60 at the reference cost and
price assumptions, Sale of the uranium at the low and high price projes~
tions results in oil costs of $25.30 and $19.60/bbl, respeciively.

in the full recovery mode, the levelized cost of oil is $2§.350/%b1.

In this mode, only 43% of the total revenne comes from cil sales,

§,5.3 PSensitivity anslysis

The scasitivity of the oil cost snd project ROY to variations in var-
ious gost parameters and prices was investigated for the oil only and oil
+ U + Mo + Al recovery modes. Table 6.21 gives the o0il cost differentisl
for variations in various paramsters from theizr reference values,

Since various corporate wentures have different debt-to-sguity (D/E)
ratios, the levelized cost of oil #s z2 function of debt frsction was ssti-
mated and is shown in Fig. 6.7 for all three modes of ovperations., For the
¢il + U + Mo + Al recovery mode, 2 venture financed entirely with equity
money st an 18% return would bave an oil cost of $30.10/bbl instead of the

reference cost of $22.60/bbl, based on a third of the capitalization from
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Table 6.20. Contribution to 0il price

Cost center 1980 §/bbl
Mining 10.10
Waste disposal 3.00
Hydroretort 24.60
Roaster 1.30
Taillings treatment 3.30
U + Mo recovery 10,10
First aluminum step 4,10
Final recovery 35.80
Sulfur credit 2.50
Ammonia credit 1.20
Uranium cradit 11.70

Molybdenum credit
Aluminum credit

Trace metals credit

9.80%11.607

11.80%-35. 40P
6.50

2011 + U + Mo and 0il + U + Mo + Al

recovery modes.

b

For full recovery mode.
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Table 6.21. 0il cost sensitivity

0il cost change
(1980 $/bbl)

Variation from reference parameters

§10 x 10° operating cost increase 0.69
$100x 10° investment cost increase 0.92

10% increase in oil yielda

0il only mode ~3.20
0il + U + Mo mode ~2.70
0il + U + Mo + Al mode —2.05
Full recovery mode —240

2911 unit cost is approximately iaversely propor~
tional to oil yield.
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ion, which may be the case if loans ave

0il cost wculd be $15.506/bb1.

The effect of the variations in the regunired return on eguity (ROE)
oii the cost of oil is shows ia Fig. 6.8. ¥or rescovery through the first
the oil cost for a 15% ROE is $19.30/bbl. The oil cost is

£,
$31.60/bb1 for a 25% HOE.
5.

aluminum step

Figure 9 demonstrates that the return ou investwent is relatively
inseasitive %o the corporate dabt fracition, There is a vayiation of about

2% in the RCI over a range of debt fractioms of 0 to 0.75 (D/E = 0 to 3).

in the debt fraction is
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substantisl, however. as demonstrated in Fig. 6.10. At the reference
paramcters, the cetuyn on equity (ROE) for the oil only recovery wode is
3

30.6%. The ROE at 100% cquity financing is 22.3% znd at 73% financimg the

Figure 6.11 shows the effect of variations in costs (investument and
operating) om project RDI. As an example, if the investwment aud operating
o er than the refercnce wvalues, the project RGI for the
>ry case is lowered 5.8% to 17.6%.

o d in this study was $3%5/bbl (mid~1980 dol-
lars}, This price wzs selected as reflecting the warginal price of crude
0il. The 0il wecoversd from the shale by hydroireating will be of a bet-
ter guality thas crude oil in gemeral and will possibly sell at a premium
since for wzny wses it will not have to be refined further. The semsitiv-
ity of the ROI to the oil priece is shown in Fig. 6.12. For all four oper—
ating modes, the ramge of imcrease in the project BOI for each dollar that
the shale oil sells at above the £35 refercmce piice is 0.3 to 0.7%,

The effect on the project ROI of the uwncertaiuty in the roal oil
price ssgalation rate is shovn im Fig. 6.13. Using the oil + U + Al re—
coviry mede as an example, if the pries of oil was to escalate frow its
wid-1980 vulue of 235/bb1 at omly the wvate of inflation (real escalation
eet ROL would be 21.3%. On the other hand, if the rsal

0il price escalation rats was 4.5%, the project ROY would bs 29.5%.
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65.5.4 Eesults with slternate evaluation methods

There are a8 variety of methods which can be used to compare the eco—
nomic viability of extracting oil from Chattanooga shale with other tech-
nologies. VWe selected two for this analysis, namely ’comnstant dollar Jev—
elized cost’ and ’'return on investment,’

Results for the reference case for each operating mode using several
alternate evaluation methods are given in Table 6.22. Current dollar lev~
elized costs were explained in Sect. 6.1. Levelized cost withont infla-
tion assumes the sudden cessation of inflation; interest on debt and re-
turn on equity remain at reference rates. The levelized cost with infie—
tion adjusted returns reduces the interest rateé and return on equity by
the rete of inflation and removes inflation from all costs, The first
vear 0il cost is based on a revenue reguirements calculationm as showsn inm
Table 6.23. It is the cost of o0il during the first year of operation,

The payback period is defined here to be the time required for the cumula~-
tive cash flow {excluding return on investment) to egual zero (i.e., the
time it takes to recover the original investment through cash flow).

Table 6.22 shaws:that the constant dollar levelizatjion results are
similaxr to those obtained by the levelizatiom with inflation sdjusted re-—
turns method, Also the levelization without inflation method produces
similar costs to those found with the first year revenue reguirements

method,

6.6 Conclusions of Economic Assessment

The conclusions are contingent on the validity of the techmical and
¢conomic assumptions used in the analysis. The processes considered have
never been operated in an integrated fashion even on a small scale; their
yields and costs must be considered highly uncertain. The costs for waste
treatment and disposal and for the final resource recovery step are parti~
cularly yncertain inasmuch as the concepts are poorly defined.

Nevertheless, we believe the following conclusions are justified:

# Assuming completion of a technically adequate R and D program, the
cost of o0il produced from Chattaznooga shale should be equal to or be-

low the current market price for oil.
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Table 6.22. O0il cest using alternate evaluation wethodologies

($/bb1)
Recovery wode
Evaluation method 0i1 0il + U O0il + U Full
only + Mo + Mo + Al Tecovery
Counstant dollar levelizinga 35.30 29.60 22.60 26.50
Current dollar levelizing? 69.40  58.20 44,50 52.10
Levelization without inflation® 46.60 44, 40 37.90 45,60
Levelization with inflation? 35.30  29.50 22.50 25,20
adjusted returns
First year cost (1980 $)° 45,70 44,50 37.90 46.00
Payback period, yearsf 5.5 5.2 4.7 5.5

dReference costs, equivalent cost in dollars of 1980 purchasing power.
The cost in any given year, in that years dollars is related to the 1980
cost through the inflation index. (See Section 6.1).

quuivalent cost which remains constant over life of project. Dollar
cost does not change although the value of any years dollars changes with
inflation.

®Method which assumes that the costs and prices remain at 1980 levels
and uses reference rates of return.

dﬁethod which assumes that costs and prices remain at 1980 levels and
the interest rate and rate of return on equity are reduced by the inflation

rate.
®Based on first year operation revenue requirements. (See Table 6.23).

f&ime it takes to pay back original investment through cash flow.



Table 6.23. 0il cost determined from revenue requirements

for first vear of operation

($/bbl)
Recovery mode

Evaluation method 0il 011 + U 0il + U Full
only + Mo + Mo + Al recovery

Operating costs 460,86 623.8 708.0 1,264.3

Book depreciation (20 year) 135,5 169.2 174.0 229.3

Incone taxes 13,1 10.6 it.4 i8.5

Interest on debt 84,7 106.2 110.0 147.6

Return on equity 338.9 424.9 439.9 590.3

Total cost 1,032.8 1,334.7 1,443.7 2,280.5

Less by-product credit 76,3 403.6 650.0 1,317.5
Net cost (end of 1985 §) 965.5 931.1 793.7 963.0
0il cost (end of 1985 $/bbl) 63.00 61.30 52.30 63,40
0il cost {(mid-1980 §/bbi) 45,70 44,50 37.90 46,00
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# The return on investwent for such a project is im the range of 13

=
o]

to 35% with typical values ranging from 23 to 27% depending on
traction mode.,

¢ The venture profitability increases if uranium, molybdenum, and
aluminum are recovered along with the oil,

2 The recovery of metals based on complete dissolution of the shsle'’s
mineral content does not appear to be economic based on the prescsat

concept,
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7. ASSESSMENT OF ENVIRONMENTAL IMPACTS

The environmental impacts of producing oil and minerals from the Chat-
tanooga shale formation by means of underground mining and surface retori-
ing have been assessed and are summarized in Table 7.1. The design infor—
mation on which this assessment is based is sketchy end the assessment
therefore is only tentative. chet’issues would be identified duxring de-
velopment, detailed design, and site selection.

No inherently beneficial environmental impacts have been identified.
Negative impacts are rated as high, medium or low, where high indicetes a
constraint to development, medium indicates need for mitigation at im~
creased cost to the operation, and low indicates mitigation costs that
would fall within the usual cost of business of 4 minerals iandustry. The

basis for impact assessment and the assessments are summarized below,

7.1 Geologic Impacts

Potential geologic impacts include conflicts with the development of
other mines and resources and land disturbance due to mine~related subsi-
dence, Other mineraljresources of the region in which shals development
is most probable mighf include o0il and gas in formations beneath the Chat~
tanooga shale and methane within the shale, Methane within the shale is
considered an ‘unconventionsl’ source and is not presently scomomically
recoverable., Tt may be possible to recover this type of gas concurrently
with shale mining following additional R and D on unconventional gas re—
covery, Mining of the shale would increase development costs of potentiul
underlying oil and gas reserves, however such development would not be
precluded by mining of the Chattanocga shale.

The envirommental impact from subsidence is difficult to predict in a
generic assessment., It has been rated medium because of its potential to
occur near to the outcrop and the necessity to design mines to aveid un—
dermining towns, highways, reservoirs, and other semsitive areas., For the
most part, however, the Fort Payne formation is expected to provide a com—

petent roof and provide little subsidence potential.
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Table 7.1. Summary of environmental impacts from an
8,000 m2/d (50,000 barrel/day) shale oil industry
in the Chattanoogz shale outcrop

Nature of impact

Level of impagta

Geoclogy
Resource recovery
Subsidence

¥ater
Groundwater
Surface water
Watexr use
Wild and scenic rivers

Land
Land use
Soils
Natural and scenic areas

Atmosphecre
Air quality
Noise

Biology
Direct terrestrial
Secondary terrestrial
Revegetation
Dirsct aquatic
Secondary aquatic
Recovery
Endangercd species

Socioeconomics
Demography
Labor/economics
Housing
Guality of life
Transportation
Historical/archacological

Low
Medium

High-to-medium
Medium

Low

Low

High
Medium
Low

Medium
Low

Medium—to-low
Low
High-to-medium
Medium

Low
High—to-medium
Medium

Low
Low
Low
Low
Low
Low
Low

aHigh ~ a potential comstraint to developwment.

Medium — reguizxe extra~cost mitigation.

Low ~ mitigation costs,
within normal costs of business.

if regquired, fall
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7.2 Impacts on Water

Impacts to groundwater will be highly site specific. Medium impacts
are predicted regionaily, primarily due to leaching of toxic metals from
rév and retorted shales {see Table 7.2). Extra costs will be incurred
where shale is mined, stored, and processed and where the spent shale is
returned, Potentially high impacts exist localiy where the Chattanooga
formation underlies important agquifers, and mining could drain the aqui-
fers,

Impacts to surface water also will be site specific, but no con~
straints are seen, While there exists a potential for severe impacts,
those impacts should be mitigable with envirommental control technology.
Since primarily underground mining is expected, impacts to surface hy-
drology would vccur primarily as a: consequence of changes in groundwater
hydrology and secondarily as & consequence of surface waste disposal,
ieaching of metals and acid drainage can be mitigated through operations
design and water treatment prior to off-site release.

Water availability is expected to be a major consideration in siting
a shale processing facility., Otherwise, water use impacts are expected to
be low because of excess flows projected far beyond the vear 2000,

Low impacts to wild snd scenic rivers are predicted. No federxally
designated streams lie within the prime resource srea although some state-

protected streams do.

7.3 Impacts on Land

Land use impacts will be high, primarily due to the large areas which
may be needed for surface waste disposal, The fact that land is heid in
smaller parcels inm the region and the industry will lack condemnation au-~

thority could prove to be & significant constraint to development.
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le 7.2, Leaching charactevistics of
1- to 2-mm diam Chattanocoga shale
{(ppwm. except pH)

Raw shale® Hydroretorted shale®
pi %2.5-3.0 4.3-7.0
S0, 7600560 250
Fe 2200-14¢ 0.5-0.05
Al 221-20 0.38-0.1
Ca 112--25 3.4-0.2
Co 11-0.8 0.1-90.1
Cu 13-0.7 0.1
Mn 8.9-0.7 0.1
Mo 2.5-0.1 2.2-9.5
Ni 2822 0.1
7 56-4.4 0.1

a
Range, 20 Aliquots.

Shale 1s sub-—

jected to a contimunous leach with 20 vol~—

The initial and final con~-

centration of material in the water is re—

ported,



Impacts to scil are judged to be medium and derive primarily from
waste disposal. It is assumed that valleys chosen for waste disposal do
not represent better agriculturalkaress but that lavge wvolumes of topsoils
will be required for application to the surface of dispossl shale.

Natural and scenic aresas are'generally iaciing in the prime resource

area, and impacts will consequentiy be low.

7.4 Impacts on Atmosphere

g
t/d} of H,5. However, envirommental contrel technology capable of »9%%
recovery exists, and impact is rated at medium. Production of sulfuris
acid for metals recovery would further reduce the atmospheric poliutiom
potential. Other air polluntants are highly process dependent and are not
assessed. Noise impacts are rated low, primarily because of being in a

rural enviromment.

7.5 Biclogic Impacts

Direct impacts to terrestrial ecosystems should be medivm—to-low., Al~
though the area potentially disrupted is large, it remazins less than 1%
of the region and lacks unique gualities. Habitat restoratien, by means
of spent shale stabilization and revegetation, will be am extra—gost miti-
gation. Secondary impacts, such as vegetational degradation from in-
sregsed air pollution, will be minimal, RBevegetation of weste disposal
sites will be 2 major cost te the dindustry. To date, no dirvect resesrch
has been done in this area but preliminary indicetions are thst it will
prove to be comsiderably more expensive than revegetating surface coal
mine spoils and may be similar, but much more extensive, than revegetating
wastes from underground coal mines. Impacts will require extra—cost miti~
gation (medinm impacts) and may prove to be a finsncial constraint (high
impacts).

Direct impacts to aquatic ecosystems oc¢cur during miming and are in
the form of direct disruption and receipt of materisls in suspenszion or
sojution from the mined site, Impacts are medium since contrel requires
extra—cost mitigation in the form of engipneered structures and trested

water releases, Secondary impacts are rated low,
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Recovery of damaged agmatic systems is dependent om the control of
effluents from the surrounding uplands areas, In general, successful stz
bilization and revegetation of mined and disposal sites will lead to re-—
covery of receiving waters.

Impacts to endangered and otherwise semsitive species shounld be wme-
diwm. ¥hile relatively few sueh species oceur within the prime resource
region, znd obviously few imdividumals occur, the presence of a protected
species could lead to extra-cost mitigation measuxes, such as avoidiung the

area or providing for the maintesance of the affected population,

7.6 Sociosconomic Impact

The development of a shale industry in the prime resource area would
bave locally significant ’'boom-town' effects, but impacts are rated low
since the major costs will be extexmalized by the industry. There will be
population growth impacts and tramsportatiom impacts which will be borne
by local residents, for the most paxt willingly, in return for the bems-
fits of 2z expanded local economy and the opportunities for growth in the
service sector, There will be short—term trade—offs in the guality of
life but in the longer term the gquality of life should remain high., Hous~-
ing will be heavily impacted in the short term but should improve both in
quality and quantity with time, Impacts to historical and archaeological
resources will be mimimal due to the low fregquency of occurrence in the

BELE .
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8. RESEARCH AND DEVELOPMENT NEEDS

Chattancoga shale, 2 large and mineral-rich member of the Devomian
0il shales of the eastern United States, appears to offer significant po—
tential for the commeicial recovery of valuable hydrocarbons and scarce
minerals through reasonably forseeable extensions of current technology.

A starting point for the development of technology from Chattanooga shals
and other eastern Devonian shales is provided by the development through
near commerxcial scale of processes;for recovery of o©il from shales in the
Green River formation of Colorado, Utah, and Wyoming. Specific research
and development is reguired for recovery of values from Chattanocoga shale,
however, because this material differs in several important aspects from
western shale and in some aspects from other Dlevonian shales. As compaxed
with western shales, in which carbon and hydrogen are associated with the
largely aliphatic structure of kerogen and may be liberated rather easily
by heating, Chattavooga shale has approximately the same content of organ—
ic ecarbon (12 to 15% by weight), lower hydrogen coantent, and hydrocarbons
that are less subject to recovery by thermal decomposition becsause a sig-
nificant fraction are polycyclic aromatics in macerals that are similar

to those found in coal. Chattanooga shale is also more highly laminated
than western shale and forms platelets, rather than granuwles, upon crush-—
ing. Chattanooga shale differs from most other Devonian shales in that it
has significantly higher concentrations of some important minerals such as
those of uranium. These aspects of Chattanvoga shale dictate that steam-
oxygen gasification, hydrogasification, and/or spent shale combustion be
considered — as an adjunct to simple retorting — as parit ¢f the hyvdrocar—
bon recovery process and that this process should leave the remaining sil-
tcate structure in a form that is readily leached for minerals recovery.

The purpose of this chapter is to identify needs for research and
development that are required to establish the scientific and technical
feasibility and the commercial viability of the recovery of hydrocarbons
and minerals from Chattanooga shale. The perceived needs include those
for {1) resource assessment, (2) mining, (3) process development, and geo~
eral supporting research and development, for (4) upgrading and refining

of shale o0il, (5) basic chemical and physical research, {6) materials, (7)
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instruments and controls, (8) design and plamning studies, (9) envirommen—
tal control techmology, and (10) heslth and environmental effects.

The cmnvisioned program for exploitation of Chattancoga shales is ex-—
pected to progress along basically two avenues: (1) work that could pro-
cecd rather quickly to pilot plamt scale for oil recovery from related
Devonian shales through attempts to adapt the technology for recovery of
0il from western shales and (2) work at a more deliberate pace that would
seek to develop processes tailored to the unique aspects of Chattanocogs
shale. Work of the first type can begin with retorting of Devounian shales
in experimental umits that are available for retorting of westerm shale.
If thexrs is imitial success in such tests, tcst mines and pilot plants
couid be operated in regioms where the shale is located, and substantial
early work wounld be appropriate for the supporting areas including envir-
onmental control technology and health and envirommental effects., Work to
exploit specific aspects of the Chattancoga shale would begin with labora—
tory and bench—scale cxperiments to fully characterize the shale; evalu-
ate mechauisms, enthalpies, and kinetics associated with pyrolysis, gasi-
fication, hydrogasification, and combustion of the shale; aud imvestigate
alternative methods for the recovery and separation of metals,

The compilation of research and development needs that will be pre—
sented has wmade extensive use of studies that were made recently by W. R,
Grimes and other members of the staff of the Oak Ridge National Laboratory
(Grimes 1979 and Grimes 1980). Many useful references to the recovery of
synthetic fuels from o0il shale have been published as papers from a recent
symposium (IGT Symposium Papers 1980).

The most pressing need foxr resecareh and development associated with
the recovery of emergy and strategic materials from Chattanooga shale is
for laboratory and bench~scale work that may be used to make preliminary
evalunations of the feasibility of slternative processes, There is also a
serious lack of information on health and envirommental effects that could

guide the choice of methods of minming, processing, and waste disposal,
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8.1 Kesource Assessment Research

Most of the existing information on the Chattanooga shale comes from
work that was performed in the 1950s, The major objective of much of the
early work was to evaluate the Chattsuooga shale as 2 source of uvranium.
Hydrocarbon yields were determined om scattered samples resulting im =
sparse fdata base for the hydrocarbon potential of the shale. More recent-
ly, additional work has been undertaken to assess the metals content of
the shsle {Mutschler 1976 and Leventhal 1979). Much of the sarly work
indicated that shale outcrops in DeKalb County, Tennessee, would provide
the most favorable reserves for ihitial development of the Chsttanvoga
shale. For this reason more data have been obtained in DeKald {ounty than
in other adjacent areas along the basic geologic feature that is termed
the Eastern Highland Rim., Other work that is needed to select most prom—
ising areas and sites for initial commercial development of the shale in—

cludes the following.

8.1.1 Geology and geohydrolegy

Perform additional core drilling and well testing ~ especially in the
Tennessee counties of DeKalb, Putnam, and Coffee along the Eastern High-
land Rim ~ t0 provide data for more accurate estimates of {1) the reserves
of hydrocarbons and minerals associated with the shales, (2} the proper—
ties of outcrops, seams, overburdens, and aguifers needed for stundies of
surface mining, (3) mechamical, thermal, and hydrological properties of
the shale and contiguous formations needed for studies of vndergrounnd min-
ing, and {4) the extemt of other résources of potential interxest within

the geological column,

£.1.2 Geochemistry

Make more complete investigations of the orgamic and inorganic con—
stituents of the shales — the kerogen and macerals associated with the
organic constitwents, the specific mimeral species, the trace slements,

and correlations of these with the geologic history of the formations.
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8.1.3 Geography and demography

Perform studies to more accurately determine topcgraphy, present uses
and ownership of land, uses of water, and the distribution of population,
plant, and animal life. This will overlap with later and wmore site spe-—
cific studies of ecology and water and air guality to provide background

data for studies of envirommemtal impacts.

8.1.4 Socioeconomic and institutional resesrch

Investigate the types of communities, levels of private and public
services, and legal and organizational frameworks that will most likely be
affected by shale processing and attendant secondsry industries so that an

accurate assessment of the impacts on society cam be made,.

8.2 Mining Research and Development

Technoclogy base needs for underground shale mining include the fol-
lowing:

a., A well-planned and optimally designed mine will maximize shale
production and mine safety and will minimize the impact upom the local
environment. Mine planning and design requires data about, and under-
standing of, the mine site and environs; mine stability and water
intrusion are expected to be important consideratiocns in the selection and
development of mining methods for Chattanooga shale.

® Improved diagnostic tools for down-hole logging, and
particularly for obtaining information about strata at appreciable
distances from the hole are needed.

e Useful information could be obtained by improved geophysical
technigues for remote sensing and for mapping of detailed geologic,
stratigraphic, and hydrographic features of the site,

¢ Improved methods are needed for predicting flow patterms, as
well as gquantities and concentrations of (methane-bearing and radio—
active) gases and water in the mined areas and adjacent strata as

functions of mining operations.
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e All of the available data needs to be included in mine
simulation models that can allow predictions of behavior under dif-
ferent mine sequencing operations.

¢ Combination of the mine simulation model with an economic
model would permit optimization of operations and costs,

b. Mine development includes providing access shafts to the shale
seam and use of cutting and roof-bolting machinery to cut roadways into
the seam to provide production centers.

# Mine development (as well as mine planning) needs an im—
proved understanding of rock mechanics and the fundamentals of how
rocks and shales respond to stress.

» Improved methods and devices are needed to determine in sitn
stresses within the seam and, especially, adjacent formations prior
to and during mining operations,

e Improved guick and accurate procedures are needed for deter—
mination of physical and mechanical properties of shales and adjacent
rocks and for correlation of these with ease of drilling and cutting.

o Alternatives to conventional roof-bolting, which have been
accepted in othef countries, need to be examined for cost effective—
ness and safety under U.S., conditions,

¢ Both experimental data on pertinent properties and stress
levels and theoretical studies are needed to assess roof-fall prob-
abilities and associated safety hazards, |
¢, Mine subsidence can be a problem,

s Improved understanding of rock mechanics and of the ways in
which roof strata and overlying layers respond to stress in the long
term is needed., :

e More detailed information about rock properties and stress
levels is needed in specific areas where mine subsidence might be
expected.

» Comprehensive theories that relate the properties of the
overlying strata, the mining method, and the nature of the residual
pillar structure to the occurrence of surface subsidence and damage

to agquifers and to surface structures are needed.
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d. An experimentsl mine should be operated to evaluate mining meth—

ods and equipment and to provide data for mine design and cost estimation,

8.3 Process Rescarch and Development

8.3.1 Directions for hydrocarbon tecovery process development

As indigcated in the discussion of oil recovery process in Chapter 5,
processes which have been developed for westsrn shale do not appear ai-
tractive for eastern shale without major modifications to improve carhon
recovery., IGT's Hytort process, devised specifically for eastern shales,
does have improved carbon recovery but at the expenss of rednced gas
yields and gemeral process complexity.

Since much of the organic portion of eastern shale yescmbles the
organic material in coal, the process information and R and D toecls which
have been applied to coal liguefaction and gasification may be applicable
also to eastern shale processing. Alternatives to existimg shale-o0il
recovery pxocesses could involve combinations of the followimg slements:

a, Preheating of the shale to about 300°C (572%F) using regenerated
heat, O0il is not produced below this tempersatare.

b. Retorting in an inert or hydrogen atmosphere zt wp to about 538°C
(1000¢F). The bulk of the kerogen decomposition occurs below this tempera-
ture,

¢. Gasification of the char by partial oxidetion (steam + oxygen) at
above 538°C (1000°F). 1t is mecessary to avoid overhesting if resource
recovery is desired as in the case of Chattanooge shale.

d. Heat recovery from the spent shale via heating water., gas, ot
diract~contact with incoming shale,

e. Rapid heating of incoming shale. Yields of liquids from coal
have been enhanced by rapid heating; it is unkpown whether shale would
have similar properties.

f. Combustion or gasification of fines to rescover emergy aand to

reduce the environmental impacts of fimes disposal,
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One plauvsible combination of these elsments could include use of 2
conventional Lurgi dry ash gasifier, as illustrated inm Fig. 8.1, The down~
ward moving bed of shale would, in turs, be heated, retorted, gasified,
combusied, and cooled within the 500 psi gasifier., A substantial hydrogen
partial pressure should enhance oil production as in the Hytort process.
The products of this process are esxpected to be a hydrotreated high—gqual-—
ity light crude (as in Hytort) and SNG. Unfortumately, it may be neces—
sary to burn psrt of the hydrogen produced in the gasifier to heat shale
in the retort zome, In the B and D program, it would be desirable to find
some regenerative sources of hent that would reduce or eliminate this
inefficisncy.

Asnother plausible combination of these elements is shown in Fig. 8.2,
Crushed shale is fed into & fluidized retort heated by solids recycled
from the gasifier (similar to the Lurgi-Rhurgas techsology). The steam
synthesis gas atmosphers of the retort combined with rapid heatinmg should
somewhat enhance o0il production above the Fischer assay. The products of
this process are expected to be hydfatreated high—quality, light crude,
SMNG and synthesis gas (CO+H,). The synthesis gas could be shifted for
methanel or SNG production,

It will be necessary to integrate process development with health,
safety and environmental consideratioss. If minersls are to be rscovered
from the spent shale, additional constraints may be intreduced into the
retorting operations. The foliowing are some of the more obvious comsid~
erations:

2., it may be mnecessary to produce solid wastes low in sulfur to
avoid environmental lzaching of suifates,

b. It may be necessary to process or roeast fimes to svoid lesching
of undesirable materials.

¢. It may be necessary to avoid overheating of the shele prior to

leaching for minerals recovery.

2,3,.2 Directions for minerals recovery process development

The work on minerals recovery from Chattanoogs shale has been limited

to laboxatory and bench-scale studies (Brown 1250, Columbia 19358, Gilliam
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1981, zzd Silverman and Spiewak, 1981). Thsse have included studies of
leaching of roasted ox hydroretorted shales with scids and separations and
recovery techuigues imcluding solveat extraction amd selective precipita~—
tion. In addition, there has been extensive development in Sweden of
processes for recovering wnranivm and other minerals from the Ranstad
shales (Andersson, 1978} . Technigues being developed curvently at ORNL
for the secovery of minerals frxom fly-ash could also be applicable to
shales,

R and D should bs done in an orderly manner to provide the dbases
needed for scomomics! metal extractiom and recovery processes, including
waste trestment. Different process concepts are likely to be prefervad
depending upon the metals to be recovered. Currently, the most promising
targets for mineral recovery sre alumina, cobalt, uwranium and molybdenum.
Future circumstances may influence these priorities. For example, deple-
tion of present sonrces of ursnium snd molybdenum could substanmtially
increase their valus whereas cobalt may become much more availsble if the
decp—sea nodules are minad. 7The economic amalysis which waz performed
suggested that partial dissolution of the preferred minevrsals is likely to
be more attractive than full mincrals recovery, and resesrch should pro-
ceed in that dirsction,

One plauwsible, buit unnprovesn, combimation of process ¢lsments is shown
in Fig. 8.3. S8olids xemoval from 2 rstort/gasifier aro cyxushed and separ—
ated magonetiecally., The magnetic fraction, which would centain most of ths
iron, nicksl, cobalt, wramium, molybdenum, and other trase metszls, wounld
be subjected to an alkaline (ammoniacal) leach to recover the mors valu~
able constituents from the irom—aluminms—-silica matrix, The nommagnetic
fraction, depleted in irom, could be lesched with acid to recover alumina
and residual vrsriuvs znd molybdemum.

Many othex process permuiations are possible and should be comsidered
during the initial explorstory studies. The mstals recovery processes
must be compatible with the retorting process selected which will iaflun~
enca the chemical mature of the metsllic comstituents amd ithe sulfur
recovery {for acid productiom). Flowsheet data are mesded for both H(CIL
end H,80,to permit comsideration of different recovery processes for dif-

faront metals.
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Disposition of the fises produced during cyushing of the shale wepre-
sents a significani R and U problem since most wvetorts will mot zccept
them. A 100,000 ton/day mining operation is likely to produce om the
order or 10,000 tosn/day of fimes. The fines should preferably be roasted

or gasified to rccover cunergy and then processed for metsls recovery with

=

1
aig,

the bulk of the spent sh

€.3.3 Laboratory and bench-scale studies

I.aboratory and bench—scale studies are meeded to permit evaluation of
the scientific and techumical feasibility of altermative wmunil operatioms
for the zecovery of hydrocarbons and minerals from Chattanooga shalas.

A key step in the processing of Chattanooga shale may be the steam-
oxygen gasification of char produced in the retortinmg zome. Tt has been
reported that Israeli shale—chkar is very reactive with steam (Schachter
1879). FExperiments should be run with Chattamooga shale—-char to determise
the vate of rcactionm with stezm as a function of temperature in the range
of >600°C., Other experiments should determine the gas composition gener-
ated in steam—oxvgern gasifiers as function of Lemperstuve >600°C.

Arnother important process wnknown is the wvield from rotorting castern
shale in steam-syiagas atmosphexes, The hydrogen partial pressure should

enhatce hydrocarbon production based on IGT datz /{Feldkirchner 1980).

Za

Steam has been obserxve:s

(Allged 1980); its effec

to cnhanve o0il production from western shale

t on sastern shale is unknown and should be mea—
sured. These properties should be measured at pressures from atmospherie
to ahount 500 psi. Retoriing tempesratures are expectcd to be in the vicin—
ity of 500°C (932°L1;.

Other property measurements that are needed include heat capacities
of the solids and liquids; heats of transition; heats of recaction and frae
encrgy as a function of temperature; amd the viscosity, composition, and
vapor pressure of the derived oils as a funciionm of tempersturs.

Laboratory and beanch—-scale work on minerals separstions technology
should include studies of leaching reagents, jon exchange, solvent extrac—

tion, precipitationm, magnetic separations and electrochemical methods.
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Use of bioagents szuch as ferrobacillus should be sconted. These sxplors~
tory studies, combiped with design-cconomics studies, should culminazte in
the selestion of preferred flowsheets for resource reocovery.

Wher concepts for metals recovery are developed, the processes should
bo demonstrated on a hench scale te obtain products for purity analysis
and to measure reagent consumption for cost estimafes. The waste streams
shonld be analyzed and characterized, FEveutsally source terms of poten—
tially hezardous elements need to be described and waste trestment methods

developed.

£.3.4 Process eguipment development

Following the selection of the most promising processing steps, larg-
er~scale work im process development units and pilot plants will be re-
quired to develop an overall, emergy e¢fficient, integrated process. The
cost of the program will increase as the scale of the facilities in-

creases, as shown in Tables 8.1 aad 8.2,

8.4 Supporting Research and Development

$.4.1 Basic chemical and vhysical research

Chattapoogs shale is significantly different in chemical and physical
properties from western oil shales and, in some respects, from otherx
castern Devonian shales. While the total contents of organic carbon are
approximately the same, the hydroggn coutent of Chattanooga shale is lower
and a significantly higher fraction of the carbon is in the form of multi-
ring aromatic structures gather than the aliphatic structures that ave
predominant in western shales (Minkis 1980}, Only & portien of the organ—
ic carbon in Chattasnoogs and other Devonizn shales is in the form of
kerogen that can be decomposed thermally to liberate o0il., Half or more of
the orgsnic carbon appears to be in the form of macerals {(fusionite,
exinite, and vitrinite) that are typisai of those found im coal. Phys—
tgally, Thattanooga shale, like other Devonian shsles, is highly laminsted

aed, wvpon crushing, tends to form slivers and platelets as opposed to the



s parameters of commercial and experimental anits for the

g.1., B H
o af aydrocssbons and winersis from Chatianoogs shale

rec

gtima
N
3

Ty

<

Stale foed rete BEguivelent oil Retoxt Capital Annua%
_ — product diameter cost, OPeTALITE
Tons per Pounds per (bb1/d) {ft) ($10%) costa
day howy ($108)"
Commercial plast 160,000 60,000 23 25607 500°
Pionesr plant 30,000 138,000 23 1100 i8¢
Pipneer plant modnle 5,000 5,000 23
Pilot plant 300 300 7.3 60 8
Process development 25 2,000 i3 1.6 2.0
unit
Bsnch scale unit i 30 0.6 .33 1.0

aAll costs in 1980 dollars.

bEaseé on estimates by J. G. Delene of ORNL of commercial plant for

gas, unrasium, molybdenum, and gluminum.

recovery of oil,

¢0¢
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Table 8.2 Estimated properties of commercisl and
test mine for Chattanooga shale

Commercial Test

mine mine

Capacity, tons/d 30,000 500
Operating staff 400 20
Capital cost, $106 $0 4.0
Annual operating cost, $106 30 1.6

Unit shale cost, $/ton 6 25
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lumps that are formed by crushing of western oil shales. The Chattanocoga
shale differs from most other Devomian shale im that it has significantly
higher concentrations of several important minsvals. All of these proper~

n
ties of Chattamooga shale shounld bz investigated to form the basis of

t

improved processes for the recovery of hydrocarbons and &
of the similarities between zome of the orga
those in coal, the shale research might ben
ities and technology which hiave been developed for coal,

The foilowing is a list of techuology nceds:

a. A better anderstanding is needed of ths composition and structusrs
of the shale and of hydrocarboms devived from them. Particular neceds
are:

# Improved mecthods to establish the concentration of heteroatoms
(particularly N) and the idemtity and quantity of the functiomnal
groups in which they occur.

# Improved understanding of the structure of the carbon skeleton and of
the extent and wnature of cross—liunkages.

# Recognition of the scissile bonds and reaective configuration with the
kerogens, macerals, and oils.

e Determination of comcentration and mature of bonding of wetals and

As) in hydrocarbons and oils.

£}
g

trace elementz (including

¢ Improved unnderstanding of variationms in structure and geocheswmistriy as

functions of geeclogic provinee, formation age, formation leaching,

ete.
¢ More complete definition of the inorgamnic components, including trace
elements, the specific minsral species, and corrslations of these

with geologic history of the matexials

@ A rapid, inexpensive method for assay of specific minerals in the
skhale,
e Dundamental relz nships among characieristics of minsrals, physical

properties of the shale, and optimal grinding vegimes are nesded to
assist in optimizatiom of physical, gravity, magnetic, and suvrfactant

f minerals.

n
]
w3
59
=
I
[y
*]
1~
/7]
o]

b. Pyrolytic and gasification reactiions, conductsd wader a variety

of conditions and atwmospheres and generally ineluding oxidation of char
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and some of the other prodycts, seem certain to he used for sear~tarm

recovery of values from shales. An improved voderstanding of the chemical

and physical processes is needed. Special needs are:

®

The paths, mechanisms, energetics and rates of dominsat reaciions
that produce velatile products and chers during pyrolysis, gasifica—
tien, and oxidation of hydrocarbons and high molecular weight pro-
ducts need sindy under moderately inert atmospheres {ss in some
indirsct heating modes) and under atmospheres produced by gasifica-
tiom and cowbusticn of spent shale,

Determinations of the extent to whichk free radicsls sre formed and
can be stabilized, thereby leading to more volatile products,

The etfect of bydrogen simospheres upon the pyrolysis reactioms and
products needs to be established,

Hechanisms, inclnding those of mineral catalysis and rates of sasifi-
setion of chary bkaOZ snd by stesm, peed to be essteblished.

Merkedly improved understanding of reactioms of the shale minerals
during the hydrocérbon.recovexy sequence is nseded.

Porosity., permeability, and pore structure of the matrix materials
seed to be determined slong with changes in these doring hydrocarbon
TECOVErY.,

Changes in hest transfer and mechanical properties of the matrix
during pyrolysis need to be established,

The extent of catalysis of pyrolysis, gasification, and combustion of
the organic materials by mineral matter needs to be exsmined and
weans for enbamcement »f catalytic effects need to be explored,

¢. fertain aspects of product behavior during retorting and

temporary storage need edditional study,

&

Nucleation, vondensation, and settling behavior of ©il mists in the
product gas need to be established to permit effective recovery of
01l product.

Rhoeology and deunsity of intermediate and product o0ils and means for
breaking of emulsions and separation of solid particulates nsed to be
understood,

Mechanisms by which product oils deteriorate in temporary (pre-

upgrading) storage need to be defined.
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d. Speut shales will be returned to the mines or disposal sites,

# Altervative methods of speut shale transport and compaction need
investigation,

# Flow properties and de-watering properties of spent shale slurries
nced to be determined along with means for purification of the water
used in their tramsport.

£ Mechanisms and rates of compaction, resolidification, and cementation
of spent shales need investigatiomn,

e, The possibility of useful rescovery of shale o0oils and minersls by
wovel mecthods should be explored in small-scale experiments to establish
feasibility. Such comcecpts include:

@ Steam vetorting of shales.

e Iuncreased product yield by free radical stabilization via hydrogen
donors,

» Novel and high-risk possibilities such as microwave, radio—frequency,
or solar heating for retorting.

¢ Comnversion of hydrocarbons to valuable products by use of microorgan—
isms.

¢ Combinations of pyrolysis with solvent action have apparently receiv-
ed much less attention for o0il shales than for cozls. Recovery of
liguwid solvents from the large inorgamic mass is likely to be diffi-
cult. A basic study of solvent and supercritical fluids as solvents
might lead to valunable imsights as well as possible processing me-

hods: supercritical fluids that have good hydrogen donoxr capabil-

ities would be an interesting possibility.

§.4.2 0il upprading and refining

Upgrading and refining of heavy oils produced from petroleum is a
highly developed commercial practice using techunigues such as hydro—

treating. hvdrocracking, and catalytic ecrackimg. Such technigues have

Ashland 0il, Sanm 0il, and United 0il Products to the upgrading and
refining of batches of 0il derived from western oil shale in expesrimental

retorts (Sullivan 1980 and Coppola 1980). These techniques, catalysts



207

such as the widely used cobalt molybdate hydrodesulfurization catalyst,
and equipment using fixed and ebullated catalyst beds will provide a point
of departure for the commercial upgrading and refining of shale oils. The
following, bowever, will point out some of the specific problems that are
associated with shale 0il and types of research that could lead to
improved processes.

#., The high nitrogen content, the instability of the 0il and of its
distillates, and the presemce of trace elements all pose problems that
require further study.

¢ The functionmal groups in which nitrogen appears in the oil and distil-
late fractions need to be identified to pguide development of improved
methods for denitrification,

¢ The nature and concentratiom of resctive groups snd the chemical
reactions responsible for oil and distillate instability need to be
uuderstond to suggest improved stabilization methods.

¢ A better understanding of the trace element comcentration and behav~-
ioer is needed to assess the extent of special problem areas.

b, Hydrotreating will be used as a key step in direct refining of
shale 0il or as a step in preparation of shale 0il for traasport and
blending with petroleum for combined refining.

¢ The extent of hydrotreating (extent of removal of nitrogen and reac—
tive groups) required foxr direct refining snd for blemnding with
petroleum needs to be eostablished to permit choice of proper stra-
tegy.

¢ The effect of trace metals upon hydrotreating and hydrocracking
catalysts needs to be determipned, and means for mitigation of detri-
mental effects, if any, need to be established.

® Improved catalysts are meeded for more selective denitrification and
hydrocracking at lower temperatures and pressures with smaller ¢on-
sumptions of hydrogen,

¢, Altermative methods, including biochemical methods, for upgrading
shale 0il for direct refiming or for blending with petrnleum’should be
studied,

¢ Processes that involve minimal hydrotreating followed by nondistil~-

lative separation schemes should be investigated.
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# Mcthods that affect sufficient purification and stabilization for
refining without use of hydrotreating should be sought.

d. Refining of shale oil — either alone or blemnded with petroleum —
will produce product slates whose performance characteristics are poorly
known,

e Extent of denitrification required for refining may or may not be
sufficient for emvironmentally acceptable end use. The relationship
between combined nitrogen and NOx emissions needs to be established
to guide decisions about treatment severity.

e Relationships between product specifications and end-use performance
are well (if empirically) known for petroleum products, Similar
relationships must be developed for shale-oil or shale—ecil-modified
products,

® The extent of producti upgrading which can best be performed at the
retort site should be defined.

e. Environmental problems associated with shale o0il upgrading and
refining plants may differ in degree from those of petroleum refinerics.

¢ Trace element contents are different., Some attentiom must dbe paid to
species (such as arsenic) in effluents from shale 0il refining.

@ The organic products differ in various aspects from those of petro-
leums. Effects of these differences on employee health and safety

and upon tolerable releases in plant effluents deserve study.

8.4.3 Materials research and development

The needed improvements in materials of comstruction for shale pro-
cessing are of several kinds. Materials are needed with improved resis~
tance to erosiom and wegr in handling abrasive solids, with improved
resistance to corrosion by the aggressive liquids and gases, and with
improved retention of valuable properties (especially strength propecr—
ties) at higher temperatures. Coupled with the desired improvement im the
material properties are needs for improved fabrication, joinimg, imspec-—
tion and in—service repair methods.

a. Benefits could sccrue from improved drilling materials and from
more erosion and wear—resistant materials for miming and transportation

equipment,
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® Abrasion— and wear-resistant, wrought or cast steels or essily ap-
plied facing or c¢ladding alloys are needed,

2 Long—term studies should be directed to obtaining superior materials
with minimal ase of strategically critical elements,

b. Shale retorts, gasifiers and combustors would expose materials to
complex reducing and oxidizing atmospheres containing corrosive agenis at
elevated temperatures in the presence of erosive and abrasive materisls.

» Mechanisms of corrosive attack and metal failure {including embritiie-
ment by bydrogen, stress corrosiocon phenomena, and creep—fatigne
interactions) need better understanding.

®# Influence of abrasion and erosion by shale minerals on processes such

as those asbove needs further study.

8.4.4 Instruments and controls

The following are technology needs in the instrument sreza:

a. Improved diagnostic instrumgntatimn is nesded to facilitate
resource evalustion and assessment and for evsluation smud control of
retorting and gasification operationé*

b. Improved diagnostic techmiques for down-hole logging to establish
details concerning kerogen content, formation porosity and permpability,
and hyvdrological features of the shales and surrounding strsta.

¢, Improved instrtmentation to define, with’bnth temporal and spa-
ciasl resolution, temperatures, gas velocities and compositions, goncentra~
tions and size ranges of solid particulates and oil droplets, and surface
properties of the matrix during retorting operatioms,

4., On-line instrumentation for monitering shale feed and gas feed
and for establishing., where pertinemt, location of bed~gas interfaces.

2, Mass-flow measurements over space and time for two-phase svysiems
over a wide spectrum of solid {or liguid droplet)} concentrations in gas
snder varied, though generally turbulent, flow conditioms.

f. On~line measurement of solid particle sizes ss functioms of spase
and time within the reaction zomes and in product gases.

g. On-line instrumentation to gstablish carbon conmtent of speant

shale particulates and agglomerates.
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h. On-lise monitoring of the chemical composition of product gases,
including concentrations of trace elements (such as alksli metal com—

pounds, Cd and Hg), of sulfur—containing species, and of particulate

i. Xnowledge of chemical composition (stable materials and free
radicals) in gaseous and in dense phases during pyrolysis and gasification
guld b

wonl e of great value,

8.4.5 Design and planning studies

These types of studies are meeded to help guide and fococms the labora-
tory and engineering scale research and development work,

2. Broadly based, unbiased, and consistent technoeconomic and insti-
tutional evalunations of developing technologics are needed to guide mean—
ingful decisions as to which alternatives are most worthy of support.

b. Systems studies and model development are aeesded, particularly:

¢ To integrate resource characteristics (including overburden proper~
ties and bydrology of environs) with optimal mine and process design
and operation.

# To establish ecomomic, socioeconomic, and envirommental aspects of

large mining, processing, and transport operatioms,

L)

To permit more dependable scaleup of processes defimed by pilot opera-
tions,

2 To predict the dispersion and disposition of mirne and process efflu—
gnts in the emviromment.

¢. Product distribution amd tramsport networks need to be identified

in the regiom of interest,

2.5 Health, Safetv, and Fnviroumental Ressazrch

The envirommental assessment reported in Chapter 7 was based om paper
studies aad the considaration of present regulations., Othexr eaviroumen—
tal, bealth and safety issues are likely to surface when in—depth research
is carvied out., Detailed analysis is reguired of shale miaing, recovery

processes and waste disposal.
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Unfortunately, neither coal nor western 0il shale technologies can bs
applied directly to resolve potential envirommental, bealth and safsty
issues surrounding mining, retorting, waste disposal and stabilization for
eastern shales., It is not necessary, however, to approach eastern shale
de nova with respect to these issues. Initial emphasis must be placed on
evaluating the transferability of information and approsches from coal snd
western shale to Devonian shale, thus allowing early identification of
areas not reguiring substantial resonrces (manpower or financial), and
determination of those areas for which data cannot be transferved.

Currently, no large-scale facilities for retorting eastern shale
exist, and the igitiai processing will be done by small bench?seale or POV
facilities. Initial screening studies, similar to those uwtilized for coal
conversion materials and western 0il shale materials, should be conducted
to obtain a prelimipary assessment of the biomedical and ecological
effects associated with eastern shale development.

The underground mining of Chattancoga shale could involve henlith and
safety problems which arise in coal and urasniom mining. Ressarch is
required to define the exteant of these problems and to devise stratepies
for desaling with them,

¢ Contrel of methane may be required in some locations to avert minme
explosions,

@ Control of particulates may be reguired to avoid black lung disease
in miners.

e {ontrol of radon and other radioactive species may be needed to svoid
public and occupational overexposure,

The mine and aboveground piles of overburden and spent shale are
potential sources of contamination of surface and groundwater, The uuusu-
ally large amounts of material involved on z regional basis could, in the
long term, lead to stricter regulation than is required for current smell-
er—~scale mining. The identity and quantity of materials that can be leach-
ed must be known, and the extent of their migration in surface and subsur—
face waters must be established.

® A better understanding is needed of the mechanisms and tﬁe‘rates by
which acidic species are formed and are leached from the s501id mate—

rials.
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The extent of migration of dissolved pollutants, both orgsnie
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inorganic through the formation or through soils, meeds to bs
miaad,

The extent to which these leached and migrating species contaminatse
usefel sguifers and surface waters needs to be evaluated,

Studies need to be made to evaluate effects of these waste strszms on
senzitive species.

1t will bs nocessary to develop and demomstrate effective methods for
mitigation of the adverse affects of these polluntants.

The control of radioactive materials in the waste will have ton bHe
demonstirated,

The physiological effects of oil products and lignid and gassous

effluents on plant cmployces, the general public aund regional ecosystems

the f
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be established, snd means for monitoring the cenvivomment for delete-
materials need to be developed. It may be mecessary to investigate
urthex processing of products to reduce their toxicity. The feasi-
v of vegetating surface piles of waste will have to be determined.

A significant effort is meeded to evaluate and monitor the sociuveco-
snd imstituticnal impacts of Chattanoogs shale development.

Regional impact assessment methodologies should be developed to deal

with interstate impacts, eoclocation of other emirastive industries
industxriel supply potential, land-use conflicts, population shifts,
and cumulative impacts.

Institutional assessments should be initiated, especially with
respect to federal, state, snd local regnlatory aamd statutory
conflicts,

Assessments of the short-term, long~term, and postdevelopment impssts
should be made,

Alterastive methods for mopitoring and mitigation of advexse effects
should be evaluated and employed hefore large scale industrialization

iz begun,
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APPENDIX A

Chemical Analvsis of Samplies of Chattanooga Shalse

Chemical analyses are reported from five core samples supplied by
H, W. Leimer of Tennessee Technological University {(TTU}. The mineral
analyses were performed by UCND (Table A.1) whereas €, H, N, and § were re~-
ported by TTU, 1981 (Table A.2). The cores were drilled in the Eastern
Highland Rim province as indicated im Table A.3., Conceantrations for all
elements except uranium, silica, sulfur, mercury, arsenic, and selenium
were determined with a direct-reading spectrograph with an inductively
coupled argon plasma source. These values represent the elemental con~
centrations present in a leachate after the sample is treated with a hot,
concentrated hydrofluoric and nitric acid leach. Table A.4 lists the
weight percent of ecach sample that did not go into solution. Arsenic snd
selenium analyses were performed using atomic adsorption and also repre-
sent the hot—scid-soluble portion of the shale samples. Mercury vslues
were obtained by an atomic adsorption method, however, the leach used for
this method was a combination of sulfuric acid and hydrogen peroxids.
Silicon dioxide (8i0,) values were obtained utilizing a low energy neutron
activation method and are total SiQ, values for the samples., Sulfur
values provided by H, W. Leimer (TTU, 1981) are total sulfur values detex~
mined using a Fisher Suilfur analyzer Model 475,

Uraniom values listed in Table A.1 as ‘1’ were determined fluoro-
metrically using flvorometry and represent the hot-scid~soluble uranium
values. Interference ﬁy iron and manganese was minimized by solvent sx-
traction., Uranium values listed as ‘U-NT’ in Table A-1 were determined by
nevtron activation analysis and are total uranium values. Organic carbon
analyses were performed on selected samples and the results are listed in

Table A.S.
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5 i 330 3.3 <a 172G 32 G4 P34 i3 3,400 k4

&0 3.7 1090 0.3 <4 51 35 3.2 56 8 2,557 30

16 O 150 3.4 <& 280 3% 2.1 $2 2 3.0 3¢ 24

&7 G.8 170 Q.3 <4 156G 3t 3.9 32 7 2 %G x

3¢ 1.4 339 B b 3 140 23 1.9 110 2 3 150 21

50 1.1 26 4.3 <4 16C 52 6.7 3% 123 3,0 30 32
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Analyses of Chattanooga
shale samples reported by
Tennessee Technological

Sample No. % C ZH %S
211465-101 15.3 1.58 0.45 3.1
211466102 8.14 1.03 0.28 3.5
211467-103 11.55 1.29 0.36 4.1
211468-104 2.15 0.53 0.l4 1.6
211469-105 4.82 0.74 0.20 1.8
211470~201 12,68 1.31 0.38 4.4
211471-202 7.44  0.99  0.29 4.0
211472-203 13.08 1.56 0.22 4.5
211473204 3.67 0.80 0.19 1.5
211474205 9.10 1.26 0.32 3.0
211475-301 16.4 L.71 0.54 8.4
211476-302 2.00 1.14 0.35 4.0
211477-303 16.55 1.77 0.50 4.4
211478-304 1.77 0.63 0.17 L.1
211479-305 12.70 1.34  0.45 3.3
211480401 13.12 1.25 0.46 7.7
211481-402 9.45 0.97 0.31 4.5
211482403 14.89 1.52 0.49 4.5
211483~-404 1.52 0.56 0.17 1.5
211484405 11.80 1.38 0.42 3.3
211485-501 14,55 1.47 0.45 7.0
211487-502 8.71 1.01 0.28 4.8
211488~503 15.50 1.60 0.82 4.4
211489-504 72.78 0.66 0.43 2.1
211490-505 12.07 1.47 0.45 3.8

@ .
Organic carbom.
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A3,
shale

samnples

Source of Chattanocoga

Location

County

Latitude

Longitude

Putnam

Pu tnam

White

Warren

36°12%28"

36°04759"

35°55'35"

35°45'33"

DeKalb  35°54'54"

85°34741"

85°36'29"

85°37756"

85°53759"

85%49'50"

Sample
No.?

211465-101
211466102
211467-103
211468104
2114569-103%

211470--201
211471~202
211472203
211473~204
211474~205

211475~301
211476-302
2L1477-303
211478~304
211479~-305

211480~401
211481-402
211482~403
211483-404
211484~405

211485-501
211487-502
2114858~503
211489504
211490-505

“In each sequence, the first sample is
from the upper Gassaway, the second from
the middle Gassaway, the third from the
lower Gassaway, the fourth from the upper
Dowelltown and the £ifth from the lower

Dowelltown.
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Table A.4., Weight percent of
Chattanooga shale samples
undissolved by disso-
lution process

Weight percent
Sample No. 2 P

undissolved
211465101 14
2114566-102 10
211467-103 11
211468104 3
211469-105 6
211470201 11
211471--202 4
211472~-203 12
211473-204 10
211474-205 14
211475-301 7
211476-302 10
211477-303 16
211478-304 2
211479-305 15
211480401 16
211481402 12
211482403 19
211483404 2
211484--405 14
211485501 19
211487507 12
211488-503 18
211489-504 4

211490-505 14




Table A.3, (Carbon analyses of selecred samples

{Performed by UCCND)

nic carbon % toeral carbon % dinwrpganic carbon
:L,h

in raw shale in vaw shale in raw shale

-

A
.
NE Y

B.143% 9.9 0.8
16.55) 18.0 0.6
VaL B 17.6 0.9
] ) 17.5 0.9

b s et
¥
£

>
oo
-

ware reperied by Tennessoe Tech-
] 7







223

APPENDIX B

Detailed Material Balance Data

This appendix contains detailed mass and energy balance data for the
hydroretorting experiments that are discussed in Chap. 5. Tsble B,1 shows
measured and adjusted data for the ORNL experiments in which nominally one
pound batches of Chattanooga shale were heated in a hydrogen atmosphere.
Table B.2 shows measured aﬁd adjunsted data for the IGT process development

unit experiment 80 PDU-2 with New Albany shale,



Table B.i. Measured and adjusted material balance data for experiments ORNL-6 and ORNL-4 with Chattanooga shale. Weight fraction of raw shale to retort.
Measured daza, OR¥L-6 Measured data, ORNL-4
C 3 S 0 N Ash Moisture Total c H S 0 N Ash Moisture Total
Feed 0.1408  0.0241  0.0506 0.7497 0,025 1.0062 0.1638 0.0235  0.0697 0.7370 0.90G55 1.0083
Shale 0.1408  0.0179  0.050% 0.7497 0.0125 1.0000 0.1638  0.0i72 G.0697 C.7370 0.0055 1.0000
Net Hy 0.0062 0.0062 0.0063 0.0063
Product 0.7301 0.0125 0.9608 0.7385 0.0055 0.9689
Shale 0.0463  0.0050 0.02i3 0.7301 0.0002 0.7919  0.0629 0.0042  0.0317 3.7385 0.0097 0.8224
011 G.095% G.0822
Gas G.0098 0.0036 0.015: G.0015 0.0300 0.0135  0.0046 0.0165  0.0022 0.0368
CG 6.0010 6.0013 0.0023  0.001s 0.9021 9.0037
€0y 0.0002 G.0002 0.0001 0.0001
City 0.0062 0,0021 0.0083  0.0086 0.0029 0.0115
Cp-Cy4 0.0026  9.0006 0.0032 0.0033  0,0007 0. 0040
HpS 0.0009 0.0151 0.0160 0.0010  0.0165 0.0175
Aqueous 3.0035 0.0277 0.0123 0.0435  0.00014 0,0025 0.0200 0.0048 0.0275
Adjusted data, ORNL-6% Ad justed data, ORNL-&b
Feed 0.1405 0.0229 0.0492 0.0280 0.0050 0.7481 0.0125 1.0062 0.1601 0.0281 0.0681 0.0244  0.0049 0.7203 0.0054 1.0063
Shale 0.1405 0.0167 0.0492 0.0280 0.0050 0.7481 0.0125 1.00090  0.1501 0.0168  0.0681 0.0244 0.0049 0.7203 0.0054 1,0000
Nat Hp G.0062 0.0C62 0.0063 0.0063
Product CG.1429 02,0237 0.6425 0.03%15 ¢.0050  0,7481 0.0125 1.0062 0.1597 0.0249 0.,0651 C.0261 ¢.0048  0.7202 0.0054 1.0063
Shale G.0474 0.0051 0.0218  $.0C41 0.0042 0.748B3 0.6002 0.8279 0.0614 0.0041 0.0310  0.0040 0.0C12 0.7202 0.3006 0.8224
0zl d.0825  0.0i02  0.0009  0.0011% 0.0007 2.0954 0.0711 0.,0088 0,0008 0.0009  0.0600% 0,0822
Gas 3.0129  0.0047 G.013%8 0.6020 0.939%4 C¢.0272 0.0093 03,0333 0,0044 0.0742
Aqueous 0.0001 0.0037 0.0243 0.003] 0.C123 0.0435 0.0001 0.0027 0.0168 0.0030 0.0048 0.0275
1,0 0.0031 G.0243 0.0123 3.0397 00,0021 0.0168 G.0048 0.0237
Ny 0.0006 3.003% 0,0047 0.0006 0.0030 0.0036
CqHgl 0.00G01 0.00061 2.000% 2.0002

Tata ad justed as follows:

Raw shale — used average
Spent shale — added 0.5%

of ORNL and IGT analyses for T, d, S.
organic oxygen and 0.15% ¥ and normalized.

IGT analyses for N.
Usad ash Dalance to determine mass.

Acded 2.8% organle oxygen.

31l — based upon measurad density of 3.936 and vroperties of composite oI for run 80 PDU-2.

Gas — product ircreased by difference with same rel

L
“tata acdjusted as Follows:

Raw shale — addeg 2
Spent shale -~ added 0.5% organic O and O
— based on measured density of 9.936
lncreagsed by difference with same relative composition,

043

Gas — product

(24
P 2

organic 0 and 0.5% M and normalized to iQ0%.
,19% N and normalized.

tive composition.

and fractilonal distribution of elements Iin 8

C pPhuU-2.

Ash by difference.

¢
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Table u.,2, Computed marerigl balance for 147 bydenretors
test 80 POU~2 with New Albany shale, ¢

e e e _,,..,.....,.M.M..,.................,..ﬁ.........,.._.._~..A_.w.w5.“..........-....,...k_.,..,.._...‘.. e et b L RPN vm

Mass per unit masg of vow shale

C f 5 G K]

Faed 0.180% D.1852 0.0495  n.1011

ale 01377 0.0170  6,0495  §.0%43 0,004
as 0.0428 0,168 0.0466  0,0513
N, 0,043
0n 0.0100
co 0.0255 ¢,0339
20, 0.0010 0.0027
o 0.1627
o, 0.0163  0,0055

D.7362
0.7%62

....,..ﬂw,...,....“...,.w,.m._.‘.,m—m_.o.....,....., - ST e e mnn SN

Product DA3I3 0 0.1905 00367 0.j240 ¢.0852 0,728
Shale 0-0338  0.0017  0,0280 0. pose 0.0014 9,738
011 00348 0.0065  0,0008 0.00% 0. 0006
Gas 00887 0,174 0.0078  0.0800 2.0532

W, 0.0337

00 0.0184 0,0246

o0, 0.0020 0,0054

Hy 0.1563

CHy 0,035 0.0119

i1~y 0.01 0.0027

Hy § 0.0005  0.0078 (85
iter 0,010 0,086 0,087

Y2 W
e R

[

A

Prod/feed 0.871 1.029 0.

=i
PN
-
s
»

e~
Pud
d

0.972 1.003 Doyos

[ PROSUSURO - aaeme - - it s

Ad Justed datad
Ha 0.0074 3.05%0 G, 0504
Wiy (0.0003 0.0012 G005
H,8 C.0008 00118 G.0128
CgHg0 0.0196 G.0016 0.004 00235
Aqueous 0.01%5 0.0102  0.0118 0.0634  0,0012 2.108)
Product G.1769 D.1898 0,048 2.1005 0.0%564 D.7383  1,3104

Prod/fead 0,980 1,025 0,980 0,994 1.000 1.002 1.0

“Test data reported {n DOE/ET 16102+1. Betort pressuce 406 rslg,
bed tempersture 537°p (stage 1) and 1224°F (stage 23, Hoxinum bed pamp
BID"F (stage 1) and 1355 {stage 2). Shale apace velocity 123 1v/¢r /%
and 121 Ib/7ed /b (srage 2) bed dapth 10 £r in bogy stages.,

“Nigher tieating value in Reu/1b,

“Estinated — wol reported in rest data,
5

%Aqmeoug phase adiusted by addiag amsonia, hydrogen sulfide and pi
partially reconcile the elemental material balances.
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APPENDIX €

Metal Prices and Potential Yields

A summary is presented (Table C.1) of metal prices sund potentiai
vields from processing 105 toms of Chattanooga shsls per dav. Tt is sszen
that such an operation could produce & significant percentage of the one-

rent U.8, consumption of Al, Cb, Co, Mo, and U, and more than

consumption of vanadium. The elements that could produce (he

serves in terms of current prices are AL, Fe, Mo, (o, and i,

Since it is sssumed that a composite mixed oxide copeenirute
supplied to an industrial metal recovery plant, 30% of ths market p

the metals was used in estimating the value of the recovered ftravs

nents., This is approximately the cost fraction that can be stiribul
hydrometallurgy in the overall costs for recovering the various frace

metals,



LiEMEeniaL 200Tant S0 E.La@d Bna.ie-

Eilement Marketable formw Grade/ourity - . Fractional Percent of
Loncentration . L o
‘n ahaled Tecovery by ton/year annual ¥.3.
actid Llaachlng® consumpziont
Al Synthetic Bauxlte 220225 &.f 6 0.77 t.52 x 107 25
Sh Synthetic Columdite 5% Cby0s -1z Oh 265 spa 0.90 594 20
Colimbdium Pentoxlde 89971 ChyOs g i
Co Zobalt Dxide ailurgical 2.1 67 ppr .00 L.98 x 1904 22 it
75-76% Co
Cr Chrome Oxide {chromite}, Sry oaels 100 ppa 2,77 x 303 3.5 2.5
Transvaal 44% Traly £9-53% h
Tarkish 483 Tta03 LG
Fe Tror Oxida {Feed 5354% fe >50€, 1 6% 3.99 1,95 x 105 2 155
Suitable for (2% Si3,,
direct reduction} Q% Aid7) )
Mo Manganese Dioxlde Natural African 11528, K 353 spa 0.92 1.06 x 104 2 2
srade, 70767 Mndj )
Yo Molybdenur Triloxlde ve zallurglcal 7.59% 20C ppn 0.38 6.47 x 103 19 146
grade, ¥99.9% MoOs
Nl ckel Oxide 75-78% W 2.00% 200 ppa 6.47 & 103 4 34 Nt
v vanac¢ium Pentoxide Technleal grade 3.55m 300 ppm 9.50 x 103 bk 67 o'}
¢ Uranium Oxide Reactor 3rade U30g 25" 65 ppm 1,76 x 103 149 103

GAssume: 100,000 tons of shale mined/day — 230 d/ynmar of operation.
» y 4

Drasie ? — Concenzration columu — Chatranooga Shale — A Valuable U.S, Resource, M. D, Sliverman, ORNL/IF BG-237 {July 21, 195Q).

Crabie 6 — Hydroretorted shale, 500°C — ivid.

drrom various Mineral industries Surveys, Bureau of Mines, LU.S. Departmen: of the Interior.

ePrice/short ton.
Sorersonal communicatlon with Jac T. Salzzgiver, Aluminum Co. of America, May 19§0.
Jgrer pound of contained pentoxide.

hingiﬁeef:ng atuel Mlning Journal, September 195G,

TAssumed recovery fractlon 1n processing. Experimen:al results not availadle. This valuz may be much too high since columbium and tantalum oxides

are dtfficult o dissolve,

Marker prlce not available,

kohamical Marketlny Revorter, Novemder 1987,

Ipargonal comminication with Dorald Dury, Commodity Specialist, Bureau of ¥ines.
Mper pound of contzinsd vanadium.

MAmerican Metal Marke:, March 23, 1981 {as quoted by *uclear Exchange Corp..

O"8tat cal Data of Uranium,” GJ0-i103(81}, Departmen: of Energy (in pre
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