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FOREWORD

The oil shale industry is at the same level of activity it was in the late 1960's. With crude oil in

plentiful supply and at low prices there is no feel of urgency to develop a viable synfuels program. In

addition, most petroleum companies are severely restricting their research and development programs and the

federal government is concerned with cutting spending. As a result most programs have been phased out and

the only program still active for western oil shales is that of Union Oil Company at Parachute, Colorado.

These conditions affected the 19th Oil Shale Symposium in both attendance and the number of papers available

for the sessions. To maintain the quality of the program, it was necessary to restrict the program to two

days but the resulting program was exceptionally good. The total attendance was 97 which compares with 389

for the best attended symposium and 83 for the smallest.

Unfortunately, both government and industry have very short memories and resort to short-term planning.

This has resulted in the rollercoaster history of the shale oil industry. Whenever there is a shortage of

petroleum, crash research and development programs are initiated and everyone gets into the act. Later,

when crude oil becomes more available, these programs are phased out and the expertise developed is allowed

to dissipate. In the long run this is very costly to industry and the government because much of the same

work is repeated and new people have to be educated to the needs of the industry. Hopefully, the Oil Shale

Symposia will ameliorate some of this loss of expertise by making available the results of much of this work

to future workers. Even so, many companies do not permit the presentation of the results of their work

because of their concern for divulging proprietary information to their competitors. In many cases this

concern is unwarranted and later may work to their disadvantage because it is not available for their own

use. Unless there are definite reasons for withholding data, it is to everyone's benefit to publish as much

as possible.

Once again thanks are due to Richard Poulson and John Dyni who assisted in obtaining papers, the Western

Research Institute, and the U.S. Department of Energy who cosponsored the Symposium, and those authors and

their employers who provided the papers and presentations which made the 19th Oil Shale Symposium worthwhile.

If sufficient good papers are forthcoming, the 20th Oil Shale Symposium will be held on the Mines campus

on April 21-22, 1987. I hope to see you here.

James H. Gary
Director of Symposia and

Professor of Chemical Engineering
and Petroleum Refining



 



EFFECTS OF MATURATION ON HYDROCARBON RECOVERIES

FROM CANADIAN OIL SHALE DEPOSITS

G. Macauley1, L.R. Snowdon2, and W.D.
Kalkreuth3

Abstract

Classification and maturation levels have been established for selected Canadian oil shales by geochemical

Rock-Eval pyrolysis and by petrological maceral identification, fluorescence and vitrinite reflectance

techniques. These results are compared to hydrocarbon recovery potentials established by Rock-Eval pyrolysis

and Fischer Assays and also to hydrocarbon quality defined by specific gravity determinations and by gas

chromatography of both thermal and solvent extract fractions. Oil qualities have been compared by
pristane/phytane and pristane/nC 1 7 ratios.

The lightest gravity oils (s.g. 0.87) and best yield potential (>9 kg/tonne/%TOC) are those from the

Mississippian age Albert Formation lamosites of New Brunswick, followed by the Pennsylvanian Pictou Group
stellarite (torbanite) of the Oil-Coal Seam of Nova Scotia, then the Ordovician Collingwood marine sapropelic

kerogens in Ontario, and the Upper Devonian Kettle Point marine mixed deposits of Ontario. Poorest recoveries

(s.g. 0.97, 4 kg/tonne/%TOC) are from the Cretaceous Boyne-Favel formations of the Manitoba Escarpment.

Maximum pyrolytic yield potential occurs at the level of initial moderate maturity. At this position of

optimum oil generation, recoveries are greater than those from immature zones. Recoveries then decrease

steadily through the moderate and high maturity ranges to ultimate overmaturity. The quality of oil improves as

maturation increases, but with a commensurate decrease in yield potential, best illustrated by Collingwood zone

studies. Increasing maturation over a depth range of 600 m has decreased yields by about 10% for the Albert oil

shales but has not affected oil quality at the Albert Mines deposit, the most significant of known Canadian

deposits to date.

INTRODUCTION

During the past five years, the Geological Survey of

Canada has been systematically investigating, in conjunction

with several provincial government geological agencies, oil

shale potential in Canada to define more completely the

future potential energy reserves of the nation. An initial

project, completed in 1980 (Macauley, 198*0, outlined the

geology of the known deposits and reviewed their relative

economic potentials from limited available analytical data.

Since that time, the most significant deposits, located

primarily in the southern part of the country or in

economically strategic areas (i.e. near tide water) have been

evaluated by a series of techniques of which Rock-Eval

pyrolysis was the prime method. Further assessment has been

by organic petrology (including maceral identification, and

both fluorescence and reflectance studies) and by product

characterization using gas chromatography of thermal and

solvent extract fractions. Some early results and concepts

were reported in Macauley et al. (1983): more complete data

and interpretations are more recently available in

"Geochemistry and Geological Factors Governing
Exploitation of Selected Canadian Oil Shale Deposits"

(Macauley et al., 1985). Both classification and maturation

data, and their effect on the quantity and quality of

pyrolyzed hydrocarbons, have been excerpted and

summarized from the above paper for presentation herein.

No formal classification is as yet available for oil shale

kerogens; Macauley et al. (1985) proposed a system for

Canadian oil shales (Fig. 1) based on a combination of the

kerogen type (i.e. I, II, III) as defined in Tissot and Welte

'Consulting Geologists, 8-5400 Dalhousie Drive N.W., Calgary, Alberta T3A 2B4

2Geochemist, Institute of Sedimentary and Petroleum Geology, 3303 - 33rd Street N.W., Calgary,
'Organic Petrologist, Institute of Sedimentary and Petroleum Geology, 3303 - 33rd Street N.W., (

(1978), maceral components defined by both Hutton et al.

(1980) and Cook et al. (1981) and also by environment.

Maturation levels are much less well defined. The use of coal

maturation indices has been attempted, but has been

generally unsatisfactory because increased definition is

necessary within the "oil generation window", that stage of

maturation so important for the development of hydrocarbons

from source rocks and also for the retorting processes for oil

shales. Figure 2 outlines the maturation terminology applied

to Canadian oil shales by Macauley et al. (1985), and

illustrates values for many of the geochemical, petrological

and equivalent coal indices. The modifying terms low,
medium and high, as applied to mature oil shales within the

oil maturation window, are not synonymous with the low,
medium and high volatile bituminous coal rankings.

Oil Shale Type

Continental Marine

Torbanite Lamosite Mixed
Amorphous

(sapropelic)

Dominant

KerogenType 1 1 II 11

Secondary
Kerogen Type III 1,111

Maceral Telalginite

(Alginite Al

Lamalginite

(Alginite Hi

Amorphous Amorphous

(sapropelic)

Nun-ulgul

components

vitrinite

inertinite

sporinite

sporinite indeterminate humus

vitrinilc

sporinite

Environment bog lacustrine marine marine

Figure 1. Classification of oil shales based on geochemical

type, maceral composition and environment (from

Macauley et al., 1985).

Alberta T2L 2A7l n.w., ^<tigary, AiDerxa izu za/

33rd Street N.W., Calgary, Alberta T2L 2A7



Figure 2. Maturation indices (Rock-Eval) for oil shales and source rocks compared with the oil generation window and coal rank

(from Macauley et al., 1 985).

Oil Shale Deposits la.

The locations and geological ages of the principal oil 9.

shale deposits in Canada are illustrated in Figure 3: of those

selected for comprehensive investigation, the Ordovician

Collingwood beds (no. 1), Devonian Kettle Point strata

(no. 2), the economically most attractive Mississippian oil

shales of New Brunswick (no. 3), the torbanites of the Pictou

area, Nova Scotia
(no. 6), and the Cretaceous deposits of the

Manitoba Escarpment (no. 8) will provide most of the data for

the interpretations of this paper. Ordovician oil shales on

Southampton Island (no. 9), at the north end of Hudson Bay, Devonian

have been more recently evaluated (Macauley, 1986) and will

be described with the geochemically similar Collingwood beds

of southern Ontario. The four basic classifications (Fig. 1) 2.

pertinent to Canadian oil shales are included within these

deposits.

Billings shale, stratigraphically equivalent to the nearby
Collingwood beds to the west; overmature but included

to provide control for maturity interpretations.

Southampton Island; Boas oil shales depositionally
similar to those at Collingwood but possibly not a

stratigraphic equivalent; an end-phase limestone oil

shale of a carbonate sequence but followed by
carbonate rather than shale; upper boundary may be

erosional; Type I marine sapropelic (amorphous).

The Kettle Point Formation comprises up to 75 m of

black oil shale intercalated with grey to green non

organic shale; overlies carbonate with deposition in an

apparent shallow open marine environment; Type II

marine mixed(?).

Ordovician

i.
Collingwood oil shale outcropping parallel to the base

of the Niagara Escarpment; thin, widespread,
brownish-

black to black limestone deposited as the final phase of

a carbonate sequence on a shallow, restricted marine

platform;
overlain by a shale interval; Type I marine

sapropelic
(amorphous).

Carboniferous

3. Albert oil shales of the Mississippian Frederick Brook

Member of the Albert Formation; best known of the

Canadian oil shales and economically has the most

potential; continental lacustrine dolomite and dolomite



6.

marlstones depositionally up to 100 m thick but

expanded to as much as 300 m at the Albert Mines

deposit by structural deformation; Type I continental

lamosite.

Torbanite, locally called stellarite, associated with coal

in the Oil-Coal Seam; areally restricted and thin within

a shale sequence; a continental bog type deposit; Type I

continental torbanite.

Cretaceous

8. Areally extensive shallow marine shale deposits

characterized by abundant white calcareous specks

(coccolith debris) within the Boyne and Favel

formations; two zones up to 60 m total; best developed

along the Manitoba Escarpment in Manitoba and eastern

Saskatchewan; local areas of fair yields; excellent

thickness and large areal extent indicate vast potential

in-place reserves; Type II marine mixed.

to these data unless otherwise referenced. Included in

Table I are: Tmax, the temperature recorded at the maximum

hydrocarbon evolution rate defining the S2 peak; HI and OI,
the Hydrogen and Oxygen indices, defining the ratios of S2

hydrocarbons and of CO2 to the organic carbon content of

the rock; the yield ratio of total recovered hydrocarbons to

the organic carbon content; PI, the Production Index, the

ratio of volatile hydrocarbons (SI peak) to the total

recovered hydrocarbons (S1+S2); S.G., the specific gravity of

the shale oil; Amax(nm), the optimum fluorescence intensity;
Q, the Red/Green Quotient; and Ro(%), vitrinite reflectance

values.

The data of Table I must be recognized as incomplete.

Gas chromatography results are those from analyses of the

saturate fractions of solvent extracts, and are incomplete

within the total series of deposits studied. Similarly,
investigations by organic petrology are still in progress;

however, there are now sufficient data to provide a

preliminary comparative insight into both the quantity and

quality of hydrocarbon products obtained from the different

classes and maturities of kerogen encountered.

ANALYTICAL DATA

DISCUSSION

A standard program used for the Rock-Eval pyrolysis

has been described in Macauley et al. (1985). The Rock-Eval

pyrolysis apparatus at the ISPG, Calgary, does not respond

linearly for the S2 peak: the compensating techniques to

overcome this factor have been described in detail in

Snowdon (1984) and briefly in Macauley et al. (1985). Organic

carbon determinations, essential to the interpretation of

Rock-Eval data, were obtained using a Leco WRI2 carbon

analyzer after crushing to an approximate 150 micron

particle size and treatment in both cold and hot hydrochloric

acid (Snowdon, 1984). Some of the latest carbon deter

minations were made with a more recently acquired carbon

analyzer component of the Rock-Eval equipment.

Where available, Fischer Assay analyses have invariably
been acquired through commercial laboratories utilizing the

standard practice defined by the United States Bureau of

Mines.

Two techniques of organic petrology were utilized to

determine oil shale maturations. A microscope photometer

(Leitz MPV II) was used to measure vitrinite reflectances at

random orientations (%Rm), but these data were found to be

ineffective for interpretations of maturation because of

reduced reflectances resulting from bitumen impregnation of

the vitrinite particles (Hutton et al., 1980; Kalkreuth and

Macauley, 1984; Kalkreuth and Macauley, in press). The

same microscope photometer was used to measure changes in

spectral intensities of alginitic material during ultraviolet

irradiation, in particular the wavelength of the highest

recorded intensity (Amax [nm]) and the Red/Green Quotient

(Q = intensity at 650 nm/intensity at 500 nm). These

procedures have been described in greater detail in Kalkreuth

and Macauley (1984).

Table I summarizes the most significant data from all

sources on the basis firstly of classification and secondly of

maturation within each type of deposit. The comparative

assessments to be outlined for the various deposits will refer

The most complete data sequence is that for the

Ordovician Type I sapropelic (amorphous) deposits where the

complete spectrum from immature to overmature have been

encountered through five separate areas. Although

considerable data are available for the most economically

potential and most studied deposit, that of the Type I

lamosite Mississippian Albert oil shales, only a small

maturation range is covered. Other deposits have been

measured only at single levels of thermal maturation to date.

Type I Lamosite:

Brunswick

Mississippian Albert oil shales, New

A small but significant deposit at Albert Mines, New

Brunswick, containing an estimated 42.8 million cubic metres

(269 million barrels) of in situ reserves to a depth of 600 m

over an area of 1.6 km square (one square mile), provides

most of the data for this oil shale unit (Fig. 3, no. 3). The

major kerogen component has been well defined as

lamalginite (Kalkreuth and Macauley, 1984).

The most significant maturation variation can be

mapped at a single corehole location (Macauley and Ball,

1982; Kalkreuth and Macauley, 1984) where beds range from

low near surface to moderate at a depth of 600 m. The

increased maturation is evident by a downward decrease in

yield of about 10% relative to TOC content, by an increasing

petroliferous odor on breaking, by an increase in the

Production Index and by pronounced changes in fluorescence

values. No change was recorded in the average specific

gravities (Macauley and Ball, 1982) nor was there any

significant change in the characteristics of the solvent

extract saturate fraction as defined by pristane and phytane

components (Altebaeumer, 1985). The uppermost beds are a

laminated papery dolomitic marlstone with minor clay

content in contrast to the lower beds which are dolostones.

Some mineral matrix effect may be present by which the



Figure 3. Principal oil shale deposits of Canada: those comprehensively analyzed by geochemical investigations are numbered
(from Macauley et al., 1985).

yield is less from the deeper beds, but other data certainly

prove some degree of decreasing yield because of an

increased maturation level.

Data for marginal beds are less distinct, but are derived

from a limited number of samples at several locations both

east and west of the Albert Mines deposit. None of these

deposits is economically so attractive as that at Albert Mines

and data are much less definitive. The specific gravity is the

most pronounced variable: the Production Index is slightly

less than for the low maturity beds and the Hydrogen Index

has the highest indicated average
value.

Oxygen is everywhere almost entirely lacking. This

may result if only minimal maturation is required to remove

the oxygen from lamosites, or may result from bacterial

reduction of the organic matter as evidenced by degradation

of the few spores encountered (Utting, pers. comm.) or may

indicate that these deposits contained virtually no indigenous

oxygen.

Tmax is also an enigmatic value for these deposits.
Most of the original Rock-Eval investigations were carried
out on Type II deposits in France (Espitalie et al.,

1977-

Tissot and Welte, 1978). Since that time, further
investigations have indicated that, for Type I deposits,
initiation of maturation under laboratory conditions does not
commence until a temperature of 450C has been reached

?,SKPltfhf,etal'4. lm)- As "Nation has increased at
Albert Mines, Tmax has not varied significantly, and has
remained m the range 443-445C, somewhat below the
indicated onset value for initial maturation. There has been
some conjecture that, once maturation has started and much
of the kerogen converted to bitumen, the hydrocarbon
product will then continue to mature at a lower temperature.
If the bitumen has been generated by natural processes, only
the lower temperatures of the increased maturation level will
be reflected in the laboratory pyrolyses.

Shale oil from the Albert beds is dominantly long chain
aliphatic in character, with minimal aromatic component.



TABLE I

Generalized geochemical and organic petrological
data

for the four basic oil shale types recognized in
Canada

Maturity
Tmax

H, 0,
YWdRrtto

PI S.G.
Pristane

/phytane

Pristane Amax

/nC 1 7 (nm)

Ro

%

Type I continental lamosite - Albert oil shale, New Brunswick

Marginal 444 900 7 9.40 .08 0.913

Low 445 846 6 9.36 .10 0.884 0.6

Moderate 442 836 6 7.90 .20 0.884 0.6

0.3

0.5

560

>700

1.11 .50

1.48

Type I continental torbanite - stellarite of Oil-Coal Seam, Nova Scotia

Low(?) 450 648 11 7.10 .02 0.86 3.31

(coal) .97

1.16 612 1.25 .41

632 1.27

Type II marine sapropelic (amorphous) - Boas oil shale, Southampton Island

Immature 426 565 65 5.84 .04
- 0.73 1.81 460 0.29

Type II marine sapropelic (amorphous) - Collingwood oil shale, southwestern Ontario

Low 436 563 22 6.41 .06 0.921

0.942

1.26 1.34

Moderate 439 470 19 5.04 .06 0.909 1.24 1.02

High 444 195 15 2.51 .23 0.910 1.54 0.50

Over 466 26 10 0.57 .57

Immature

Type II marine mixed - Kettle Point oil shale, southwestern Ontario

429 376 13 3.87 .04 0.936 1.70 1.69

Type II marine mixed - Boyne and Favel formations, Manitoba Escarpment

417 235 62 3.5 .03 0.965

416 348 51 5.0 .03 0.965

Type I Torbanite: Stellarite of the Pictou Group, Nova Scotia

Stellarite is a local terminology for a torbanite bed,
associated with immediately overlying coal in the Oil-Coal

Seam in which both coal are stellarite are equally

represented in an average thickness approximating 3 m.

Although the classification is well defined by the dominance

of telalginite, a Botryococcus-type algae (Macauley et al,

1985; Kalkreuth and Macauley, in press), the maturation level

of the oil shale within the oil generation window is not

distinct, even though the maturation of the related coal can

be well defined from vitrinite reflectance data.

From the organic petrological investigations, the

dominant kerogen component is telalginite, but some

vitrinitic material is encountered and telalginite is also

present in the overlying coal bed. At 450C, Tmax may be on

the border of initial maturation (Espitalie et al., 1984), which

is apparently
confirmed by the low (.02) Production Index.

Both the Hydrogen Index and the yield ratio are below that of

the New Brunswick lamosite, but are above those

encountered in the marine oil shales.

Occasional recognizable vitrinite would suggest a

higher Oxygen Index than has been encountered. Amax and

red/green quotient values are intermediary between the low

to moderate levels of the Albert oil shales, and may indicate

equivalent low to moderate maturation. However,

completely different values may be applicable to the

telalginite kerogen. The two sets of values for the stellarite

pertain to slightly different color as some of the discrete

telalginite forms are duller than the average. Only one

solvent extract was analyzed by gas chromatography at the

ISPG with results that would indicate a considerable humic

component. This may reflect a sampling difficulty as other

data do not reflect such a high humic content for the

stellarite bed.

Vitrinite reflectance values are here of some

significance as the Oil-Coal Seam occurs within a
coal-

bearing sequence containing numerous other coal beds.

Reflectances approximate 0.90% in the coal of the Oil-Coal

Seam, but are closer to 0.40% in the stellarite, most probably

the result of bitumen impregnation (Kalkreuth and Macauley,

in press), almost identical to the lowered vitrinite

measurements that could be made for the lamosite deposits
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By far the best data over a wide range of well

established maturation levels are available for these Type II
marine deposits. The immature beds of Southampton Island
(Fig. 3, no. 9) are correlated and compared by classification
to those of the Collingwood beds of southern Ontario (Fig. 4)
on the bases of possible age correlation, organic petrology
maceral determinations, relatability of pyrolysis results, and
on geologically similar depositional environments.

Unfortunately, fluorescence data are not yet available for all
these beds. In southern Ontario, beds at Collingwood are of

low maturity; on Manitoulin Island, moderate; in the Whitby
area, high; and beds of the Billings Formation near Ottawa

are overmature.

Tmax and Production Indices (PI) increase regularly
with increasing maturity, whereas Hydrogen Indices and yield

ratios commensurately decline. Although the immature data

of the Boas beds are from a different area than the

Collingwood strata, a comparison the the Hydrogen Indices is

considered plausible because of the equatable kerogen type.

As maturation increases from immature (Boas) to low

maturity (Collingwood of the Collingwood area), the

Hydrogen Indices shift toward higher values and then

decrease as higher maturation levels are reached. This may

reflect the initial generation of bitumen products, of may

indicate a that the kerogen of the Collingwood is higher in

initial hydrogen content than that of the Boas beds. The

Oxygen Indices commensurately decline. This is possible

verification that the yield ratio has increased slightly from

immature to marginal or low maturity. This same variation of

yield ratio can be interpreted from the Albert data, but is

there somewhat more indefinite. Within the Type II

sapropelic oil products, the specific gravities improve with

maturation. Pristane/Phytane ratios increase with maturation

and are in all cases significantly higher than those

encountered for the Albert Type I oil shales. In contrast, the

Pristane/nC 1 7 ratios decrease with maturation. The

recovered oils are all significantly heavier than those from

either of the Type I deposits.

Overmaturity is well established for the Ottawa area by

geochemical data alone. Figure 5 illustrates the relative

Hydrogen-Oxygen Indices for the five areas.

Altebaeumer (1984) showed a downward increase of
the

Pristane/nCi7 ratio which was abrupt in the section for the

Albert oil shales and correlated directly to a change of the

mineral matrix. Lithologic variations of the Boas-

rollinewood beds are almost negligible: thus, these changes

are
considered here primarily to reflect maturation changes.

Some mineral matrix effect is probably present in the

lowermost parts of the section where TOC content falls

below 5%.

Figure 4. Outcrop distribution of Collingwood oil shales and

equivalent Billings Formation, with approximate thickness

values for each area (expanded from Russell and Telford,
1983).
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Type II marine mixed: Devonian Kettle Point Formation of
southwestern Ontario - Boyne and Favel formations of the

Manitoba Escarpment

Rock-Eval analyses are the basic data available for the
Type II mixed deposits, which have been analyzed only at an

immature level of maturation. Tmax averages are below the

generalized lower oil generation window value of 435C and

Production Indices are also low at 0.04 and 0.03.

The mixed nature of these deposits is characterized by
the lower Hydrogen Indices in contrast to those of the Type I

deposits, by the much higher specific gravities of the

recovered oil products, and by both the Pristane/Phytane and

Pristane/nC 1 7 ratios which are indicative of a Type III humic

component. The Oxygen Indices of the Boyne and Favel beds

average over 50, similar to the high average at 65 for the

immature Type II sapropelic Boas oil shale. At 13, the

average oxygen index of the Devonian Kettle Point beds is

lower than anticipated. There is a variation in Hydrogen

Indices and yield ratios reported for the Boyne and Favel

units: these appear to reflect variations in the relative

concentrations of sapropelic and humic kerogens in the

deposit. Hydrogen indices in excess of 600 with related yield

ratios up to 6.5 kg/tonne/%TOC are locally encountered,

especially in the Favel beds, and have been interpreted to

represent beds dominated by sapropelic kerogen.

Oils are here the most aromatic commensurate with the

heavier specific gravities of these hydrocarbons.

Organic petrology lacks definition in the sphere of

matrix kerogen, the fine amorphous organic detritus which is

so difficult to define in maceral terminology and which does

not lend itself readily to fluorescence investigations. The

lowering of vitrinite reflectance values by bitumen

impregnation, generally by 50% in oil shale beds, makes this
technique virtually valueless except where the oil shale

occurs within a series of sediments containing coal beds

barren of sapropelic kerogen, or, more usefully, in cases

where the oil shales are immature or overmature whereby
bitumen has not been generated or has been destroyed by the
maturation process.

Gas chromatography provides excellent product

characterization where the maturation is such that sufficient

soluble hydrocarbons have been generated to provide

appropriate chromatograms. Where the SI component is

absent or small, especially in mixed deposits, results may not
be entirely indicative of the average kerogens present.

Many Rock-Eval pyrolyses can be carried out quickly
and inexpensively if sufficient analyses are required to justify
acquisition of the apparatus in contrast to commercial

analyses. Selected samples can then be subjected to the

other analytical procedures which are generally more time-

consuming and also more expensive, but which can provide

much additional data from only a limited number of samples,

and by which the classifications and maturations can be more

completely defined.

SUMMARY OF PROCEDURES

SUMMARY OF RESULTS

Several techniques are available on which to base

interpretations for both the classification and maturation of

oil shale beds, but none is 100% perfect in itself. Each

procedure invariably leaves specific questions unanswered. A

controlled combination of Rock-Eval pyrolysis for

classification, maturation and yield potential, optical

petrology for maceral identification, fluorescence analyses

for small maturation differences and gas chromatography
for hydrocarbon characterization can adequately identify
most variations of Type and maturation changes within any
single geologic oil shale unit.

Mixed deposits, especially the marine Type II mixed and

Type I torbanites containing abundant humic matter, in part

grading to cannel coals, are the most difficult to interpret.

The effects of co-maturation of both algal and humic

kerogens on product quantity and quality will require

considerable further study before any significant

predictability can be achieved.

Rock-Eval pyrolysis is weakest where mixed deposits

are encountered because of a partial inability to differentiate

Type IIII mixes from Type II and Type IIIII mixes. Because

of the now recognized differing Tmax values at which

maturation commences and the lack of data defining the

effects of the kerogen types one on the other, Tmax is not

the specific guide initially hoped. Figure 2 will require

considerable revision relative to Tmax, and consequently to

the related coal rank maturation levels.

Generalized petroleum quantity and quality can be

related to the classification and maturation of Canadian oil

shale deposits as follows:

Type I lamosites, typified by the Mississippian Albert

Formation oil shales of New Brunswick, yield the greatest oil

quantities, in excess of 9 kg/tonne/%TOC from beds of low

thermal maturation. The oil quality increases from a specific

gravity of 0.91 at low maturity to approximately 0.88 at

moderate maturity. These specific gravities are lower than

would be generated by natural thermal maturation with

increasing depth of burial over a much greater time span, but

are among the best quantities and qualities of shale oil

presently known.

Type I torbanites, known from the Nova Scotia

stellarite bed, can generate oil at a rate in excess of

7 kg/tonne/%TOC with specific gravities as low as 0.87 from

beds of possible low to moderate thermal maturity. Within

these deposits, Type III kerogen is often a secondary

component, sometimes grading to the principal maceral

content. Consequently, the oil product characteristics may

vary appreciably.

Type II marine sapropelic (amorphous) kerogens yield in

excess of 6 kg/tonne/%TOC, less than those of the Type I

deposits, but still appreciable. Specific gravities of the

recovered oil products range from 0.94 from immature

kerogen to 0.91 from kerogens of moderate to high thermal

maturation. The best oil quality here approximates the

poorest oils from the immature lamosites.
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P"est yields, generally in the range 3 to
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Kg/tonne/%TOC, and the highest specific gravities up to

ThV are. recovered from the TyPe marine mixed kerogens.
ne yield and the quality may improve somewhat where the

numic component decreases relative to the sapropelic

content. The Type II mixed Devonian Kettle Point beds
pyroiyze to produce a slightly better quality oil at 0.94
specific gravity, similar to that from immature Type II
sapropelic oil shales.

One aspect has been omitted from these investigations.
Large quantities of natural gas can be a significant secondary

Prii ? f great imPrtance to any retorting process. This
will be of particular importance for the Type II mixed

kerogens and to those Type I torbanites with a significant

vitrinite content. Devonian gas shales of the eastern United

States are stratigraphically equivalent to the Kettle Point oil
shales of southern Ontario. Within these types of deposits,
the relative quantities of oil and gas produced may vary

significantly with variations of the kerogen components.

Generated gas could create hydroretorting effects and

appreciably alter the co-produced oil product.

For the more uniform Type I lamosites and Type II

sapropelic kerogens, the determination of classification and

thermal maturation are not difficult, but many further

investigations will be required to understand fully those oil

shales containing admixed humic kerogens.
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ABSTRACT

A procedure for calculating the quantities of

normative minerals and kerogen in Colorado oil shale

was developed and used to analyze a sequence of

sodium-rich oil shales in a core hole near the

depocenter of the Piceance Creek Basin in

northwestern Colorado. The sequence of oil shales

was found to average 48.1 weight percent carbonate

minerals, 32.5 percent silicate minerals, 1.9

percent pyrite, and 17.5 percent kerogen. Dawsonite

[NaAl (0H)2C03] and quartz are associated to a high

degree in the vertical sequence, but no significant

trends between mineral abundances and depth were

noted.

INTRODUCTION

Knowledge of the elemental and mineralogical

composition of oil shale is of practical importance

to researchers for several reasons. Such

information is useful for modeling the thermal

requirements of retorting oil shale, for developing

recovery methods of constituents having potential

economic value, and for analyzing environmental

problems that may arise during retorting and after

disposal of the spent shale.

A suite of 285 samples from a core hole drilled

through the lower sodium-rich part of the Green

River oil -shale deposits in northwestern Colorado

was analyzed quantitatively for major and selected

minor elements and kerogen by a variety of

analytical techniques. The qualitative mineralogy

of the samples was determined by X-ray diffraction

(XRD) analysis. The XRD data were used to select

minerals used to compute mineral norms from the

elemental data for each sample. Selected analytical

data and the normative mineralogy for the sample

suite are presented as X-Y plots, vertical profiles,

histograms, and ternary diagrams in figures in this

report.

Volatilization and consequent loss of selected

elements, such as sulfur and possibly sodium, were

problems in the analytical procedure. Mineral norms

were computed on the assumption that the minerals

are pure end members. However, some are known to be

nonstoichiometric, especially the alkaline-earth

carbonate minerals, dolomite and calcite. Parts of

the analyzed sequence of oil shale may contain

minerals that cannot be readily detected by XRD

analysis, because they occur in small amounts or are

too poorly crystalline. All of these problems

contribute to some loss of accuracy in computing

mineral norms, but, considering the variety of

analytical data used, the results are reasonably

good.

PREVIOUS WORK

Little was known about the mineralogy of Green

River oil shale in the Piceance Creek Basin, Colo.,

until the middle 1960's when XRD became routinely

available. Such analysis of drill-core samples

revealed the widespread occurrence of ankerite,

dawsonite, nahcolite, and other minerals in

authigenic mineral facies in the oil shale (e.g.,

Smith, 1963; Smith and Milton, 1966; Smith and Robb,

1966; Hite and Dyni, 1967; Brobst and Tucker, 1973;

Desborough, Pitman, and Huffman, 1976; Robb, Smith,

and Trudell, 1978; Dyni, 1981).

Although much information about the composition

and distribution of minerals in the Green River oil

shale has been gained from the above-mentioned

studies, accurate quantitative mineral analyses of

whole-rock samples of oil shale are difficult to

obtain because of the fine-grained character of the

oil shale, the chemically complex mineral phases

present in the rock, and the difficulty of

separating minerals from kerogen in analytical

procedures. Quantitative determination of carbonate

minerals has received the most attention because of



the potential economic value of dawsonite and

nahcolite found in abundance in the deeper part of

the Colorado oil-shale deposits (Smith and Young,

1969; Dyni and others, 1971; Smith, Beard, and Wade,

1972; Beard, Tait, and Smith, 1974; Young, Smith,

and Robb, 1975).

Hite and Dyni (1967) attempted to determine the

quantitative mineralogy of drill -core samples of

Colorado oil shale from XRD analyses and chemical

data. Dyni (1981) used XRD and X-ray fluorescence

(XRF) data in addition to chemical analyses to

compute abundances of silicate and carbonate mineral

norms for samples of oil shale from a core hole in

the Piceance Creek Basin, Colo. Meddaugh and

Salotti (1983) calculated the normative mineral

composition of samples of oil shale from the C-a

oil-shale tract (a Federal oil-shale lease in the

western part of the Piceance Creek Basin) from

chemical and XRD data. Problems of quantitative XRD

analysis of Colorado oil shale were discussed by

Smith and others (1984).

GEOLOGIC SETTING

The study samples are from the Joe T. Juhan

core hole 4-1 in the SW1/4NE1/4 sec. 4, T. 2 S. ,
R.

98 W. , Rio Blanco County, Colo. This drill hole is

located near the saline depocenter of the Green

River Formation in the northern part of the Piceance

Creek Basin, but just outside of the area of the

halite beds at basin center (fig. 1). The core hole

penetrates most of the oil shale sequence in the

Green River Formation; however, only core from the

lower part of the oil-shale sequence was analyzed in

this study. The sequence studied is 176.8 m thick

and extends from the depths of 561.1 to 737.9 m.

The stratigraphic units represented by this cored

sequence include the lower part of oil-shale zone

R-5, all of zones L-4, R-4, L-3, R-3, L-2, and the

upper part of R-2 (fig. 2). These zones are

assigned to the Parachute Creek Member of the Green

River Formation.

Figure 1.Map showing the location of the Juhan core hole and the area underlain by the Green River Formation

in the northern part of the Piceance Creek Basin, Colo. Approximate areal distributions of dawsonite (DAW),

nahcolite (NAH) distributed vertically through 30 or more meters of rock, and halite (HAL) within the oil-

shale deposits of the Parachute Creek Member are indicated by the dashed lines.
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Nahcolite and dawsonite are abundant through

the analyzed sequence. The top of the nahcolitic

rocks at a depth of 561.14 m is a dissolution

surface above which the oil shales have been leached

of water-soluble salts (nahcolite and possibly some

halite). The stratigraphy in this and nearby core

holes has been published by Dyni (1974, 1981).

The oil shale in the analyzed sequence consists

chiefly of very fine grained, massive, dark-

yellowish-brown to brownish-black kerogen-rich

dolomitic marlstone. Based on XRD analysis, these

rocks are composed of dolomite (or ferroan

dolomite), nahcolite, dawsonite, potassium feldspar,

sodium feldspar, and quartz. Calcite is present in

some samples. Minor amounts of pyrite are found

throughout the sequence, whereas clay minerals are

virtually absent.

ANALYTICAL METHODS

A total of 285 samples were prepared for

quantitative analysis by compositing nominal 2-ft

lengths of a one-quarter split of 2.125-in. (5.4 cm)

diameter (NX) core from the depths of 561.1-737.9 m

in the Juhan core hole. The samples were crushed in

an iron jaw crusher and ground in a ceramic-plate

grinder to pass an 80-mesh screen. Quantitative

analyses of the major mineral -forming elements were

made using a wavelength-dispersive XRF spectrometer

and the fused pellet method described by Taggart,

Lichte, and Wahlberg (1981).

X-ray Fluorescence

In the XRF-fused pellet technique, a 0.8-g

sample is ignited at about 925C for 20 minutes, and

the weight loss is recorded as percent loss on

ignition (LOI). To reduce particle-size and matrix

effects in the analysis, the sample remaining from

ignition is mixed with 8 g of lithium tetraborate

and fused into a glass pellet at 1,120C for 17

minutes. The pellet is analyzed for several

elements simultaneously by an XRF spectrometer, and

the results are reported as weight percent oxides of

the original sample. The oxides and their lower

detection limits by XRF analysis are as follows:

Figure 2.Lithologic section of the lower 232 m in

Juhan core hole 4-1. Normative mineralogy was

determined on samples from the depths of 561.14

to 737.92 m.
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Detection limit

Oxide (weight percent)

Si02 0.10

A1203 0.10

Fe203 0.04

MgO 0.10

CaO 0.02

Na20 0.15

K20 0.02

Some sulfur is lost during ignition of the

sample, so total sulfur cannot be determined

accurately by the XRF-fused pellet procedure.

Therefore, sulfur determinations were made on

pelletized samples of raw shale by XRF

spectroscopy. These analyses were made by J. S.

Wahlberg and M. W. Solt of the U.S. Geological

Survey.

Acid-Extractable Sodium

The abundance of dawsonite was determined from

the amount of acid-soluble sodium that was extracted

in hot 6-percent HCI leachates of the Juhan

samples. These analyses were made by flame

photometry by Wayne Mount joy and John Blair of the

U.S. Geological Survey. To test the procedures used

to calculate the mineral norms, subsets of the Juhan

samples were analyzed for total, mineral, and

organic carbon by I. C. Frost of the U.S. Geological

Survey; acid-soluble aluminum, calcium, magnesium,

and iron were determined in leachates of subsets of

the Juhan samples using flame emission and atomic

absorption photometry.

Thermal Method

Nahcolite was determined quantitatively on the

Juhan samples by a thermal method developed by Dyni

and others (1971). Fischer assays were made on the

Juhan samples by the former Laramie Energy

Technology Center, U.S. Department of Energy,

Laramie, Wyo. (presently the Western Research

Institute).

X-ray
Diffraction

~*

The qualitative mineralogy of each sample was

determined by routine XRD analysis of pressed

pellets of several grams of powdered oil shale. The

pellets were scanned 2-60 degrees two theta using

nickel-filtered copper radiation. Selection of the

minerals used to calculate norms for the Juhan

samples was based on the XRD data.

Kerogen determination

The kerogen content of the Juhan samples was

estimated from an empirical relationship developed

between Fischer assays, the organic content of a

subset of 46 Juhan samples, and a factor converting

organic content to kerogen in weight percent. The

samples are from an interval extending from the

lower one-third of the L-4 zone to about the middle

of the R-3 zone at the depth of 598.9-648.9 m. The

organic carbon content of the samples was determined

by the difference between total carbon analyzed by

induction furnace and mineral carbon determined by

gasometric analysis. The shale-oil yield averages

36 gal/ton (150 1/mt), and the average specific

gravity of the oil is 0.906. The organic carbon

content of the samples plotted against the oil yield

determined by Fischer assay gives a coefficient of

determination (r2) of 0.85 (fig. 3). The precision

of the Fischer assay method is probably no better

than +1-2 gal/ton (4-8 1/mt) for routine Fischer

assays (American Society for Testing Materials,

1980, p. 517), which probably accounts for some

error in the kerogen estimate.
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A regression analysis of the data in figure 3

gave the following equation where OC is organic

carbon in weight percent and oil is in gallons per

ton:

OC = 0.356 + 0.421(oil). (1)

Similar equations determined by Smith (1966);

Beck, Liederman, and Bernheimer (1971); Cook (1974);

and Heistand and Humphries (1976), respectively, are

as follows:

OC = 0.467(oil),

OC = 0.25 + 0.444(oil),

OC = 0.771 + 0.451(oil), and

OC = 0.80 + 0.422 (oil).

The analytical procedures and sources of

samples used by these workers differ in some

details. Smith (1966) used oil shale from drill

cores of the Mahogany zone from several localities

in Colorado and Utah, whereas Beck, Liederman, and

Bernheimer (1971) and Heistand and Humphries (1976)

used oil shale from the Mahogany zone in the Anvil

Points mine in the southern part of the Piceance

Creek basin. Cook's samples were from a

stratigraphic sequence extending from 151.2 m above

the top of the Mahogany zone downward to 21.3 m

above the base of zone R-4, at the depth of

93.4-482.0 m, in core hole TG-2-1 drilled on Tract

C-a (fig. 1) (Frank Haas, personal commun. , 1986).

The Fischer assay method of Tosco Corporation used

by Cook (1974) gives somewhat higher shale-oil

values than the ASTM method (Keighin, 1980). Smith

(1966, p. 169) noted that lower grade oil shale

tends to yield proportionately less oil because of

coking in the Fischer assay method, whereas higher

grade shales tend to yield more oil. Because of

these differences, the above equations differ to

some degree is not surprising (fig. 4). For oil

shale ranging in shale-oil yields from 15 to 50

gallons per ton (63 to 209 1/mt), the calculation of

organic carbon from these equations may differ by a

maximum of 1-2 weight percent. Aside from assay

procedures, slight changes in kerogen type and a

modest increase in thermal maturation of the oil

shale with depth may also account for some of the

divergences found in the above equations.

Using equation 1 above and a factor converting

organic carbon to kerogen (in weight percent)

determined by Smith (1966), the amount of kerogen in

the Juhan samples was determined by:

24
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Figure 4. --Plots of equations relating weight

percent organic carbon to shale oil by Fischer

assay developed by several workers. The numbers

refer to the equations in the text.

Kerogen = (0.356 + 0.421(oil ))/0.085

where kerogen is in weight percent and oil is in

gallons per ton.

Smith's factor of 0.805 is strictly applicable

only to oil shale of the Mahogany zone that assays

25 gal/ton of oil (104 1/mt) and for oil having a

specific gravity of 0.916. The specific gravity of

the shale oil from the subset of 46 Juhan samples is

0.906. This difference in specific gravities

suggests that the oxygen content of the kerogen in

the Juhan samples is less, and the carbon content

more, than that found in Smith's samples. This is

in accord with an earlier study by Smith (1963,

table 4, p. 810) who found that the specific gravity

of shale oil and the oxygen content of the kerogen

decreased, and organic carbon increased, with the

depth of the oil shale, probably as a function of

thermal materation of the kerogen with depth.

However, his elemental data for kerogen are judged

to be too few to correct the above equation for

geothermal effects. The kerogen content for the

Juhan samples calculated from the above equation is

probably slightly too high owing to thermal

materation of the kerogen with increasing depth.
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LEACHING EXPERIMENTS

Several leaching experiments using small

subsets of the Juhan samples were made to determine

the amounts of acid-soluble metals in the oil shale

including calcium, magnesium, iron, and sodium.

These data served as a check on the mineral

residences for these metals.

Calcium and Magnesium

The amounts of total calcium and of calcium

extracted in successive 6-, 25-, and 50-percent hot

HCI leachates were determined on a subset of 16

Juhan samples. The sum of the amounts of calcium

extracted in the HCI leachates is plotted against

total calcium in figure 5. Figure 6 shows a similar

plot for magnesium. Most of the calcium and

magnesium in the samples was found to be extractable

in the HCI solutions. The average sum of the

amounts of calcium extracted by the HCI solutions is

98.6 weight percent of the total calcium, whereas,

8.0

7.0

6.0 -

H 5.0 -

<

o

<
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o

4.0 -

3.0

N= 16

R2= 99.6 PCT

Y= 0.33 + 0.91X

2.0 -I
-

i 1 1 1 r

2.0 3.0 4.0 5.0 6.0 7.0 8.0

ACID-SOLUBLE CALCIUM. WT PCT

Figure 5.Acid-soluble calcium versus total

calcium, in weight percent, for 16 samples from

the Juhan core hole. Acid-soluble calcium,

determined by atomic absorption spectroscopy, is

the sum of the amounts of calcium that were

extracted by successive 6, 25, and 50 percent hot

HCI leachates of raw oil shale after leaching the

samples with water to remove nahcolite. Total

calcium,
determined on the nahcolite-free

samples, is the average of two figures, one

obtained by the XRF-fushed pellet method, the

other by HF-HCL04 digestion and atomic absorption

spectroscopy. The calcium data are calculated on

the basis of the original weight of sample.

97.5 weight percent of the magnesium was HCI

extractable.

Small amounts of acid-insoluble calcium- and

magnesium-bearing minerals undetectable by XRD

analysis, such as fluorite (slightly soluble in HCI)

or other Ca-Mg silicate minerals, may be present.

Trace amounts of dolomite, the most abundant

calcium-magnesium mineral in these samples, possibly

may not have been completely removed by acid

treatment because of masking by kerogen. In any

case, most of the calcium and magnesium in the Juhan

samples was extractable in HCI, and the calculation

of all of the calcium and magnesium in the Juhan

samples as metal carbonates is a reasonable

approximation for the normative calculations.
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ACID-SOLUBLE MAGNESIUM, WT PCT

Figure 6.Acid-soluble magnesium versus total

magnesium, in weight percent, using the same

samples and procedures as in figure 5.

Acid-Extractable Sodium and Aluminum

The amounts of sodium and aluminum extractable

in hot 6-percent HCI leachates were determined on a

subset of 29 Juhan samples of dawsonite-bearing oil

shale after first removing the nahcolite by

dissolving it in water. The results are plotted in

figure 7. The molar ratio of sodium to aluminum in

figure 7 (0.96), is close to 1.00, the value for

pure dawsonite. If "excess
aluminum,"

reported

elsewhere in the Colorado oil-shale deposits by

others (Smith and Young, 1969), is present in these

samples, little of it is removed by the mild acid

treatment.
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Figure 7. --Aluminum and sodium extracted in hot 6-

percent HCI leachates of 29 Juhan samples of

dawsonitic oil shale after leaching the samples

to remove nahcolite. The data are calculated as

weight percent of the original sample.
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ACID WEIGHT LOSS

Figure 8. --Sample weight loss in a 6-percent

solution of hydrochloric acid versus the sum of

acid-soluble calcium, magnesium, and iron

calculated as metal carbonates and acid-soluble

sodium and aluminum calculated as dawsonite,

using the same samples and procedure as in

figure 7.

Total Carbonates

For the same subset of 29 samples, the percent

loss of sample weight in a hot 6-percent HCI

solution is plotted against the sum of acid-soluble

calcium, iron, and magnesium calculated as metal

carbonates, plus acid-soluble aluminum and sodium

calculated as dawsonite (fig. 8). The high degree of

correlation and nearly one-to-one correspondence of

total carbonate to sample weight loss strongly

support the calculation of the acid-soluble Ca, Mg,

Fe, Al, and Na (excluding nahcolitic sodium) as

carbonates and dawsonite.

NORMATIVE MINERALOGY

Calculation of Normative Minerals

The normative minerals were selected on the basis of

the XRD data with the exception of the alkaline-

earth carbonates minerals. Other workers have noted

the varied chemical composition of the Ca-Mg-Fe

carbonates (ankerltic dolomite, calcite, siderite,

and aragonite) in Green River oil shale (Smith and

Robb, 1966, 1973; Robb, Smith, and Trudell, 1978;

Desborough and Pitman, 1974; Cole and Picard,

1978). Because of the chemical complexity of the

Ca-Mg-Fe carbonates, they were not calculated as

minerals, but a the simple metal carbonates:

CaC03, MgCOo, and FeCO-j. Minor and trace amounts of

other minerals are undoubtedly present in the

analyzed sequence but are ignored in the normative

mineral calculations. Small amounts of of X-ray

amorphous "excess
alumina"

believed to coexist with

dawsonite, possibly as an aluminum tri hydroxide

(Smith and Young, 1969), were also excluded.

Although the feldspars are assumed to be pure end

members, Cooper and Evans (1983) recently reported

that as much as 41-84 percent of the total nitrogen

in core samples of Colorado oil shale is fixed as

ammonium in silicate minerals, probably illite and

feldspars and possibly also in dawsonite. The

ammonium feldspar buddingtonite recently reported in

the Condor oil-shale deposit in Australia (Loughnan

and Roberts, 1983), may be a relatively common

mineral in oil shales. No attempt was made to

determine the abundance of ammonium-bearing minerals

in the Juhan samples.

Sulfur is found in kerogen and iron sulfide

minerals. Although small quantities of sulfate

(possibly from oxidation of sulfides) have been

reported in chemical analyses of Green River oil

shale, sulfate minerals were not detected by XRD

analysis and are not included in the calculations.
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The minerals and hypothetical metal carbonates

assumed for the calculations, and their chemical

compositions, include:

Dawsonite NaAl(0H)2C03
Nahcolite NaHC03
Sodium feldspar NaAlSi30g
Potassium feldspar KAlSi308
Quartz Si02
Pyrite FeS2
Calcium carbonate CaC03
Magnesium carbonate MgC03
Iron carbonate FeC03

The following steps were used to calculate

mineral percentages:

1. Weight percent nahcolite was determined by

the thermal method of Dyni and others (1971),

and the amount of sodium in nahcolite was

calculated.

2. The amount of acid-soluble sodium

determined by flame photometry was assumed to

be from nahcolite and dawsonite. The amounts

of dawsonite and dawsonitic aluminum were

calculated from the difference in the amounts

of acid-soluble sodium and nahcolite sodium.

3. The difference between total aluminum by

XRF analysis and dawsonitic aluminum was

assigned to the feldspars.

4. The amount of K-feldspar was determined

from total potassium determined by XRF

analysis, and the amount of aluminum in

K-feldspar was calculated.

5. The amount of sodium feldspar was

calculated from total aluminum determined by

XRF analysis less dawsonitic and K-feldspar

aluminum.

6. Quartz was determined from the difference

between total silicon determined by XRF

analysis and the amount of silicon assigned to

the feldspars.

7. Sulfur is assumed to reside entirely in

pyrite and kerogen. The sulfur content of

kerogen is assumed to be 1.035 weight percent

(Smith, 1961; table 4). The difference between

total sulfur determined by XRF analysis and

organic sulfur was used to calculate the amount

of pyrite and pyritic iron.

8. The difference in total iron determined by

XRF analysis and pyritic Iron was used to

calculate the amount of iron carbonate.

9. Calcium carbonate was calculated from total

calcium determined by XRF analysis.

10. Magnesium carbonate was calculated from

total magnesium determined by XRF analysis.

NORMATIVE MINERALS AND KEROGEN

Plots of Ca, Mg, and Fe carbonates

Vertical profiles of the Ca, Mg, and Fe

carbonates, in weight percent of the three

carbonates recalculated to 100 percent, are plotted

in figure 9. Profile D is a plot of the sum of the

three carbonates in weight percent of the original

sample, and profile E is a smoothed plot of the same

data.

Calcium carbonate, the most abundant of the

three carbonates, averages 54 weight percent.

Magnesium carbonate averages 37 percent, and iron

carbonate averages 9 percent.

Throughout much of the sequence, the abundance

of calcium carbonate shows a strong inverse

correlation with that of iron carbonate and, to a

lesser extent, with the magnesium carbonate

content. This inverse relationship between calcium

and iron carbonate is especially pronounced in the

kerogen-poor L-2 and L-3 zones. In a zone of high-

grade (255 1/mt) laminated oil shale about 4.9 m

thick in the upper part of R-4, calcium carbonate

increases to as much as 75 percent of the Ca-Mg-Fe

carbonates.

The total amount of the Ca-Mg-Fe carbonates, in

weight percent of the raw oil shale (figs. 9D and

9E), varies 1-39 weight percent. Much of the

variation is due to wide variations in the amounts

of nahcolite and kerogen in the oil-shale

sequence. The average abundance of the combined

alkaline-earth carbonates through the analyzed

sequence is 22.3 weight percent.

Plots of Normative Minerals and Kerogen

Vertical profiles of the abundances of the

normative minerals, kerogen, and total minerals plus

kerogen for 285 Juhan samples at the depth of

561.1-and 737.9 m are plotted in figure 10. The

average mineral content is shown by the vertical

line on each profile.
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A measure of the accuracy of the normative

calculations is given by the sum of the amounts of

the calculated minerals and kerogen shown in the

column labeled
"Total"

in figure 10. Excluding 13

samples for which analyses were incomplete, these

totals range 92-107 weight percent and average 99.95

weight percent. A frequency distribution of the

totals is shown in figure 11. The totals for some

samples depart enough from 100 percent to suggest

that they include gross analytical errors or that

some mineral not included in the calculations may be

present.

Much sample-to-sample variation in abundances

of minerals and kerogen is evident in figure 10.

Moderate to strong correlations were noted between

some minerals. For example, the profiles for

calcium carbonate and magnesium carbonate show a

strong positive association that is obviously

related to their occurrence in dolomite. The

profiles for quartz and dawsonite also show a high

degree of positive correlation throughout most of

the analyzed sequence. Potassium feldspar and iron

carbonate show a moderately strong correlation, as

do albite and iron carbonate. However, the reasons

for these correlations are not clear. Pyrite and

kerogen also show a moderate positive correlation.

The amounts of iron carbonate and pyrite seem to be

unrelated. None of the minerals appears to show any

pronounced trends of increasing or decreasing in

abundance upward through the oil -shale sequence.

The L-3 zone shows some marked differences in

mineralogy relative to the rest of the analyzed oil-

shale sequence. This zone contains large amounts of

iron carbonate, dawsonite, potassium feldspar and

albite, a small amount of calcium carbonate, and

little nahcolite.

Descriptive statistics for the amounts of

normative minerals and kerogen are listed in table

1, and correlation coefficients for these components

are listed in table 2. Nahcolite is the most

abundant of the five carbonates, followed by calcium

carbonate, dawsonite, magnesium carbonate, and iron

carbonate. By weight, these five carbonates average

49 weight percent of all the samples; quartz and

feldspars average 32 percent, pyrite 2 percent, and

kerogen 17 percent. The average abundance of pyrite

is almost the same as that of iron carbonate.

70

60-

50

| 30

20

10-

T

90 94 98 102 106

Weight percent

110

Figure 11. --Histogram of the totals for the amounts

of normative minerals and kerogen for 272 Juhan

samples from figure 10.

Mineralogy of Laminated and Blebby-and-Streaked Oil

Shale

Sedimentological study has revealed the

occurrence of two primary types of oil shale in the

Piceance Creek Basin: a laminated variety and a

blebby-and-streaked type (Dyni and Hawkins, 1981).

Some oil shale is structureless to the unaided eye,

but, with better methods of study, structureless oil

shale may also be divided between the two primary

types.

The normative mineralogy of the two types of

oil shale was determined from the Juhan samples. A

total of 79 samples are laminated, and 110 samples

are blebby-and-streaked oil shale. The remaining

samples are a mixture of laminated,

blebby-and-streaked, and structureless oil shale.

Histograms of the amounts of the normative minerals

and kerogen for the two subsets of 79 and 110

samples are plotted on a nahcolite-free basis in

figure 12.

Each pair of histograms for the two types of

oil shale were compared by a Kolmogorov-Smirnov two-

sample test to look for differences in the

distributions of minerals and kerogen. Generally,

the minerals and kerogen show wider ranges in

quantities for laminated oil shale than for blebby-

and-streaked oil shale. However, with the

exceptions of iron carbonate, dawsonite, and

kerogen, the distributions of the percentages of

normative minerals show no statistically
significant

differences between the two types of oil shale at

the 1-percent significance level.
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Table 1.Descriptive statistics for normative minerals and kerogen computed for samples

between the depths of 561.1 and 737.9 m in the Juhan core hole

Weight percent

Mineral

Nahcolite

CaC03

MgC03

FeC03

Dawsonite

t>jartz

K-feldspar

Na-feldspar

Pyrite

Kerogen

Total

No. of Missing Std. Maximum Minimum

samples samples Mean Median dev. value value

283

278

278

279

278

275

285

275

279

278

272

2

7

7

6

7

10

0

10

6

7

13

17.2

12.1

8.24

1.91

9.52

13.6

8.31

10.4

1.85

17.4

11.8

12.0

8.53

1.78

9.24

13.6

8.15

9.70

1.69

17.3

19.8

4.44

2.62

1.14

4.31

5.11

3.09

6.24

1.09

6.02

81.8

26.1

15.1

6.26

24.1

31.1

18.4

34.6

6.74

41.2

99.95 99.81 1.93 106.8

0.0

0.84

0.56

0.00

0.44

1.54

1.12

0.00

0.02

3.84

92.32

Table 2. --Descriptive statistics for data in Figure 13

Weight Percent

Kerogen Carbonates Silicates

+ pyrite

Samples including nahcolite

Mean 17.5 48.1 34.4

Median 17.4 44.4 36.8

Standard deviation 6.0 13.6 10.8

Maximum value 43.8 84.4 64.3

Minimum value 3.8 21.1 4.3

Samples excluding nahcolite

Mean 21.4 38.3 40.3

Median 21.3 38.0 40.2

Standard deviation 7.2 6.8 6.7

Maximum value 58.3 61.3 64.3

Minimum value 4.7 17.5 21.5
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Figure 12.Histograms of distributions of normative minerals and kerogen of samples of laminated and

blebby-and-streaked oil shale from the Juhan core hole. L, laminated oil shale; B, blebby-and-streaked
oil shale. Stars indicate those distributions that are rejected by the Kolmogorov-Smirnov two-sample

statistical test at the 0.01 significance level as being from the same population.
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The histograms for kerogen show the most

striking difference; the kerogen content of

blebby-and-streaked oil shale has a narrower range

and higher average that that of laminated oil

shale. The ranges and means of the dawsonite and

iron carbonate contents are less in

blebby-and-streaked oil shale than in laminated oil

shale.

CARBONATES

SILICATES+ PYRITE #

SILICATES + PYRITE

Figure 13. --Compositional fields for silicates plus

pyrite, nahcolite, and kerogen for the Juhan

samples. The data include nahcolite in the lower

diagram. Of the original 285 samples, 13 samples

are not included because of missing data. The

mean composition is represented at the point at

which the three bars intersect on each diagram.

The bars indicate two standard deviations for

each field about the mean.

Compositional Fields

Compositional fields for silicates plus pyrite,

carbonates, and kerogen are plotted on ternary

diagrams for the Juhan samples in figure 13. The

data for the figure are normalized to 100 percent.

The sample data in the upper diagram include

nahcolite. In the lower diagram, the data are

recalculated without nahcolite.

The bars plotted on the two diagrams indicate

two standard deviations above and below the mean for

each field. The intersection of the three bars is

the mean composition of the analyzed sequence of oil

shale in terms of silicates plus pyrite, carbonates,

and kerogen.

Nahcolite can probably be removed by mechanical

or other means before the oil shale is retorted.

Therefore, knowing the composition of these rocks

without the nahcolite is important. Removal of

nahcolite decreases the spread of the data, and the

compositional field of the oil shale becomes smaller

in size as seen in the lower diagram in figure 13.

Descriptive statistics for the compositional

fields for the Juhan samples, with and without

nahcolite, are given in table 2.

CONCLUSIONS

Using data derived from a combination of

analytical methods, a procedure for determining the

normative mineralogy of a sequence of sodium-rich

oil shale in the Piceance Creek Basin was

developed. The carbonates, including nahcolite,

dawsonite, calcium carbonate, magnesium carbonate,

and iron carbonate, were determined with relatively

good accuracy. The quantitative determination of

the silicates, pyrite, and kerogen is less accurate,

owing to the methods used and to the probability of

cationic substitutions in the crystal structures of

the feldspars, especially by ammonium.

Compositional changes of kerogen with depth

introduce some error in estimating the quantity of

kerogen from the oil yield by Fischer assay. The

type of kerogen (algal, terrestrial plant

precursors) which may vary in different parts of the

deposit and could also lead to errors in estimating

the kerogen content of the rock.

Despite the problems of compositional variation

in the minerals and kerogen, the sum of the

quantities of normative minerals and kerogen is

close to 100 percent, suggesting that the methods

used are reasonably accurate. Some of the variation

24



in the totals could be due to the presence of

minerals that were overlooked or not detected by

XRD, such as poorly crystalline or X-ray-amorphous

clay minerals.

Carbonates, including nahcolite, compose nearly

one-half of the analyzed rocks by weight; silicates

and pyrite compose one-third; and the remainder is

kerogen. A substantial part of the variability in

the mineral compostion of the oil shale is due to

the presence of nahcolite. Without nahcolite, the

compositional fields are reduced considerably;

carbonates and silicates plus pyrite each compose

about 2/5 of the oil shale, and kerogen composes

about 1/5.

Notable associations between normative

constituents include the relatively large positive

correlation between the abundances of dawsonite and

quartz and, to a lesser degree, the positive

correlation between calcium carbonate and magnesium

carbonate. However, no significant trends between

the abundances of normative minerals with depth were

noted, suggesting that the major elements were not

concentrated as a function of long-term evaporation

of waters in the Eocene lake basin.
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ABSTRACT

Organic matter in sedimentary rocks is derived

from numerous types of organisms that lived in many

different environments. Oil yields of most oil shales

are related to the type and abundance of the liptinite

macerals. In oil shales, liptinite is generally

derived from algae (marine, freshwater or brackish

forms) or terrestrial plants. Liptinite macerals can

be used to classify oil shales into groups that not

only have the same petrographic properties but also

permit correlation with the chemistry of the included

organic matter of the parent shale (such as elemental

analytical data) and the chemistry of the shale oils.

A petrographic classification divides oil shales

into the primary groups of terrestrial, lacustrine and

marine oil shales. Subdivision of these groups gives

secondary groups of cannel coal (and canneloid shale),

torbanite, lamosite, marinite, tasmanite and

kuckersite. The lamosite group is further subdivided

into Green River and Rundle types.

A petrographic classification of oil shales is

based upon terminology commonly used by coal

petrographers but revision of organic matter derived

from algal precursors is required.

INTRODUCTION

Predicted escalating crude oil shortages in the

1980's has resulted in a need to seek alternative

forms of energy such as synthetic crude produced from

oil shale. Total world reserves of shale oil have

been estimated to be in the range of 1508 x
IO9

barrels (reported recoverable
-

Desprairles, 1978)

to 30,000 x
109 barrels (total in situ, Yen and

Chilingar, 1976) and even these figures appear to be

an underestimate.

During the decade from 1976 to 1985 Australia

experienced a significant increase in exploration for

oil shales. Several sizeable deposits were found in

eastern Queensland and programs are now underway to

evaluate the resources and determine if deposits, such

as Rundle, Stuart, Condor, Mt Coolon and the Toolebuc

Formation at Julia Creek, are economically and tech

nically viable as sources of shale oil. The exploit

ation of oil shales, especially success in detailing

new or improved methods of retorting, depends on a

thorough knowledge of the minerals and the organic

matter in oil shales.

The term "oil is a well-known misnomer

that is unlikely to be replaced from the English

language because it is short, convenient and
well-

entrenched. Little agreement as to either a defini

tion of oil shale or the nature and origin of the

included organic matter in these rocks has been agreed

to in the past. For example, Tissot and Welte (1978,

p. 225) wrote "there is actually no geological or

chemical definition of an oil shale. In fact any

shallow rock yielding oil in commercial amounts on

pyrolysis is considered to be an oil shale". This

description is similar to those of Yen and Chilingar

(1976) and Schlatter (cited in Prien, 1976). Tissot

and Welte (1978) also reported that where a rock

containing 2.5 weight percent (wt%) kerogen is

retorted, the total calorific value is used in heating

the rock. Consequently a lower limit of 5% (presum

ably by weight) organic matter is commonly used when

defining an oil shale. Five weight percent is equiv

alent to approximately five volume percent (volT)

given that the specific gravity of most liptinite is

approximately 1 gram per cubic centimetre. For many

Australian Tertiary oil shales, 5 vol% organic matter

is equivalent to a shale oil yield of approximately

25 l/tonne. Yields equal to or below 25 l/tonne are

very low grade and considered subeconomic for most

processing plants.

Organic petrology is the microscopic study of

organic matter in rocks using either transmitted,

incident white light or incident-light
fluorescence-

mode.

Organic matter can be studied either as macerates

or in the whole rock. The latter is better because in
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macerates the inter-relationships between organic

matter and mineral matrix are lost, as are the inter

relationships beteen the various organic constit

uents. Whole-rock petrographic analysis is also

preferable because it permits easier identification of

the organic constituents, has a minimal effect upon

soluble organic matter and can reveal phenomena such

as the adsorption of organic matter onto clay

minerals. Incident light examination of such

"whole-rock"

samples has the advantage of allowing

simultaneous determination of maturation (diagenesis)

parameters, such as vitrinite reflectance, and

liptinite fluorescence. Together with an estimation

of organic matter type and quantity, they are a

necessary adjunct to the strict comparison of shale

oil yields both between and within various deposits.

Oil shales contain abundant organic matter

derived from a variety of sources ranging from

terrestrial plants to freshwater and marine algae.

Any classification should be based primarily on easily

recognisable features and for oil shales, easily

recognisable features of the organic matter.

Previously, this has not been so. For example, oil

shales have been classified using criteria such as

industrial use (Ozerov and Polozov, 1968), included

mineral matter (Down and Himus, 1940; Jaffe, 1962),

relationships between density and ash content (Mott,

1951) and the chemistry of organic matter (Combaz,

1974; Tissot and Welte, 1978; Alpern, 1979). Rarely

has type and amount of organic matter been the

dominant criteria in classifications. Classifications

such as those above have been rarely widely accepted

and do not relate either to the primary use of oil

shale, namely, as a source of shale oil, or to genetic

relationships.

This paper is intended to provide a basis for

understanding the nature and origin of organic matter

in oil shales using organic petrographic techniques.

These techniques are cheap, quick and definitive.

Petrographic studies yield Information relevant to

grade, size, specific shale oil yield, precursor

organisms and aspects of the environment of

deposition.

ORGANIC MATTER IN OIL SHALES

Much of the organic matter in oil shales is

derived from algae. These algae (along with other

microorganisms)
lived In aquatic environments which

supported
abundant growth and favoured the accumula

tion and
preservation of organic debris in the bottom

muds of lakes. These algal-sourced oozes are often

referred to as sapropelic muds and were deposited

under anaerobic conditions.

The wide range of properties and depositional

environments associated with oil shales limits gener

alizations but most oil shales have several factors ln

common including

a) an abundant algal biota;

b) early development of anaerobic conditions;

c) quiescent environments of deposition; and

d) contemporaneous deposition of autochthonous or

allochtonous mineral matter.

Yen and Chilingar (1976) stated that oil shales

are formed in the following geological environments:

a) small freshwater (deltaic) lakes, bogs, and

lagoons commonly associated with coal measures

(the torbanites of the Sydney-Bowen Basin are

examples);

b) large Intermontane lake basins, which can be

saline or hypersaline (as typified by the organic

rich marlstones of the Green Fiver Formation);

and

c) shallow marine seas associated with stable

platforms (examples include the Toolebuc

Formation of Oueensland and the Toarclan oil

shale of the Paris Basin) .

Organic matter in oil shales and related rocks is

generally referred to by two terms - bitumen (the

soluble component) and kerogen or kerobitumen, the

insoluble fraction (Saxby, 1976). Where
"bitumen"

is

used for the soluble fraction of organic matter in oil

shales, it is used in a chemical sense. Hunt (1979)

also used it in a chemical sense when he defined

bitumens as "native substances of variable colour,

hardness and volatility, composed principally of the

elements carbon and hydrogen and sometimes associated

mineral matter, the non-mineral constituents being

largely soluble in carbon
disulphlde"

(p. 546). Thus

asphalts, natural mineral waxes, asphaltenes and

petroleum are considered to be bitumens. The

solubility of bitumen depends significantly on the

temperature at which extraction is carried out and on

both the polarity and chemical reactivity of the

solvent (Saxby, 1976) .

In other geological contexts the definitions of

bitumen are quite varied. For example, "bitumen Is a

generic term applied to natural Inflammable substances

of variable color, hardness and volatility. Bitumens

are composed principally of a mixture of hydrocarbons

substantially free from oxygenated
bodies"

(Gary et
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a_l .
, 1974, p. 77). This paper advocates the bitumen

terminology used by Jacob (1980), who used a

petrographic approach to the classification of

bitumen. Jacob based his classification on that of

Abraham (1945). Bitumen comprises a range of types of

organic matter. These have readily recognisable

recognisable optical characteristics. Bitumen may be

fluorescing or
non-

fluorescing; it can be interstitial

to framework grains or occur as balls, pods and lenses

in a variety of lithologies.

Bitumen occurs in only a limited number of oil

shales and where it does occur, it Is mostly a minor

constituent. It is therefore not used as a

discriminatory property in the classificatiion of oil

shales.

Cum-Brown introduced the term kerogen in 1912

(Cane, 1976) to denote the insoluble organic matter in

oil shale but, as discussed by Cane (1970), the

specificity of the terra has been lost and it is now a

collective and often confusing term for all or any

organic matter In oil shale. Furthermore
"kerogen"

studies generally refer to bulk rock studies and any

one or all of the maceral groups may be components of

the "kerogen". In reality, kerogen in most oil shales

is a mixture of chemicals derived from a variety of

sources. Thus kerogen is also not a suitable discrim

inatory term for use in a classification of oil

shales.

TERMINOLOGY

In organic petrography the individual types of

organic matter found in sedimentary rocks are termed

macerals and are usually adequately defined within one

of the three maceral groups inertinite, vitrinite or

liptinite (International Committee for Coal Petrology

1963, 1971, 1975).

Vitrinite, inertinite and liptinite macerals

derived from terrestrial vascular plants are volumet-

rically minor components in all oil shales except

cannel coals and canneloid shales. Division of these

groups into macerals as by the ICCP and Stach (1975;

1982) is not necessary. However if subdivision is

required, terminology as defined by the ICCP (1963;

1971; 1975) and Stach et al. (1975; 1982), adequately

encompasses these macerals where found in oil shales.

However, the division of the liptinite group into

macerals (Table 1) Is convenient and useful because lt

is the prime organic matter in oil shales.

The maceral alginite was defined for algal matter

derived from Botryococcus-like algae in brown and

bituminous coals. Most brown and bituminous coals

commonly contain sparse or no alginite. However in

most oil shales, organic matter derived from algae is

the dominant organic matter and it is derived from a

number of precursors. Hutton et al. (1980, p. 48)

identified significant morphological differences

between members of the alginite maceral and subdivided

Table 1. Commonly-Occurring Macerals in Oil Shale and Coal.

MACERAL

GROUP

MACERAL FLUORESCENCE* PRECURSORS

VITRINITE

INERTINITE

LIPTINITE

rarely dull brown

Sporinite

Cutinlte

Resinite

Fluorinite

Exsudatinlte

Suberinite

Bituminite

Alginite

Liptodetrinite

Telalginite

Lamalginite

yellow-green to

orange-brown

yellow to orange-

brown

yellow to brown

green to yellow

yellow to orange

yellow to brown

yellow to brown

green to orange

green to orange

green to orange

humified cell walls and gelified colloidal humic solutions,

fragmented and degraded woody plant

charred wood, biochemically altered plant tissue under

oxidizing conditions fungal spores and tissue, oxidized

resins

spores, pollen and sporangia

cuticle and chemically similar material of leaves, stems

and shoots

resins, fats, waxes and oils

secondary products of vegetable oils and fats

expulsions from oils and bitumens during coalification

suberinized periderm (cork) tissue of stems and roots

degraded humic, algal and other liptinitic matter

thick-walled colonial or unicellular algae

thin-walled colonial or unicellular algae

fragments of other liptinite

* colours for macerals in samples of bituminous coal rank
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alginite into two types: alginite A ("discrete

colonial or unicellular algal bodies related to either

Botryococcua or Pachysphaera); and alginite B ("finely

lamellar benthonlc algal material". Each type of

alginite has a set of properties which is different to

the properties of the other types. Thus the terra

alginite (as defined for coals), if applied to oil

shales, is inadequate and considerable revision was

needed.

The terms were subsequently used, as defined

above, by Hutton (1980), Cook et al. (1981) and

Kalkreuth and Macauley (1984) . Alginite B was

redefined by Hutton (1981; 1982) to include

phytoplankton such as dinoflagellates, acritarchs and

the organic remains of diatoms.

In this paper,
"telalginite"

is used instead of

alginite A and
"lamalginite"

is used instead of

alginite B. Lamalginite and telalginite are defined

as follows:

(a) Telalginite is alginite, derived from large

colonial or thick-walled unicellular algae, with

strong fluorescence at low rank and with

distinctive external structure, and in many cases

internal botanical structures, when viewed in

sections perpendicular to bedding.

(b) Lamalginite is alginite, derived from small,

unicellular or thln-walled, colonial planktonic

or benthonlc algae, with weak to moderate (rarely

intense) fluorescence at low rank and a

distinctive lamellar form with little

recognisable structure in sections perpendicular

to bedding.

CLASSIFICATION

Because organic matter in oil shales Is derived

from a variety of organisms which include precursors

of terrestrial, lacustrine and marine origin, it

follows that a natural subdivision of oil shales

should include these terms as a basis for the primary

subdivision. Thus the three major types of oil shales

are (Figure 1):

(a) Terrestrial Oil Shale -

oil shale composed of

liptinite derived from terrestrial organisms.

(b) Lacustrine Oil Shale -

oil shale composed of

liptinite derived from dominantly lacustrine

(including brackish, saline or freshwater

lacustrine) organisms; and

(c) Marine Oil Shale -

oil shale composed of

liptinite derived from dominantly marine

organisms;

The type and quantity of included liptinite is

used to divide each of the primary oil shale types

into secondary groups where necessary (Table 2).

Types of Oil Shale

Cannel Coal. Cannel coal is a brown to black,

homogeneous oil shale composed of liptinite

(sporinite, cutinlte and resinite derived from

terrestrial vascular plants), and generally vitrinite

and inertinite.

Torbanite. Torbanite is a black to greenish-black oil

shale in which the principal liptinite is telalginite

derived from Botryococcus-
related, lacustrine algae.

Lamosite. Lamosite is a pale brown to dark

greyish-brown oil shale ln which the principal

liptinite is lamalginite derived from lacustrine algae

and other phytoplankton.

Marinite. Marinite is a grey to dark greyish-black

oil shale in which the principal liptinite is

lamalginite derived from marine algae and other

phytoplankton and/or bituminite derived from marine

precursors.

Tasmanite. Tasmanite is a dark grey to black oil

shale in which the principal liptinite is telalginite

derived from marine tasmanitids.

Kuckersite. Kuckerslte is a brown oil shale in which

the principal liptinite is telalginite derived from

Gloeocapsomorpha prlsca.

Minor liptinite components occur in most oil

shales but usually in such small quantities that it is

not necessary to include them in the definitions.

Table 3 summarizes the more important aspects of

the respective oil shales and characteristics of

deposits. Examples of deposits, localities and strati

graphic units with oil shales are given in Table 4.

Types of Lamosite

Petrographically, lamalginite can be divided Into

two types:

thin-walled alginite which occurs as discrete

entities (<0.5mm long) enclosed in mineral matter

In all but the very rich samples; and
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TABLE 2 Classification of Oil Shales

CANNEL COAL TORBANITE LAMOSITE MARINITE

RUNDLE

TYPE

GREEN RIVER

TYPE

TASMANITE KUCKERSITE

Dominant sporinite telalginite lamalginite lamalginite bituminite

Organic resinite lamalginite

Matter cutlnite

telalginite telalginite

Precursors pollen

spores

resins

fats

cuticle

oils

Botryococcus Pediastrum blue-green dlnoflagellates Tasmanites Gloeocapsomorpha

braunli other
plank-

algae acritarchs punctatus prisca

tonic algae Nostocopsis

Other vitrinite vitrinite

Organic inertinite inertinite

Matter telalginite sporinite

resinite

Environ-
peat

ment of swamp

Deposition

peat

swamp/
fresh- lake

water lake

vitrinite vitrinite vitrinite lamalgii

telalginite sporinite telalginite

sporinite bitumen bitumen

bitumen sporinite

mlcrinlte

freshwater saline shallow shallow

lake lake marine marine

marine

Table 3 Characteristics of Oil Shales and Deposits

CANNEL COAL TORBANITE LAMOSITE

RUNDLE GREEN RIVER

TYPE TYPE

MARINITE TASMANITE KUCKERSITE

Precursor

Organisms

Terrestrial

Plants

Planktonic

Algae

Planktonic

Algae

Benthonlc

Algae

Planktonic

and Benthonlc

Algae

Planktonic

Algae

Plankton!

Algae

Environment

of

Deposition

Peat Swamp Lacustrine (in

a Peat Swamp)

Fresh to

Brackish Lake

Stratified or

Saline Lake

Marine Shallow

Marine

Shallow

Marine

Hand-

Specimen

Black to

brown,
brittle

black to

greenish-black

conchoidal

fracture

olive-grey

brown to dark

grayish-brown,

massive to

laminated

brown,
laminated

massive to

gray to dark

grayish black,
massive to

laminated

dark gray to brown,

black, massive massive

to laminated

Age Carboniferous

to Tertiary

Carboniferous

Permian

Carboniferous

Tertiary

Tertiary
Cretaceous

Cambrian to

to Cretaceous

Permian

Jurassic

Ordovician

Resources small small large very large large small large

Seam Thick

ness (m)

variable 0.2 to 2 30 to 75 15 to 130 1 to 10 1 to 2 1 to 3

Seam

Geometry

variable lensoidal laterally
persistent

laterally
persistent

laterally
persistent

lensoidal laterally
persistent

Average

Yield a/t-1 ) 60 to 150 100 to 800 40 to 130 135 60 to 80 115 to 150 210 to 320

Maximum

Yiled a/t"1 ) 300 1090 320 460 150? 290t

550a

400?

31



Table 4 Classification of Oil Shale Deposits, Localities and Stratigraphic Units.

Cannel Coal Torbanite Lamosite Marinite Tasmanite Kuckersite

Rundle Type Green River

Type

Australia

Hale River Baerami Byfield Toolebuc Fra Latrobe

Coolgardie Glen Davis Condor Camooweal Valley
Eucla Basin Hartley

Joadja

Newnes

Temi

Widdin

Alpha

Carnarvon

Creek

Duaringa

Lowmead

Mt Coolon

Nagoorin

Nagoorin

South

Rundle

Stuart

Yaamba

New Zealand Canada Canada Spain Brazil U.S.A. Estonia

Freshford Pictou Albert Shale Rubielos de Irati Alaska

India France China Turkey Canada

Kutch Autun Fushun Goynuk Boyne Mem.
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- layers composed of numerous sheet-like algal

remains, some or all of which may have been

biologically or physico-chemically degraded.

The two types of lamalginite are referred to as

"discrete
lamalginite"

and "layered lamalginite",

respectively,
wherever specificity is required. Oil

shales with either type of lamalginite were grouped

together previously as lamosite (Hutton, 1980; Hutton

et al. 1980, Hutton, 1981). Oil shales characterized

by
abundant layered lamalginite (for example Green

River lamosite
and lamosite from Zaire) generally have

interlarainated
organic-rich and mineral-rich laminae

whereas
laminations are usually not as well-developed

ln lamosites with discrete lamalginite (for example

Rundle oil shale) . The precursors of some of the

discrete lamalginite have been identified to genus

level.

The two types of lamosite should also be

separated because:

(i) Green River type was formed under more saline

conditions than Rundle type; and

(ii) Green River type is probably derived from

blue-green algae (Eugster and Surdam, 1974)

whereas Rundle type Is derived mostly from the

colonial green algae Pediastrura.
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DISCUSSION

A petrographic classification of oil shales is

useful because it groups together oil shales that have

similar organic constituents. Thus oil shales in the

same group will probably behave in a similar manner

when retorted and produce oil that have similar

properties. In addition, in order to adequately

classify an oil shale, it must be characterised and

this depends upon a thorough understanding of the

organic constituents. Such an understanding of the

organic constituents is always useful in predicting

the chemical properties of organic matter in the oil

shale and shale oils derived from those shales.

Kerogen

Elemental analysis data for oil shales and coals

are commonly shown on a van Krevelen diagram. This

diagram has been used to show the effects of

weathering, comparison of data from different oil

shales and maturation paths of the organic matter.

Three types of kerogen, I, II and III, and the

evolutionary paths are generally shown. Interpreta

tion of several Inconsistencies related to the use of

the term kerogen and the interpretation of kerogen

plots can be understood using petrography. Figure la

is a van Krevelen diagram with H/C and 0/C data for

several oil shales. All data fit within the

"principal domain for
kerogens"

shown on Figure 4.6 of

Durand and Monin (1980, pl27). Both Figure la (this

paper) and Figure 4.6 of Durand and Monin, show that

it is difficult to subdivide elemental data for oil

shale into clearly defined domains such as Kerogen I,

Kerogen II and Kerogen III.

Figure lb shows the same data as for Figure la,

plotted in a manner such that boundaries for the oil

shale domains, that Is, boundaries for the oil shale

types, are shown. Considerable overlap of the domains

occurs. Figure 2 of Cook e_ (1981) also shows

considerable overlap of the different oil shales

domains .

Figure 2 shows a van Krevelen diagram with data

for several Tertiary oil shales from Oueensland,

Australia; all samples came from lamosite deposits.

One would expect that if all are typical lamosites,

they would contain Type I kerogen. Some of the data

clearly do not plot as Type I kerogen. This apparent

anomaly can be easily explained If the maceral

composition of the samples are known. Sample 1 is

derived from the Humpy Creek Member of the Rundle

deposit. It is a canneloid brown coal composed

dominantly of vitrinite with abundant liptinite. As

is common for liptinite-rich cannel coals, it produces

signicant volumes of shale oil when retorted and is an

oil shale. This sample plots near the Type III

kerogen zone on the van Krevelen diagram as would be

expected for any sample dominated by vitrinite.

Samples 2 and 3 are carbonaceous lamosites that

contain more than 5% vitrinite. Because the organic

matter is a mixture of liptinite and vitrinite, the

data must also plot near either the vitrinite or

beteen Type II and Type III kerogen fields depending

on the percentage of vitrinite. Other samples

containing more than 1 vol% vitrinite plot as a group

below samples containing less than 1 vol% vitrinite.
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Figure 3 Maceral composition for selected

marinites.

Petrographic studies (for example Hutton, 1982)

show that marinites, many of which plot near the Type

II kerogen path, are composed of lamalginite and/or

biturainite with vitrinite and Inertinite. These

marinites obviously contain a mixture of organic

matter and thus although the kerogen plots as Type II

kerogen it is not a single chemical, and in many

cases, not even related chemicals. Figure 3 shows

data for marinites from six deposits. These data

clearly show the variation in composition of samples

from a single deposit where more than one example was

examined. Sample 1, from the Antrim Shale, is unusual

in that it contains more telalginite than lamalginite

and therefore if terminology is strictly adhered to

should be plotted as a tasmanite; it is included here

because it comes from a marinite deposit. It would

plot between the Types I and II whereas other samples

such as the Toarcian and Posldonia Shales would plot

as Type II because of the bituminite content.

In summary, we can categorically state that the

use of Type II kerogen has little meaning for samples

such as carbonaceous lamosite and some marinites

because both are mixtures of macerals. Therefore, for

many
samples it can be argued that a van Krevelen

diagram shows the
"average"

chemical composition of

the included macerals rather than the chemistry of a

single
"kerogen".

Carbon Content of Spent Shale

During pyrolysis kerogen is destructively

distilled to produce low molecular weight

hydrocarbons. Not all of the carbon of the kerogen is

converted to oil or gas; some remains behind as

pyrolytic carbon. Gannon and Henstridge (1984)

reported on kerogen conversion relationships in

selected Australian oil shales (Table 5). Analysis of

the lithologs showed that samples 18333 and 18312

contained significant
"carbonaceous"

or coaly

intervals. Petrographic analysis of these

carbonaceous units (Hutton, 1982) show that vitrinite

is abundant. Thus the Gannon and Henstridge summary

that the kerogens of samples 18333 and 18312 contain a

mixture of Type I and Type III kerogen is not only

correct but is easily understood given the probable

composition as indicated from the lithologs.

The very high carbon content of the spent shales

derived from samples 18333 and 18312 is also related

to the maceral composition. Alginite, the dominant

maceral in oil shales such as in samples 18297 and

18291, has a high specific shale oil yield. The

kerogen contains larger relative proportions of

hydrogen and oxygen than does vitrinite. Thus during

pyrolysis, most of the carbon can recombine to form

low molecular weight hydrocarbons; little remains in

the char. With reference to vitrinite, which has a
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much higher C/H ratio, relatively fewer hydrogen atoms

are available for recombination and much of the carbon

must remain in the char.

Table 5 Organic Carbon Conversions for Stuart Oil

Shale (from Gannon and Henstridge, 1984)

Spent

Carbon

Monoxide/

Oil Hydrocarbon Shale Carbon

Sample (%) Gases (%) (%) Dioxide (%)

18297 63.16 3.79 28.54 0.52

18291 61.81 3.79 29.74 0.49

18333 51.16 3.65 40.41 0.33

18312 51.97 3.79 41.98 1.56

Chemical Classifications

The test of any classification is how well the

population fits each group. Rigby et al. (1984)

characterized Australian oil shales using nitrogen

isotope abundances. The groupings obtained by those

authors are identical to those derived from organic

petrography (Table 6).

Table 6 Classification of Oil Shales Using Nitrogen

Isotope Abundance

(isotope data from Rigby et al., 1984)

Nitrogen Isotope Petrography

/15N Dominant

Sample Group /oo Age Group Macerals

Tasmanite 1 +12.7 P Tasmanite Telalginite1

Glen Davis 2 + 5.4 P Torbanite Telalginite2

Glen Davis 2 + 4.7 P Torbanite Telalginite2

Mt Marangaroo 2 + 3.7 P Torbanite Telalginite2

Rundle 3 + 3.0 T Lamosite Lamalginite

Nagoorin 3 + 2.7 T Lamosite Lamalginite

Condor (brown)3 + 2.2 T Lamosite Lamalginite

Condor (black) 4 - 0.5 T Cannel Coal Vitrinite,

Resinite

Julia Creek 5 - 0.7 C Marinite Bituminite,

Lamalginite

P => Permian; T Tertiary; C =

Telalginite1 -

Tasmanites;
Telalginite2 -

Cretaceous

Botryococcus

of gas evolution were also different to those of

lamosites. Ekstrom et al. commented that the phenolic

content of the oils "is characteristic of brown and

bituminous coals, and it appears that the kerogen of

the carbonaceous shales contains a substantial

proportion of material of lignin origin". This Is ln

fact true. Both samples are cannel coals and have

high vitrinite contents. Hutton (1982) showed that

other Condor carbonaceous oil shale samples have up to

80% vitrinite and Hutton (1985) showed that Nagoorin

Carbonaceous oil shale samples contain up to 70%

vitrinite. In both types of samples all liptinite is

derived from terrestrial plants as is the vitrinite.

SUMMARY

Any classification is only useful if the

constituents of the population can be accurately, and

easily, identified and if the classification

accommodates most members of a population without

erecting a large and unworkable number of categories.

A petrographic classification of oil shales does this.

Organic matter in oil shales and related

sedimentary rocks is derived from a variety of

precursors ranging from simple unicellular freshwater

or marine algae and phytoplankton to large terrestrial

vascular plants. The voluraetrlcally Important

components of oil shales are generally macerals of the

liptinite group, and in particular, alginite.

Liptinite is easily recognised using normal coal

petrographic techniques and lt is therefore logical

and useful to construct a petrographic classification

of oil shales. The type and abundance of liptinite

should be the dominant criteria for the hlerarchial

subdivision of oil shales.

A petrographic classification of oil shales as

suggested in this paper is based on terminology

already in use for coal and petroleum source-rock

studies. Two alginite macerals, telalginite and

lamalginite, have been defined and this permits the

characterisation of seven types of oil shales
~

cannel

coal, torbanite, Rundle-type lamosite, Green

River-type lamosite, marinite, tasmanite and

kuckersite.

Ekstrom et al. (1983) examined the chemical and

retorting properties of selected Australian oil shales

(Table 7) and found apparently anomalous results for

two samples
- Nagoorin Carbonaceous and Condor

Carbonaceous. Both samples have high kerogen contents

with low H/C ratios and low oil yields. The kinetics
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Table 7 Summary of Properties of Oil Shales (modified from Ekstrom et al., 1983)

Fischer Organic Kerogen Oil Yield

Assay Oil Shale Carbon Content H/C cm* oil/gram

(LT"1) Type Wt % Wt % Ratio Organic Carbon

Nagoorin Carbonaceous 232 Cannel Coal 65.2 72 0.93 0.36

Condor Carbonaceous 69 Cannel Coal 29.3 33 1.11 0.24

Condor 93 lamosite 12.3 12 1.42 0.76

Stuart 178 lamosite 19.3 25 1.48 0.92

Duaringa 86 lamosite 11.0 14 1.48 0.79
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CASE STUDY OF METHANE OCCURRENCES AT THE

CATHEDRAL BLUFFS SHALE OIL MINE, COLORADO

By S. J. Schatzel, D. M. Hyman, and A. Sainato,

Bureau of Mines

Pittsburgh Research Center

Cochrans Mill Road, P. 0. Box 18070

Pittsburgh, PA 15236

ABSTRACT

The Bureau of Mines is evaluating gas data from

a project at the Cathedral Bluffs Shale Oil Mine near

Rifle, Colorado. About 192 m (630 ft) of oil shale

core samples were recovered from in-mine drilling and

monitored in air tight containers. Gas data was

determined by the Bureau's modified direct method

(MDM) technique. Gas contents for methane and other

gases were determined by normalizing the 134 samples

by weight and indexing them for uniform durations of

gas monitoring. The mean desorbed methane volumes

for 3, 40, and 125 days are 0.0316 cm3/g, 0.114

3 3
cm /g, and 0.195 cm /g, respectively.

In addition to methane content per unit weight

values, the Bureau has investigated the correlation

between certain previously suggested geologic

parameters and methane content. The gas correlations

examined include modified Fischer assay and occur

rence of bitumens and pyrites. The time indexed

methane per unit weight mean values are one to two

orders of magnitude smaller than the methane contents

determined during a Bureau gas emissions study at the

nearby Horse Draw Mine. The methodology for methane

content measurements from the Horse Draw and

Cathedral Bluffs Mines were very different and have

not been resolved for data comparisons.

METHANE CONTENT TESTING

The modified direct method test (MDM) for

methane content determinations was conducted on

essentially all of the recovered shale removed from

horizontally and vertically cored drill holes.

Sample lengths were usually determined by the length

of core recovered in a single core barrel run. The

134 oil shale core samples sealed in air-tight con

tainers were gas sampled repeatedly during the

study. Each sampling included recording the date

and time of sampling, a measurement of the differen

tial pressure between the container atmosphere and

the mine atmosphere, retrieval of a gas sample of

the container atmosphere, bleeding the container gas

pressure to mine atmospheric pressure, and recording

the temperature and atmospheric pressure at the

underground work station. The duration of gas

desorption monitoring is nonuniform because measure

ments begin as soon as the core sample is removed

from the hole and placed in the airtight container.

As a result, the position of the sample in the hole

and in the drill hole sequence determined the

duration of desorption monitoring. The concentra

tion of gases at each sampling was multiplied by the

STP total contained gas volume. After the comple

tion of gas sampling, the gas volumes can be totaled

to find the amount of gas liberated (or consumed)

over a known period of time.

To compare gas desorption/reactions between

samples, inconsistencies in test duration and sample

size needed to be eliminated. Time indices were

chosen to facilitate sample comparison. The longest

common duration of MDM testing for a group of core

samples, vertical or horizontal, was chosen for the

index. A 40- day (960 hr) index was chosen for the

vertically cored samples and a 125 day (3000 hr)

index for those samples cored horizontally. The

horizontal core sample gases were also indexed at 40
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days so they could be compared to the vertical

samples. In addition, a 3-day (72-hr) desorption

time index was determined to simulate a typical

period of time gas would be released from a muck pile

before being removed from the mine environment. All

gas totals were divided by the sample mass providing

weight normalized gas quantities for interpretation.

Previous investigations on coal and oil shale

gas desorption have shown a linear relationship for

cumulative methane when graphed in terms of the

square root of time (Kissell 1973). Figure 1 shows

a graph of square root of time in hours against

cumulative gas volume per unit weight. The key shown

for sample UV208 is consistent for all samples

presented in the study. Nitrogen (open triangle)

starts at a quite high volume since the mine atmos

phere is enclosed in the sealed container at the

start of the test. The volume of nitrogen decreases

slightly probably resulting from the additive effects

of experimental errors. Nitrogen may react and

decrease in volume to some extent although a regular

trend of nitrogen decreasing over time was not

apparent in the sample population. Oxygen (open

circle) shows a steady decrease in volume during the

test interval. The slope of the oxygen curve is much

steeper than the slopes of other atmosphere contained

gases, such as nitrogen, which are not emitted in

measurable volumes from the oil shale sample.

Presently, it is not clear whether oxygen is lost

because of sorption onto surface sites on the oil

shale or whether oxygen is consumed by low level

oxidation reactions. The decrease in oxygen was not

accompanied by a significant increase in CO or C02 as

was noted in some trona and coal mines where self

heating reactions were found to occur (Kuchta 1974).

Carbon dioxide (open diamond) shows an increase in

volume with time. However, the total volumetric

increase is small compared to the more abundant and

50 60

TIME, h(/2

Figure 1. - Gases measured within container for

sample UV208. The dotted line shows the

time index value for methane content at

40 days.

more reactive gases. Methane (closed circle) in

creases over the course of this test. The 40-day

indexed value for methane content equals about 31 on

the square root of time (x) axis. The indexed

values are estimated by interpolating a straight

line between the closest points before and after the

time indexed value. The 40- day indexed methane

value for UV208 is 0.116 cm /g. The open square

indicates the change in overall gas volumes over

time. The figure shows a substantial increase in

overall gas volume over time. The total increase in

gas volume is smaller than the increase in methane

alone, largely due to the volumetric decrease in

oxygen.

A linear increase in methane from oil shale

over time as measured in the square root of hours

was found in this study to be not exact in many

cases. Curved methane plots have been fit to second

degree polynomials very successfully with the

coefficient of determination or r values generally

in excess of 0.98.

An example of a successful linear curve fit is

given in Figure 2. Sample UV303 is shown with gas

volumes normalized per unit mass in the figure. The

CH^ content of this sample is lower than the
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majority of Cathedral Bluffs samples. At the 40- day

time index, UV303 desorbed 0.0750 cm3/g of CH4. The

curve fit in the lower figure shows methane data

only.

0.30

40

.08

.06

.04

.02

KEY

CH4
y2.52746"3X

-3.23889-3

enriched beyond the majority of oil shale samples

presented here. An association between methane

flows from a drill hole and high methane contents

from the same footage interval is tentatively

supported. A 0.3 m (1 ft) sample was assayed from

the 2.6 m (8.5 ft)-long core interval contained in

UH109. The oil yield of this sample was 104 L/t (25

gal/ton). Small isolated bitumen bodies were noted

in the portion of UH1 core contained in desorption

sample UH109.

Methane contents per unit mass were calculated

from modified direct method data for the sample

population at the three time indicies. The mean

value of 119 samples at the 3-day index is 0.0316

cm3/g. After 40 days of gas desorption, the sample

population numbered 100. The mean methane content

of the population shown in Figure 4 was 0.114

15 20

TIME.h^

Figure 2. - A, gases measured within the container for

sample UV303; B, linear regression fit to

desorbed methane data for sample UV303.

Figure 3A presents a graph of gas volume per

unit mass plotted against square root of time for

sample UH109. Sample UH109 produced a larger

quantity of methane in comparison with other

Cathedral Bluffs samples undergoing MDM testing. The

time- volumetric methane indices for this sample are

0.0804 and 0.253 cm3/g at 3 and 40 days, respec

tively. Also, the duration of testing was far longer

for this sample, 132 days, than those samples already

presented. Figure 38 shows only methane data plotted

on a normalized cumulative gas volume versus square

root of time graph. A second degree polynomial was

fit to this data. Methane rich gas flowed from hole

UH1 during core drilling at a depth included in the

UH109 desorption sample. This core sample is gas

TIME,
h*

Figure 3. - A, gases measured within the container for

sample UH109; B, second degree polynomial

fit to desorbed methane data for sample

UH109.
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cm /g. After 125 days of desorption, 50 samples from

the horizontal holes had a mean methane content of

0.195 cm /g. All three sample populations

deviated somewhat from normal distributions. The

sample populations had the bulk of samples skewed

somewhat below the mean with a few samples producing

a tail on the distributions in the more gas enriched

direction.

Figure 4. - Methane contents of samples at 40 days of

desorption showing the distribution of

vertical core hole samples only and the

total sample distribution.

IN SITU PERMEABILITY

The in situ hydraulic conductivity determina

tions were performed using a discontinuum approach

described by Bennett and Anderson (1982). In this

approach the significant permeability is attributed

to the fractures intercepted by the test interval (a

section isolated by inflatable packers), with the

unfractured rock matrix not making a significant

contribution. The average equivalent aperture of a

fissure was calculated and the average fracture

permeability calculation was made assuming a parallel

plate model. The test method used measures the

steady- state fluid flow from the test interval into

the fissure at a constant head or pressure. The

equivalent aperture concept is used because the

surface roughness of the fracture was not known. The

equivalent aperture is essentially the width of the

fracture if that width is conceptualized as being

wide enough such that the real surface roughness of

the fracture becomes quite small. A parallel plate

model is used to approximate the fracture configura

tion to determine its permeability.

Two intervals of hole UH2 were chosen for in

situ permeability testing. Both intervals had

produced methane gas flows from the hole during core

drilling operations. The test-interval length, the

separation between the two inflatable packers, was

identical for both tests, 1.7 m (5.5 ft). The first

test zone was located between 19.2 m (63.0 ft) and

20.9 m (68.5 ft). This portion of the hole was seen

to be transected by fractures during core logging, a

total of 13 were counted. The test fluid used was

water for this and all other permeability tests

conducted at the site during the study. The 19.2 m-

(63.0 ft) to 20.9 m- (68.5 ft) test section was

tested at pressures of 3.90 MPa (565 psi) to 4.14

MPa (600 psi) pressure.

Graphs were made from the experimental data to

see how both equivalent aperture and fracture

permeability vary with increasing pressure. Data

from the shallow zone test is shown in Figure 5A.

Both the equivalent aperture and the permeability

decrease with increasing pressure. It is difficult

to account for this behavior. Test pressures were

below the hydraulic fracture gradient as determined

by Briedenhoft (1976). Although the gauge at the

collar of the hole registered 4.14 MPa (600 psi), an

unstable pressure differential within the tested

interval could account for hole performance shown in

Figure 5A. Those portions of the test section at

the greatest distance from the hole collar may have

not been pressurized to the test pressure due to

removal of the test fluid via fracture permeability

progressing at a more rapid rate than the influx of

pressurized water. If this condition did exist, it

would eventually produce falling pressure at the
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gauge. The test duration, about 68 min, may not have

been long enough to record a pressure drop at the

gauge. The data does show a permeability and

fracture aperture decrease with time with the test

pressure beginning at 3.90 MPa (560 psi) and ending

at 4.14 MPa (600 psi). The unusual relationship

observed between fracture aperture and permeability

and fluid pressure also may be attributable to

alteration of the in situ stress field in the

vicinity of the shaft by shaft sinking operations.

The altered stress field may have caused the rock to

fracture during the shallow permeability test forming

a reservoir that could no longer be filled by the

test fluids being pumped into the hole.

The deeper test interval in hole UH2 extended

from 35.1 m (115 ft) to 36.7 m (120.5 ft). The

constant head test was maintained at 6.21 MPa (900

psi) and 6.90 MPa (1000 psi) gauge pressure. Figure

5B presents the equivalent aperture and average

fracture permeability, graphed against absolute

pressure in the test interval. Although only two

pressures were maintained during this test, there

does appear to be an increase in equivalent aperture

that varies from less than 0.0058 cm (0.0023 in) to

over 0.0064 cm (0.0025 in) at 6.21 MPa (900 psi) and

from over 0.0074 cm (0.0029 in) to just under 0.0079

cm (0.0031 in) at 6.90 MPa (1000 psi). Some of

these separations overlap those determined in the

19.2 m- (63.0 ft) to 20.9 m- (68.5 ft) interval at

lower pressures. Permeabilities in the deeper test

section of hole UH2 varied from about 280 to over

500 darcys. At lower pressures in the shallower

284 f

282

280

~

278
io

'O 276

Qif 274

272

270

268

1 T t r

A\ Shallow test zone

J l L

P-P0, MPa

4 4.03 4.07

721 310

716

711

706

4 701

696

300
-

290

280

270

260

250

691 240

686 230

681 220

4.14

570 575 595 600

P-PO, psi

900 920 980 1,000

Figure 5. - Hole UH2: variation of average equivalent fracture aperture and permeability with fluid pressure

as measured by constant head. A, shallow test zone; B, deep test zone.
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test section of UH2, the determined permeabilities

ranged from about 395 to 435 darcies.

INTERDEPENDENCE BETWEEN METHANE CONTENT AND MEASURED

GEOLOGIC DATA

Figure 6 presents geologic data for each of the

vertical holes. The horizontal distance between hole

collars is not given but depth is shown to scale as

distance in feet below the Upper Void Level mine

floor. The desorption sample number is given in the

left most column. Reading left to right, the next

column gives lithologic information about the core.

The next column shows oil yields determined by

Modified Fischer Assay. The next column to the right

on Figure 6 is another histogram showing the 40 day

index of methane content per unit mass as measured by

desorption in a closed container. The column on the

far right gives the location and quantity of frac

tures in the core.

Figure 6 allows the qualitative evaluation of

interdependence between several factors. In general,

gas flows emanated from fractures, vugs, fracture

planes coated with kaolinite, and core loss zones.

The relationship between gas flows during drilling

operations and gas enrichment measured by MDM gas

desorption testing was tentatively upheld. It may be

that methane flows are better correlated with the

form or structure of the methane emitting/producing

zone rather than its desorption gas content or

chemical composition. This is a somewhat appealing

premise because methane that readily flows from a

drill hole is probably mobile and exists in a free

gas state or dissolved in water before penetration by

drilling operations. It would not be necessary for

this gas to remain near its source. However, reser

voirs that produce gas appear to have been very

limited in volume as they bled off within the

duration of a single shift. Although the perme

ability data represents only an initial step towards

understanding the reservoir characteristics of oil

shale ore bodies, it does indicate high permea

bility, hundreds of darcys, within the fracture

network of gas producing zones.

It has been postulated that an association

might exist between the amount of methane enrichment

and the oil yield richness of oil from the same

sample upon retorting. Predictions of oil shale

specific gravity based on oil yield infer a rela

tionship between assays and the actual amount of

organic matter contained in a sample. The histo

grams in Figure 6 do not qualitatively support an

association between methane content and oil yield.

Methane contents as determined by the MDM

technique were easily related to the oil yield

determinations once the Fischer assay sample

interval was averaged to match the methane content

interval. No relationship is discernable from the

Figure 7 graph of oil yield against the 40 day time

indexed methane content.

Although several previous studies have upheld a

relationship between oil yields and methane con

tents, the values for methane contents were deter

mined by direct method testing or a derivative of

the technique. Differences between previous methane

content oil yield correlations and data reported

here may be attributed to methane content testing

methodology. This possibility is not substantiated,

but the MDM technique is considered to be superior

to the direct method for methane content testing of

oil shale. In addition to methane, other gases

analyzed by chromatography can be time indexed,

quantified, and graphed against the oil yield data.

These quantities are expressed as the normalized

differences between the beginning and end of gas

monitoring instead of gas contents because some

gases decrease in volume during the test (i.e.,

oxygen). Since C02 is liberated during the process
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Figure 7. - Modified Fischer assay oil yield data

graphed against methane content data for

Hole UV2.

of organic thermal maturation, it may be related to

the original organic content of the oil shale and

possibly to the oil yield as determined by modified

Fischer assay. Other avenues of C02 production are

recognized such as the dissolution of carbonate. If

the mechanism of decreasing oxygen volume is either

oxidation or sorption, the volume decrease might be

related to the abundance of organic material. The

amount of organic material present would control the

amount of organic carbon available for combining with

02 in the former or the availability of sorption

surface sites in the latter. The behavior of the

nitrogen gas constituents was also graphed against

the oil yield data. None of the plots in Figure 8

show consistent volumetric changes in terms of oil

yield.

The parameter in Figure 6 that directly and most

consistently varies with methane content appears to

be the occurrence of asphalts or bitumen and some

times pyrite. Asphalts in the context of this study

refers to small rounded inclusions of bituminous

material found in the core. The fine-grained

dispersed nature of this material suggests that the

organic materials in the oil shale have been the

source of the bitumen formation. The exact mechan

isms for formation of these bitumens is not totally
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Figure 8. Oil yields graphed against gas data for

Hole UV2.

understood, however, liquid grease- like bitumens are

common in mines in the Uinta Basin as well as in the

Horse Draw Mine. These materials were mobile in the

joint network and were found to accumulate in lean

oil shale zones where the joint system appeared more

strongly developed. The bituminous matter at the

Cathedral Bluffs Mine showed no evidence of mobility

in its present state.

CONCLUSIONS

Methane contents of samples from the Cathedral

Bluffs Mine were found to be 1 to 2 orders of

magnitude smaller than the 1.31 m3/t (42 ft3/ton)

found by a previous Bureau study by Sapko (1982) at

the nearby Horse Draw Mine although differing

methodologies were utilized in the two studies. The

Horse Draw study equated the concentration of
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methane In mine air to the amount of oil shale mined

to determine average methane content. This study

measured methane quantities released from cored

samples without destructive sample treatment.

Despite the differing determination methods, the

discrepancy underlines the importance of strati

graphic and geologic controls in methane emissions

from oil shale. Permeabilities from the Cathedral

Bluffs Mine, although preliminary, are on the order

of less than 10 microdarcys in the rock matrix and

hundreds of darcys in the rock fracture network.

Durations of gas flows in the Bureau experience

within the Cathedral Bluffs Mine were short and bled

off in less than an 8- hour work shift attesting to

the limited capacity of the reservoirs.

Modified Fischer assay oil yields showed no

correlation with methane enrichment nor the behavior

of any other gases of significant volume analyzed.

The most reliable correlation to methane enrichment

found within the confines of this study is the

occurrence of bitumens and possibly pyrites in the

oil shale. Occurring bitumens vary in chemical

composition and range in appearance from mobile

viscous fluids within joint systems in the Uinta

Basin and in the saline zone of the Piceance Basin to

dispersed solid material in the leached zone of the

Piceance Basin. At present, it is not clear why some

bitumens are present at some sites but not others or

how they are associated with methane enrichment.
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ABSTRACT

The Bureau of Mines, in continued support of its

long term study of the explosion and fire hazards of

oil shale mining, participated in three additional

production-scale blasts conducted at two Colorado oil

shale mines. Overpressures developed from the blasts

were a few tenths of an atmosphere, similar to those

recorded in previous years. High speed movie cameras

were used to observe the blast sequences. To study

the amount of dust generated, post-blast floor dust

loadings were measured, and airborne dust clouds were

monitored with optical dust probes. The floor dust

loadings at positions within 40 m of the face were

higher than the ones sampled in earlier blasts

farther from the faces. These concentrations were

still well below the concentrations required to

propagate explosions.

INTRODUCTION

Investigations into the fire and explosion

hazards associated with oil shale have been a

continuous research endeavor for the Bureau of Mines

since the technology in this industry has developed

to where the mining of oil shale has the potential to

become a viable commercial enterprise. The Bureau

has been involved in monitoring three earlier oil

shale
blasts*-* to expand its data base and to explore

any correlations between this field work and the

experimental research. In this manner, the Bureau

can provide valuable information for the development

of safety regulations in the oil shale industry.

The Bureau has tested numerous oil shale

dusts in small-scale laboratory chambers1
and in

the large-scale Experimental Mine^-10
facility in

Bruceton, Pennsylvania. The purpose of these

tests was to determine flammable limits and

explosion pressures of oil shale as a function of

its particle size and kerogen content. Also

evaluated was the incendivity of various blasting

agents.
6 Other tests**

were performed to study

the effect of adding small amounts of methane to

the dust clouds. Significant amounts of methane

have been measured in a deep oil shale mine at

Horse Draw.9*11 Methane has also been detected

in smaller amounts during development blasting at

the White River Shale Project in Utah.1? The

in-house research has determined that the lean

limits of flammability for oil shale dust vary

inversely with oil assay and that any increase in

the concentration of dust or methane increases

the explosion hazards.

In August 1985, two Colorado oil shale mines

invited the Bureau to participate in three

additional full-scale blasts. From the knowledge

and experience obtained in the earlier blasts,

the research effort this time focused nearer to

the face in order to gather data to better

estimate the explosion hazards there. Emphasis

was placed on accurately measuring the airborne

dust concentrations produced during the blasts

and collecting post-blast floor dust samples to
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determine if the airborne dust near the face was of

sufficient concentration to cause a secondary

explosion. Movie cameras and a gas sampling unit

were also utilized to detect any secondary explosions

or burning resulting from the blasts, as has occurred

in sulfide mining. 3, 5 The f0nowing discussion will

primarily focus on the instrumentation and data from

these blasts and comparisons with the data from

previous blasts and experimental research.

INSTRUMENTATION

To better understand the explosion dynamics and

potential hazards associated with the development of

approximately 3,000 tons of oil shale from a single

blasting face, the Bureau of Mines has been actively

collecting field data. From analyses of the data

obtained during earlier blasts13 at Exxon's Colony

Mine, attempts were made during the more recent

blasts to acquire detailed data in several areas of

uncertainty. These include accurate sampling of dust

loadings on the rubble pile, measurements of airborne

dust concentrations and static pressure generated

during the blasts, and the collection and analysis of

post-blast gas samples.

Figures 1 and 2 are diagrams of the three

blasting zones that were monitored in August 1985

at two Colorado oil shale mines. Figure 1

illustrates the position of the two target faces

for blasting in one of the mines. The

instrumentation in this figure is depicted in the

manner in which it was positioned for blast 4.

The instrumentation was relocated in a similar

manner for blast 5 by moving the equipment to the

next face. Figure 2 displays the equipment as it

was installed for blast 6 in the second mine.

Sampling of floor dust loadings deposited

during the earlier blasts provided a reliable

estimate of the airborne or float dust

concentrations up to 165 m (550 ft) downstream.

However, the post-blast rubblization generally

covered the collection plates within 40 m of the

original face. For blasts 5 and 6, careful

attention was directed toward sampling dust from

the rubble pile to determine if the concentration

nearer the face may have been of sufficient

quantity to represent a secondary explosion

hazard. Due to an unforeseen power interruption

in blast 3 that resulted in the premature

termination of the optical dust probe24 signals,

the concentrations of the airborne dust clouds

generated by the face detonations were

unavailable.13 Additional precautions were taken

in the latest blasts to ensure a continuous power

feed to the control base. A total of three dust

probes were utilized in each recent blast to

provide a better estimate of the dust

concentrations and to calculate, from the dust

cloud arrival times at the probes, the wind

velocities of the dust clouds. The optical path

lengths for the probes were 5 cm, and air jets

were directed over the sensor windows to

eliminate obscuration due to coating of the

windows.
2.4 To lessen the contamination by

existing mine dust, the majority of the mine

floor was wetted with water prior to the blast.

In blasts 4 and 5, the optical dust probes were

positioned within the first open crosscut, about

40 m from the face. Two probes were mounted on

one stand: the first 1.5 m and the second 3 m

above the mine floor. Across the entry, the

other probe was about 1 m off the floor. In
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blast 6, the two-probe stand was located

approximately 85 m outby the face at midentry; the

other stand was 15 m further down the entry. For

this blast, the instrument stands were in a direct

line of sight to the face. The risk of damage to the

instruments from flyrock was the reason for position

ing the stands in the crosscuts in blasts 4 and 5.

To determine the respirable dust concentrations

produced during a 1-h period following the blasts,

several sampler units were positioned throughout each

zone (figs. 1 and 2). The sample cassettes were

later weighed and analyzed for quartz content.

Pressure transducers were used to measure the

overpressures developed from the shock waves of the

explosion. A static pressure transducer was flush

mounted to the left inby rib approximately 1 m in

from the crosscut for blasts 4 and 5. For blast 6, a

transducer was located on the right inby rib about

85 m from the face, and several other transducers

were about 350 m further downstream. A pressure

transducer was also installed at the control base for

each blast. The recorders, power supplies, and

timer-delay initiation system were located in the

mobile control base, which permitted transportation

of the equipment to the adjacent blasting zone and to

the other mine site with minimal disconnections and

time loss. It was possible with this mobile base to

get much closer to the blast face while still

providing
protection to the equipment inside, in

addition to lessening the cable lengths required

between instruments and recorders.

A high speed,
evacuated-vial sampling system was

installed in each of the recent blasts to draw batch

samples of the mine atmosphere every 2 min. This

system was activated by the pressure pulse from

the detonation of the presplit holes.

Observations, based on film taken in an

earlier blast, showed evidence of flame near the

face.13 It was indeterminate from the film

whether the flame was due to the burning of oil

shale or the explosive material from the

unstemmed blastholes or a combination of both.

Two 16-mm movie cameras were mounted on the mine

roof in an explosion-proof housing about 40 in

from each of the blast faces in order to give a

visual record of the detonations and to document

any secondary explosions. The two cameras ran at

32 and 64 frames per second. A multiple flash

bulb system was installed in each blast to

provide sufficient illumination of the face area.

The flash sequence was initiated 1 s prior to

detonation and lasted about 8 s.

The blasthole pattern, powder factor, and

depth of round are the primary factors that can

affect the fineness of the dust associated with

the mining of oil shale. Figure 3 is a diagram
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of the blasthole pattern used in blasts 4 and 5.

These blast faces were 15 m (50 ft) by 8 m
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(27 ft) and were drilled to a depth of 7.3 m (24 ft).

A total of seven presplit holes were drilled into the

face along each rib. Figure 4 is the blasthole
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pattern for blast 6, where the face was 17 m (55 ft)

by 9 m (30 ft). This pattern used one additional

presplit hole along each rib and contained four fewer

production holes. The holes in this pattern were

9.5 m (31 ft) deep. The detonation of the presplit

holes 25 ms prior to the initial detonation of the

production holes provided the necessary expansion

space, similar to that of undercutting a coal face,

and minimized rib damage. The dashed lines in both

figures show the 32 degree V-cut at the center of the

faces. Each of the production holes for blasts 4 and

5 was loaded from the back of the hole to within 3 to

5 m of the face. The four additional holes near the

mine floor were necessary to eliminate the uneven

floor surfaces encountered in earlier blasts. The

production holes contained from 20 to 36 kg (43 to

80 lb) of AN-FO, ammonium nitrate-fuel oil. In blast

6, all the production holes were loaded from the back

of each hole to within 5 m of the face, with each

hole containing 50 kg (111 lb) of AN-FO. The pre

split and production holes for every blast were 11 cm

(4.25 in) in diameter. Nonelectric blasting caps

with time delays of 25 through 600 ms were used

in the blasts, as shown in figures 3 and 4.

A timer and relay system was used to

sequence the start and stop of the recording

equipment, cameras, flash system, and compressed

air for the dust probes during each blast. The

timer system activated the monitoring equipment

1 s prior to detonation. This allowed the equip

ment to achieve full power and establish stable

baselines. E-cord (25 gr/ft) was used to initi

ate all of the time delay detonators in each of

the blastholes.

RESULTS AND DISCUSSION

Figures 5 and 6 are photographs of the face

area before and after blast 6. The face

dimensions are approximately 9 m high by 17 m

wide (30 ft by 55 ft). A partial outline of the

face is evident, particularly at the lower left

portion of the face. The circular markihgs

indicate the location of the production holes.

The explosion-proof housing for the two movie

cameras can be seen at the top of the photograph

in the center; it is about 47 m outby the face.

The flash assembly was roof mounted onto a 5 m

board and was approximately 15 m from the face.

It is seen slightly above center in the right

half of figure 5. The workers and machinery used

for loading the AN-FO into the holes provide a

size scale for these large entries. The post-

blast rubblization of the oil shale is shown in

figure 6. A uniform fragmentation and distribu

tion resulted from this blast. The rubble pile

extended outby the original face about 50 m. The

presplit holes and the powder factor (AN-FO

loading) were the primary conditions affecting
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FIGURE 5. - Mine face before blast 6.

FIGURE 6. - Mine face after blast 6, showing rubblization.
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both the extent and size of the rubblization. The

larger boulders associated with blasts 4 and 5

(fig. 7) were a result of the different blasthole

FIGURE 7. - Large boulders in the rubble pile from

blast 5.

pattern; the larger rubblization was preferred at

this mine because of their retorting process.

Dust samples were collected from measured rock

surfaces at various locations on the rubble piles

(fig. 8) for blasts 5 and 6. The samples were

^L
ejR

flfc^*4\m tttmWf^^ **

ITT"^ A/ ^*

\

FIGURE 8. - Collection of floor dust samples from

rocks in the rubble pile after blast 5.

weighed, sized, and assayed. From previous

experimental research, only the finer particles were

found to present potential explosion hazards;

therefore, only the minus 20-mesh dust from each

sample was analyzed, eliminating the small flyrock

and very coarse particles. The dust loadings

generated during blasts 5 and 6 are plotted with

those samples gathered in the earlier blasts13 in

figure 9. The earlier blasting research provided

a reasonable estimate of the dust loadings from

40 to 165 m outby the new face. In figure 9, the

floor dust loadings are shown as the left

ordinate, and the nominal volumetric

concentrations (assuming the dust to be dispersed

throughout the cross section) are shown as the

right ordinate. Note that the measurements in

figure 9 are relative to the new face, while most

of the other distances in this paper are relative

to the original face. The samples in blasts 5

and 6 were taken exclusively from the rubble

piles to determine if the nominal dust

concentrations nearer the face were high enough

to promote secondary explosions. The nominal

concentrations on the rubble pile increased from

6 to 28 g/m3
as the distance to the face

decreased. These average concentrations are

higher than those sampled in previous blasts but

remain an order of magnitude below the

experimentally determined lean limit

concentration1'^ for explosions of fine sized oil

shale dusts of similar grade. The surface mean

diameters, Ds, and the weight mean diameters, Dw,

were calculated from the size distributions of

the minus 20-mesh fractions of the samples.

Within 45 m of the face, Ds ranged from 15 to

137 ym, Dw ranged from 50 to 315 ym, and the

minus 200 mesh fraction ranged from 10 to 81 pet.

The range of values is similar to those of

earlier blast findings,13 and no systematic

variation with distance was found within this

area. However, the powder factor and the
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FIGURE 9. - Summary floor dust loadings (minus 20-mesh fraction) after five blasts,

blasthole pattern can affect the size distribution of

the dust. In blast 5, the minus 200-mesh fraction of

the sample dust ranged from 10 to 65 pet, while that

fraction of dust in blast 6 ranged from 70 to 81 pet.

The assay of the floor dust samples ranged from 63 to

103 mL/kg (15 to 25 gal/ton). This is lower than

earlier
data13 from blast 3, where the shale had an

assay of 125 to 140 mL/kg (30 to 34 gal/ton) from

samples taken on the rubble pile.

Previous
data1 had shown lower assay for the

finer sized dust particles that were size separated

in the laboratory. During the earlier blasts, the

particle size of the oil shale became finer and the

assay
lower as distance from the face increased.13

The lower assay of samples analyzed from the rubble

pi le m the latest blasts may be due to the

variability
in the grade of the rock being blasted

and/or to the slightly finer dusts resulting from

these blasts.

Several respirable dust sampling units were

positioned at various locations within the blast

zone (figs. 1 and 2). These units were operated

for a 1-h period during and immediately following

the blasts. Later, the filter cassette of each

unit was weighed and analyzed. The quartz

content of the samples ranged from 4 to 14 pet.

The new high speed, evacuated-vial gas

sampling system was field tested for the first

time during these blasts. This system was

capable of obtaining 18 test tube samples in the

entry at preset time intervals. The sample time

and the interval between samples could be

adjusted in advance. The unit was activated by

the initial blast wave and programmed to draw gas

54



samples every 2 min immediately following the

presplit detonation. Unfortunately, during two of

the three blasts, flyrock damaged the unit and/or

severed the pneumatic lines and supports. In one

blast, the unit was able to obtain 18 gas samples

over a period of 34 min. Analyses of these gas

samples showed trace amounts of H2 and CH4, perhaps

generated from the cracking of the shale kerogen as

it was heated by the explosives. These measurements

were in the absence of any net ventilation flow and

would be reduced greatly after the main fans were

turned on. The CH4 amounts were negligible compared

with those in gassy
mines.9*11*12 This was expected

since both of the mines in this report were near

outcrops.

Figure 10 is a composite plot of the signals

the speed of sound in air. In blasts 4 and 5,

the static pressure, or that pressure which was

exerted against the ribs, was approximately

0.3 bar (4 psig) at about 25 m from the face

(figs. 10, A and B). In blast 4, the signal

cable was severed at 0.34 s and the trace in

figure 10A ends. The pressure measured from

blast 4 at the control base 65 m away in the

adjacent room was about 40 mbar (0.6 psig); and

the pressure measured at the control base in

blast 5, 115 m from the face, was about 20 mbar

(0.3 psig). The main transducer for blast 6 was

located 85 m from the face and recorded a peak

static pressure of about 0.1 bar (1.5 psig), as

shown in figure IOC. This pressure is the same

as the static pressure measured during blasts 1

0.1 0.2 0.3 0.90.4 0.5 0.6 0.7 0.8

TIME AFTER IGNITION, s

FIGURE 10. - Static pressure generated by three face blasts.

I.I 1.2

received from the main static pressure transducers

during the three blasts. The time from ignition to

the first pressure peak is the time for the pressure

wave to travel at the speed of sound in air from the

faces to the transducers. These distances were about

25 m for blasts 4 and 5 and about 85 m for blast 6.

The smaller signals preceding the initial peaks are

due to the vibrations through the solid mine rock

since the speed of sound in rock is about 20 times

and 3 that occurred in the same blasting
zone.13

The peak pressure recorded at the control base

about 145 m from the blast 6 face was approx

imately 50 mbar (0.7 psig). Additional trans

ducers were mounted on several test stoppings

located over 430 m from the blast face during

blast 6. The maximum recorded pressure exerted

against these ventilation stoppings was about

11 mbar (0.16 psig). A cyclic pressure wave was
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developed from blast 6 that was clearly evident after

viewing the movie film that was taken of a

ventilation curtain located about 155 m from the

face. The curtain was being alternately pulsed

outward and then inward as it encountered the

successive shock waves generated from the face

detonations and rebounding pressure waves. The

pulses decreased in intensity and the interval

between pulses became longer as the rebounding

pressure waves gradually faded. In all three blasts,

the pressure decayed approximately linearly with

distance except when it reach an area with multiple

rooms and passageways, where it decayed more rapidly.

A model could be developed to predict the pressures

that would be generated for a particular blasting

pattern and powder factor, and these predictions

could be applied in the construction of stoppings.

Problems encountered during the earlier blasts13

prevented the measuring of the airborne dust

concentrations produced from the exploding rock at

the face. Careful attention was given to wetting the

mine floor, particularly in front of the optical dust

probes, to suppress the existing floor dust and to

lessen the probability of entrainment of that dust.

For blasts 4, 5, and 6, very low dust concentrations

were calculated from the high transmission

measurements (95 to 99 pet) recorded from the dust

probes. However, even these transmissions over the

5-cm optical path length of the probe would

correspond to a very low visibility over a distance

of a few meters. There were intermittent power

interruptions to the dust probes during the blasts,

and lower transmissions
might have occurred during

these times. The measured transmission values of 95

to 99 pet are consistent with the measured floor

dust loadings at the positions of the dust

probes. Close to the face, there were probably

higher airborne dust concentrations, as shown by

the billowing clouds in the high speed movies and

the higher floor dust loadings (fig. 9).

The two 16-mm movie cameras were again

successful in observing the face during each of

the blasts. Frames from the movie of blast 6 are

shown in figures 11-13. The start of the

FIGURE 11. - Frame from a high-speed movie

during blast 6, showing initial face detonation

FIGURE 12. - Frame from movie during blast 6,

showing luminosity at face at 45 ms.
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FIGURE 13. - Frame from movie during blast 6,

showing luminosity at face at 110 ms. Horizontal

flash system is in upper right of frame.

blasting sequence was clearly evident by the brillant

flash of the E-cord as it initiated the time delay

detonators in the presplit and production

holes (fig. 11). Note the flash of the detonator

cords that enter each hole. Figure 12 shows flame

from an unstemmed blasthole during the detonation of

the V-cut rounds approximately 45 ms into the blast

ing sequence. Figure 13 shows the blasting face

about 110 ms after ignition. The lighting on the

right half of these photographs is due to the

multiple flash system; that on the left is due to the

flame. Flame was evident for at least 220 ms after

ignition, at which time the dust totally obscured the

view. Similiar results were observed during blast 3

in this mine13 and during blasts 4 and 5 in the other

mine. It is uncertain whether the flame luminosity

at the face was solely due to the explosives in the

unstemmed blastholes or partly due to localized burn

ing of the oil shale dust clouds. There was no evi

dence of flame luminosity after the end of the

blasting sequence.

CONCLUSIONS AND RECOMMENDATIONS

To date, six commercial mine scale face blasts

have been monitored at two Colorado oil shale mines.

A substantial data base has been created from

these blasts in the areas of dust and pressure

generation. The instrumentation and timing mech

anisms became more complex as additional sources

of potential blasting hazards were explored.

The maximum static overpressures generated

during blasts 4 and 5 were about 300 mbar at 25 m

from the face, decreasing to 40 mbar at 65 m, and

finally to 20 mbar at 115 m. In blast 6, the

static pressure was about 100 mbar at 85 m outby

the face, 50 mbar at 145 m, and 11 mbar at 430 m.

These pressures were similiar to those recorded

in the other previous
blasts.13 Floor samples

and airborne dust recordings indicated the

nominal dust concentrations were an order of

magnitude below the concentration required to

initiate secondary explosions. The floor dust

loadings ranged from 6 to 28 g/m3 on the rubble

pile. The optical dust probe data showed the

airborne concentrations were consistent with the

floor dust loadings at the same positions. In

future blast tests, additional pressure

transducers and dust probes need to be installed

to provide a more detailed record of the decay

rates of the pressure pulse and dust cloud. From

these data, a model could be developed that would

predict the anticipated overpressures and dust

generation from blasts, and this model could also

be applied to the ventilation system to predict

the dilution rates of methane or other gases that

may be released or produced during mining.

The high-speed movie cameras were very

successful in documenting the three blasts on

film. There was no evidence of any excessive

flame after the end of the blasting rounds.

There may still exist small pockets of high
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concentrations of dust that could cause localized

secondary explosions near the face, but there was not

enough dust generated to cause large-scale

propagating secondary explosions.
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METHANE RELEASED DURING BLASTING AT THE WHITE RIVER SHALE PROJECT

By Michael J. Sapko, Eric S. Weiss, and Kenneth L. Cashdollar
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Cochrans Mill Road

Post Office Box 18070
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ABSTRACT

As part of its long-range research on the fire

and explosion hazards of oil shale mining, the Bureau

of Mines and the White River Shale Oil Corporation

have set up a joint program to monitor methane

emissions at the White River Shale Project near

Vernal, Utah.

Data from March 1984 to August 1985 are

presented correlating methane release with oil shale

blasted during shaft and drift excavation. Data were

collected from 330 m (1,100 ft) below the surface and

at the shaft collar. The average value was 0.4 m3

of methane per metric ton (13 ft3/ton) of oil shale

mined. Some correlation between methane yield and

geologic structure is postulated.

A new gas monitoring system designed for auto

matic operation at a remote site was used to collect

these data. This system uses a tube bundle principle

and point sensors for extracting samples from under

ground with rotary valve switching and gas analysis

on the surface. The system is controlled by a micro

processor, which is programmed to calibrate itself at

prescribed intervals, to sample and store data as

programmed or in response to telephone command, and

to transmit the data back by telephone to the

Pittsburgh Research Center. Emergency power, manual

override, and redundant analog recordings are also

provided.

INTRODUCTION

Although the presence and hazards of methane in

coal mines have been well documented, there has been

\/ery limited experience with methane in oil shale

mines. It is important not only to detect meth

ane for safety reasons, but to monitor methane

quantitatively during mining, and to correlate

such findings with methane found in cores. In

this way, one can hope to predict the quantity of

methane to be expected in future mining

operations.

Previous reports1*2 of Bureau of Mines data

for methane in an oil shale mine have been pub

lished. These data were from the Bureau of Mines

No. 1 Shaft at Horse Draw, a tributary of

Piceance Creek in Rio Blanco County, Colorado. A

gas-monitoring trailer was set up at the

Horse Draw site, and methane and other gases

were monitored continuously by means of tube

bundles5**** into the mine. Gas concentration data

were recorded in analog fashion on strip charts,

which were later read and analyzed. Pitot

probes were installed in exhaust ducts at various

levels and in the exhaust fan duct itself so

that simultaneous measurements of air flow could

be made on an intermittent basis, in order to

compute the gas emissions at those levels.

During blasting underground, the entire mine

was evacuated, but data continued to be gathered

on the surface. In this manner, the total

methane yield from a blast could be calculated

and compared with the mass of oil shale blasted.

Favorable comparisons were also made with the

gas emission from one set of core
samples.2 When

mining was terminated in October 1981 at the

Horse Draw site, the gas monitoring trailer was
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sent back to the Bureau's Pittsburgh Research Center

and updated with new technology to expand its

sampling capabilities.

In March 1984 under a Memorandum of Agreement

between the Bureau of Mines and the White River Shale

Project, the upgraded mine monitoring trailer was

installed near the collar of the 9 m (30 ft) diameter

air intake shaft and placed in operation. This

report summarizes all the available methane emission

data from White River through August 1985, and

background methane emission from Horse Draw.

IN MINE PLAN

The White River Shale Project (fig. 1) consists

of offices, shops, and change-house facilities on the

surface as well as a decline and vertical air shaft

from the surface.

The shaft is about 33b m (1,100 ft) deep. The

contractor completed the projected workings and

crusher station by midsummer 1984. After that

completion, limited mine development continued at

a reduced rate pending advances in oil shale

retort technology.

The mine was designed to eventually extract

over 180,000 metric tons of oil shale per day

from the rich Mahogany zone of the Parachute

Creek member of the Green River formation.

Room-and-pillar mining will be used, leaving

rooms about 18 m (60 ft) high and 16 m (50 ft)

wide after benching. The development headings in

February 1984 were 4 m (13 ft) high by

6 m (19 ft) wide. Development blasting used

FIGURE 1. - Isometric view of White River Shale Project showing decline on right and

vertical air shaft on left.

The project is located on Federal Government

leases Ua and Ub, in Uinta County, Utah, at an

elevation of approximately 1,675 m (5,500 ft).

electric detonators to initiate the rounds, and

all underground personnel were removed to the

surface.
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Ventilating air was provided by two large capa

city fans designated No. 1 and No. 2 for this

report (fig. 2). When both fans were operating, the

Vent pipe continued

to compressor building

Bureau of Mines

methane monitoring
trailor

' Vent pipe

--Fan no. I

t-Air flow

FIGURE 2. - Plan view of ventilation fans and

monitoring trailer.

air quantity ventilating the shaft was determined to

be approximately 1,530 m3/min (54,000 ft3/min). Both

fans were operated only after a blasting cycle to re

move blasting and strata gases; otherwise, only fan

No. 1 was operated to ventilate the shaft during the

shaft sinking operation. Airflow provided by fan

No. 1 alone was about 990 m3/min (35,000 ft3/min),

with approximately 865 m3/min (30,600 ft3/min) venti-

Vent pipe-

KEY

Airflow

r<^

9-m-diom shaft

Auxiliary fans

FIGURE 3. - Underground ventilation system.

lating the shaft and 125 m3/min (4.40U ft3/min)

leaking out the intake side of the second fan.

Figure 3 shows the location of the two under

ground auxiliary fans which aided the ventilation

underground. Each of the two fans was rated 50

metric hp at 3,550 rpm and was permissible for

use in a gassy environment. The fans were

installed in parallel and were blowing fresh air

toward the south and east face areas. Both fans

were operated continuously, except during a

blast, when both surface and underground fans

were shut down momentarily and restarted soon

after the shot was fired.

The Bureau of Mines monitor trailer was

parked near the shaft collar and connected to

sampling tubes. About 335 m (1,100 ft) of a

10-tube bundle of fire resistant tubes each of

1 cm (3/8 in) o.d. polyethylene was extended

down the shaft. As the mining progressed, some

sample tubes were used to follow the face and

some to provide local information as to methane

and carbon monoxide levels in case of a fire.

Most methane release data was collected from 4 m

x 6 m x 3 m (13 ft x 19 ft x 10 ft) development

rounds. Even though the mining scale constitutes

development only, it is felt that some of the

blasts were large enough to be typical of full-

scale mines, and the data should be useful for a

ventilation design.

NEW METHANE-MONITORING SYSTEM AT WHITE RIVER

SHALE PROJECT

A mine monitoring system was developed by the

Bureau of Mines to obtain gas pressures,

velocities, and concentrations on a long-term

basis within an underground mine. The system was

originally designed for continuous monitoring of
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methane and carbon monoxide levels at an oil shale

mine in Colorado.1*2 Since then, the system has been

redesigned for improved performance and monitoring

capabilities.

The gas sampling system is housed in a mobile

Army-surplus trailer. Figure 4 is a photograph of

FIGURE 4. - Monitoring trailer at White River.

the trailer at the location near the headframe.

Figures 5 and 6 are photographs of the equipment

inside the trailer. The trailer is equipped with

an air conditioning and heating unit designed to

extend its operating range to any type of

environment. In the event of a power outage, the

trailer is furnished with a backup battery system to

ensure an uninterrupted power source for an

additional 4 h. A local alarm will sound to alert

the mine personnel of power outages and dips.

compact pumps installed beneath the trailer draw gas

samples through the tube bundles into the gas

analyzer.
Water in the sample tubes was removed by

coalescing
filters and desiccant. The general sample

FIGURE 5. - Microprocessor control center

located inside the trailer.

flow diagram is shown in figure 7. Scanning

valves connect the analyzers to a programmed

series of gas and pressure port positions

selected by the operator for analysis. The

system has a capacity of 24 separate sample

positions throughout the mine.

Gas analyzers determine concentrations of

methane and carbon monoxide by measuring the

infrared radiation absorbed by these gases. The

methane and carbon monoxide can be accurately
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FIGURE 6. - Gas sampling valves and micro

processor control .

analyzed in concentrations of 0-10 pet and

0-3 pet, respectively. To correct for the effect

of ethane on the methane reading, the analyzer

calibration was made using a gas mixture

containing the same ratio of ethane to methane as

released from the mine. If any sampling position

is 10 pet over that of the previous sample, the

computer will hold on that position for three

consecutive samples, and if there is no further

change over 5 pet, it will tnen resume its

programmed sequence. This feature is

particularly important since it will alert the

necessary personnel to any unexpected rise in

methane and/or carbon monoxide during off-hours.

The system can be programmed with limits on gas

concentrations, and instrumentation can be added

to trigger local alarms or initiate a phone call

when such limits are exceeded. Later, an

operator can review the data to determine the

Sample

flowmeter

Vent

1_

Vent Sample update pump

CO

CH4
analyzer

Positive
pressure sample

Sample
bypass valve

Filter/trap^ a|v^
I N.C. L, I .
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FIGURE 7. - Flow diagram of gas sampling system.
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location and extent of the danger. By measuring the

pressure differentials and flows within individual

tubes in the bundle, the system has a built-in method

of self
-checking for leaks or plugs. Air flows and

pressures within underground mine vent pipes can also

be monitored along with air velocity measurements in

the entries or shafts that are accurate down to 1 m/s

(3 ft/s).

The gas analyzer and its associated functions are

all controlled by a microprocessor. The

microprocessor has 877 lines of storage capacity able

to hold the raw data until it can be dumped, via a

telephone hookup or to a local receiving terminal.

An operator can retrieve all the raw data since the

0.4

uT.2-

<
x
r-

10 20 30 40 50

TIME AFTER BLAST, min

60

FIGURE 8. - Typical methane released during

blasting as measured underground in the east heading,

last dump and review it immediately on a local

terminal within the trailer. Strip charts ire

available for the analog data as an additional

record in the event of an unscheduled dump. The

microprocessor is equipped with a manual override

should the operator desire to reprogram the

sampling sequence. All printouts are in Julian

date time.

The main computer at Pittsburgh was

programmed to automatically telephone for the

microprocessor data from White River at regular

intervals, reduce the data using the latest

calibrations, and plot the results. A typical

plot of methane concentrations following a blast

in the east heading is seen in figure 8. Note

that the travel time for the gas in the tube

bundle was subtracted from the total time so that

zero time corresponded to arrival of methane at

the gas analyzer. The methane level rose to

0.39 pet and then declined. Note that the

average background level of methane (0.02 to

0.03 pet) has already been subtracted from the

figure. This background methane level

corresponds to 0.3 m3/min (10 ft3/min) within the

ventilation flow.

CORE SAMPLES

For comparison with amounts of methane

released during blasting, core samples were

analyzed using a technique proposed by the Bureau

for coal mines.4 The analysis of the oil shale

core samples was conducted by Matta and others in

1976; the details are found in reference 3.

Sections of core were sealed off, and escaping

methane was measured as a function of time and

extrapolated back to a zero time, thereby

obtaining an estimation of the total volume of
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gas contained in the original core. The total

included gas released by the solid core and that

released after crushing. This volume divided by the

weight of the core gives the specific concentration

of methane in cubic centimeters per gram (or cubic

feet per ton). Oil assays were also performed on the

cores. A plot of gas concentration versus oil assay

yield of a core near the present White River shaft is

shown in figure 9 (taken from figure 7 of
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FIGURE 9. - Methane released from core sections

taken near the White River shaft compared with the

dashed line showing maximum methane that could be

absorbed by the cores.

reference 3). The figure summarizes direct-method

field methane sampling results for four sections of

core taken from the same drill hole in the Uinta

Basin. The report indicated that the kerogen

contained in the oil shale was capable of absorbing

10 times more methane than could be accounted for

through its containment in the pore spaces alone.

The four core samples in figure 9 were within 6 m

(20 ft) of the Mahogany Marker where a drill stem

equilibrium pressure of approximately 21 bar

(300 lb/in2) was measured at a depth of 330 m. The

dashed line in figure 9 represents the maximum

quantity of methane that can be contained in

shale at 21 bar (300 lb/in2) and varying oil

yields; the lower curve represents the measured

methane emitted from the core sections under

atmospheric conditions. The lower curve would

more nearly represent the methane released during

blasting operations. The field methane emissions

averaged about 60 pet of the maximum methane that

could be absorbed in the core samples. Based on

this 1976 core analysis, the methane emissions

from oil shale blasting operations should not

exceed a release of 0.4 to 0.6 cm3/g (14 to

22 ft3/ton) for oil shale yielding 20 to

30 gal /ton.

METHANE EMITTED DURING BLASTING

AND MUCKING OPERATIONS

The results for methane produced from the

east heading development at White River in 1984

are shown in table 1. The methane emission was

divided into two time periods. The initial

emission was defined as the pulse of methane

(fig. 10) at the shaft collar integrated over

the first 50 min following the blast. These

data ranged from a low of 0.05 to a high of

0.4 cm3/g. The mean was 0.2 crn3/g with a

standard deviation of 0.1 cm3/g. Following the

initial blast data, the methane concentration was

measured until the background level for the mine

was reached (approximately 3 h). The total gas

emission listed in the table includes both the

initial and later methane release. The average

total emission was 0.4 cm3/g with a standard

deviation of 0.2 cm3/g. The average oil shale

grade in the east heading was 125 mL/kg

(30 gal/ton). The relatively large standard
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TABLE 1. - White River Shale Project methane

liberation during blasting
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FIGURE 10. - Methane concentration versus time

measured at the ventilation shaft collar following
blasting.

deviation indicates a broad distribution of values

and lack of precision to be assigned to the mean

methane emission values. In 1976, the core methane

analysis predicted about 0.6 cm3/g (22 ft3/ton) for

the average 30 gal/ton shale. However, during

blasting in 1984, an average methane release of

0.4 cm3/g (13 ft3/ton) over 3 h following the blast

was measured. One possible explanation is the fact

that the core samples were crushed to release all

methane, while the blasting process often left large

rocks and boulders. To date, wery little is known

about the initial methane release versus powder

factor. Conceptually, the larger the powder factor,

the smaller the rubblization, and the greater the

CH4 emissions

Blast during first 50 min, Total CHd emissions

No. ft3/ ton cmJ/g ft-Vton cm3/g

2 11.7 0.37
"

20.6 0.64

7.1 .22 19.2 .60

5 7.5 .23 10.8 .34

6 5.4 .17 8.5 .27

9 6.7 .21 7.5 .23

9.8 .31 12.9 .40

13 5.8 .18 9.7 .30

15 5.0 .16 5.6 .17

1.7 .05 2.3 .07

20 2.0 .06 2.7 .08

33 6.0 .19 8.7 .27

11.9 .37 22.5 .70

37 12.7 .40 21.4 .67

40 8.7 .27 17.4 .54

8.1 .25 12.7 .40

44 9.2 .29 13.8 .43

46 10.8 .34 15.4 .48

49 5.6 .17 9.5 .30

56 7.7 .24 23.5 .73

59 11.3 .35 17.1 .53

61 10.8 .34 18.5 .58

Avg. 7.9 .25 13.3 .42

Std. dev. 3.1 .10 6.4 .20

initial release, followed by less tailing, and

more rapid dilution to background levels. The

powder factors are not available for study

relevant to this blast data.

Since the application of the direct method of

core analysis to oil shale in 1976, improvements

have been made in the evaluation procedures.
7 In

coal mines, the amount of methane released is

about 10 to 15 times that found in oil shale

corings. Because of the low levels of methane in

the oil shale core samples, the technique needed

to be improved. In the new method, temperature

and pressure measurements are made in the core

containers and the core temperatures are kept

relatively constant. Another modification to

increase the accuracy is the use of gas

chromatography for determining the volumetric

distribution sealed in the monitoring container,

the gas measured during container monitoring, and

the gas liberated during crushing. These three
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quantities plus the background rib, roof, and floor

emission of a mine would give an estimate of total

methane emission expected during blasting, mucking,

crushing, and the exposure of new rib, roof, and

floor. These modifications will increase the

accuracy of the direct method for future core samples

and would provide conservative estimates of methane

levels to be encountered during actual mining.

The methane content of oil shales is

one-twentieth or less- than that for high-volatile

bituminous coals at comparable depths. However, the

methane is usually released continuously in coal

mines while it is suddenly released as a pulse during

blasting in oil shale mines.

METHANE MONITORING BACKGROUND EMISSIONS

AT HORSE DRAW

In addition to the methane emission measurements

at White River, some background emission measurements

were made at the Bureau's Horse Draw oil shale mine

in Colorado. All mining at Horse Draw ceased in

October 1981, and the fan was shut off on

November 23, 1981, but methane monitoring continued.

It was noted that a natural draft occurred owing to

the temperature gradient. This could vary between

50 (1,900) and 100 m3/min (3,600 ft3/min).

Measurements at the surface return location indicated

that the total methane yield (background emission)

was between 0.4 (13) and 0.5 m3/min (18 ft3/min).

Earlier observations1*2 had indicated that most of

this methane emission occurred in the 30-m (100-ft)

drift at the 634-m (2,080-ft) level. Because of the

natural ventilation prevailing, the methane

concentration at most locations did not exceed 1 pet.

In August 1985, gas samples were taken from the

previously installed tube bundles and at the shaft

collar of the Horse Draw Mine. Based on the

measured natural ventilation rate of the idle

workings, approximately 0.3 m3/min (10.5 ft3/min)

of methane is still being liberated as background

emissions from the shaft collar. Background

methane emissions from the recently completed

development entries of the White River Shale

Project are currently averaging U.3 m3/min (10

ft3/min) from the main exhaust and are remaining

relatively constant.

CONCLUSIONS AND RECOMMENDATIONS

The ability to remotely measure methane

during oil shale blasting, mucking, and crushing

operations and to measure mine background

emissions is an advantage of the tube bundle and

discrete sensor monitoring system. Methane

emission data are reported for some of the oil

shale development mining at the White River Shale

Project from March 1984 to August 1985. The

average for the mine east heading was 0.4 cm3/g

(13 ft3/ton) as measured at the shaft collar. On

the basis of limited experience at the White

River Shale Project, it is calculated that

methane emissions from the east heading blasting

are about 30 pet lower than estimated by the core

gas analysis done 8 years before mining. This

may be within measurement errors or perhaps not

all of the methane in the shale is released

during the blasting. In the core analysis

procedure, the rock is crushed, whereas blasting

still leaves rocks and boulders. The methane

content of oil shale during mining is comparable

to that of core samples and is about

one-twentieth or less than that for high-volatile

bituminous coal at comparable depths. The sudden
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release of methane combined with dust during blasting

can result in a potential explosion hazard.

Other uses of the tube bundle system are for an

early warning system for fires in mines or for

monitoring the status of mine fires.
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ABSTRACT

A decade ago one of this Country's highest

priorities was to solve the Energy Crisis. Now, a

brief six years after its formation, the Synthetic

Fuels Corporation has been abolished and the Nation

seems to have forgotten the gasoline lines and high

energy costs of that era. Ironically, the condi

tions which brought about the Energy Crisis of the

1970's still exist, but the United States is only

marginally better prepared than it was in 1979 to

deal with another petroleum supply disruption. Also,

if current low petroleum prices persist for an

extended period, it will result in reduced non OPEC

production and increased free world demand and will

accelerate the process of placing OPEC back in con

trol of petroleum supply and pricing in the next

decade .

Although the synthetic fuels programs of the

1970 's and 80's did not meet the expectations of the

Congress which enacted the Energy Security Act of

1980, there have nonetheless been valuable lessons

learned which will benefit those who are involved

in molding energy policy for the future. The

lessons relate to the inherent flaws in the Energy

Security Act, the linkage between defense and energy

security, the need to reduce the cost and improve

the social acceptability of technology and the

impetus to increase the level of research on synthe

tic fuels. The policy decisions made now will

determine the role of oil shale and other synthetic

fuels in the Nation's future energy mix.

INTRODUCTION

Synthetic fuels have been the energy source of

last resort throughout this century, primarily

because of the high cost of production as compared

to petroleum and natural gas.

Around 1920 an oil shale boom occurred because

of high oil prices. The discovery of the giant oil

fields in Texas drove prices downward and oil shale

was put on the shelf until the second world war era

when the fear of loosing foreign supplies of petro

leum stimulated research in the United States. In

Germany, during that era, synthetic fuels from coal

and oil shale were used extensively as a source of

military fuels.

The resurgence of interest in synthetic fuels

which began in the 1960 's can be mainly attributed

to a recognition by government and industry that

the United States could no longer supply, from

domestic sources, its own petroleum (and natural

gas) needs. Computer projections of that era

prompted planners to believe that petroleum

prices would reach the $100 per barrel level

before the end of the century. In the 1970's

the extent of the domestic supply problem became

acute, OPEC asserted its control over petroleum

supply, and the price of oil settled at around

$34.00 per barrel. In response to the gasoline

lines and dislocations in the economy, Congress

passed the Energy Security Act of 1980 in order

to stimulate the production of synthetic fuels

and move the Nation towards energy independence.

Now six years later the price of oil is in

the $10 - 15 per barrel range and the Nation

still imports approximately 30% of its petroleum

needs.

This paper concentrates on the past, present

and future for oil shale while only generally

discussing synthetic fuels as a whole.

ENERGY SECURITY ACT

The Energy Security Act, Public Law 96-294,

passed by Congress in 1980, was intended to

"extend the Defense Production Act of
1950"

for

the purpose of fostering the creation of commercial

production of synthetic ruel, fostering greater

energy security and reducing the Nation's economic
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vulnerability to disruptions in imported oil supply.

The Act created the Synthetic Fuels Corporation (SFC)

to oversee the program. The debate in Congress,

which resulted in the Energy Security Act, resulted

in a number of compromises which hindsight has re

vealed to have attributed to the lack of success of

the program envisioned by the Congress. In general

the SFC was given less authority and had more res

trictions placed upon it than the Defense Department

(DOD) had under the Defense Production Act (under

which the DOD had awarded loan and price guarantees

to three mega Syn fuels projects prior to the acti

vation of the SFC) .

The major problems in the Energy Security Act

which led to difficulties for the SFC and industry

are as follows:

FIRST, the award of price and/or loan guarantees

had to be based upon competitive proposals. The

process of getting organized, naming an SFC Board

and issuing solications took over two years. Con

sequently, the SFC missed a window of opportunity

during which time a consensus still existed for

synthetic fuels.

SECOND, the Act imposed the requirement that a

fixed dollar amount of award had to be agreed upon

between the project sponsor and the SFC at the time

of contract signing. The effect was that sponsors

were forced to accept the risk of increases in in

flation and interest rates and decreases in energy

prices for the 10+ year duration of the projects -

factors which were totally out of the control of the

sponsors. Also it should be remembered that this

was a period of dramatic increases in inflation and

interest rates. Consequently, sponsors chose to use

extensive contingencies in cost estimates used to

determine the level of price and loan guarantees.

This facet of the Act contributed to the ultimate

demise of two major projects, which had been passed

over to the SFC from DOD, and the withdrawal by many

qualified industry proposers.

In essence industry and government were assuming

the wrong
risks. Industry should have assumed a

portion of the risks associated with technology per

formance, budgets, schedules, operations and the

like. Government should have borne the risk of

changes in inflation, interest rates, energy prices

and other
factors out of the control of industry.

In retrospect, an indexing arrangement should have

been utilized, or alternatively, the government

could have built and operated the plants under a

GOCO contract arrangement. Either approach would

likely have reduced the cost to the taxpayer for

plant construction and operation and certainly would

have expedited the process of making financial

awards.

THIRD, the Congress created an entity in the SFC

that was neither a government agency nor an indepen

dent corporation. It quickly came under the poli

tical scrutiny of Congress and the Reagan Adminis

tration because of its unique status, especially

when Federal deficits began to grow and the effects

of the 1979 oil embargo began to be forgotten.

The net effect was a near paralysis of the SFC.

During its six year tenure the SFC funded only four

projects for a total of $1,667 billion from an ori

ginal authorization of $20 billion. The funded

programs included two coal gasification projects,

one heavy oil fireflooding project and a single oil

shale award of $400 million in price and loan

guarantees to Union Oil for its Parachute Creek

project. A multitude of unsuccessful proposers

spent millions of dollars in submitting proposals

and in attempting to comply with the stringent

strength and maturity requirements established as

policy of the SFC. Ironically these millions were

not spent productively because they did not go to

wards advancing technology or commercial projects,

but instead were generally spent for administrative

and legal purposes.

FOURTH, the Energy Security Act specifically

prohibited financial awards for community deve

lopment and socioeconomic impact assistance.

As it turned out a significant proportion of

the cost of a synthetic fuels facility in a

remote area was related to such assistance.

Additionally the Act did not give the SFC any

authority to waive or delay evnironmental re

gulations to achieve production goals or to

expedite the construction and operation of

plants even though one of the purposes of the

Act was to obtain environmental and socioeconomic

data from a fledgling industry.

LESSONS FROM THE SYN FUELS PROGRAM

Although the synthetic fuels program of the

1970's and 1980's has ended before achieving its
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initial goals, there has nonetheless been a great

deal of information gained and a number of lessons

learned which hopefully will be helpful to those who

follow.

TECHNOLOGICAL CONSIDERATIONS

Because of the urgency to produce substantial

quantities of synthetic fuels in a short time frame,

only the technologies which were well developed were

eligible for SFC financial grants. There had been

little incentive to develop technologies prior to

the events of the 1970's. Many of these technolo

gies were first experimentally tested in the 1940 's,

50 's and 60 's and may now, in some cases, be consi

dered obsolete. Consequently, the United States is

currently in a position of not having devoted enough

research into the new technologies which have the

potential for lower cost.

In the case of oil shale, the key technologies

were based upon mining and surface retorting schemes.

The operators were principally oil companies which

generally fashioned designs after continuous hydro

carbon processing facilities. In retrospect one of

the key problems was failing to recognize the lesser

reliability and greater difficulty in handling solids

as opposed to liquids and gases. Also, there seemed

to be a lack of recognition that the characteristics

of oil shale across a vertical stratigraphic section,

even in the same mine, is quite variable and that

retorts cannot be designed solely for the average

grade being processed, but must take into account

the extremes.

The scale chosen for initial commercial oil

shale modules, at about 10,000 tons per day, now

appears to have been too large. In general demon

stration scale facilities in the range of 1,000 tons

per day had been tested, but in some cases these

tests did not precisely duplicate the process select

ed for the commercial module. Developers of techno

logy appear to have been swept along by the optimism

of the times and seemed prone to scale their commer

cial module either in response to the claims of com

peting developers and/or in response to economic

paramenters
- as opposed to basing decisions on

sound technical and operational judgment.

In the 1960 's the upgrading of the products of

synthetic fuels processes was not judged to be as

serious a consideration as it turned out to be when

detailed marketing and transportation plans were

finalized. It was learned that the cost of upgrad

ing into products which could be substituted for

conventional products was much higher than earlier

estimated. For shale oil final estimates exceeded

$10 per barrel for upgrading to a synthetic crude

oil. The high cost was aggravated by the small

scale of initial plants and the remoteness of the

projects. The need to conduct expensive and time

consuming health testing of new products also added

to the cost and complexity of the problem. The re

moteness of the projects also led to additional cost

for moving the products to market.

In the 1970's individual oil shale developers

established varying strategies toward the grade of

shale to be processed commercially. On one hand

some operators chose to retort the highest grade

material available through large scale underground

mining, believing that the recovery of about 35

gallons per ton (gpt) of oil constituted a signifi

cant economic advantage because the costs of mining

and retorting were related closely to the tons of

shale processed and not the quantity of oil recover

ed. These developers geared their retort design

efforts to processes which were not limited by grade.

On the other hand some operators pursued a strategy

of exploiting their entire oil shale reserves down

to a cut off grade of some 25 gpt through surface

mining or insitu techniques. However, some develop

ers adopted the latter strategy because either their

oil shale reserves were of lesser quality or because

their technology could not process rich oil shale.

In the future, if the industry is to compete, it

would appear that efforts should concentrate on

exploiting the highest grade/most economic oil shale

deposits.

F^IVTRONMENTAL/SOCIOECONOMIC CONSIDERATIONS

The oil shale program stimulated by the energy

crisis of the 1970's reached such grandiose propor

tions before its cooling off stage that it
frighten

ed even the most ardent development advocates. At

one point there were over twenty announced commerci

al projects in Colorado and Utah totalling well over

a million barrels per day of output that was pro

jected to be in production before 1990.

The effect of the influx of hundreds of thou

sands of people to that remote area and the
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cummulative effect on the physical environment were

studied in detail and debated across the Country.

The end result was the conclusion that such a gran

diose industry could not be assembled in such a

short time frame and that existing environmental

regulations would likely not allow such to be oper

ated using the proposed technologies. Unfortunately,

the operators which persevered with smaller scale

suffered from the stigma of the grandiose plans of

the industry. As an example, community facilities,

which are now well under-utilized, were built large

ly at industry expense. Also stringent environmen

tal restraints were imposed which were in some cases

meant to control the larger industry which never

materialized.

In retrospect it has to be judged that if signi

ficant production is ever to be achieved from the

oil shales of Colorado, Utah and Wyoming then tech

nology will have to evolve in a manner which utili

zes fewer people (per unit of oil output) and

results in less currmulative environmental impact to

the air, land and water resources of the area
-

unless the situation at the time warrants war time

expediency.

NATIONAL SECURITY CONSIDERATIONS

The argument in favor of subsidizing the devel

opment of synthetic fuels has generally evolved

from the belief that the energy and defense security

of the Nation are integrally linked, and that the

United States cannot be at the mercy of foreign oil

suppliers whose political aims may not coincide with

our own. In times such as these with low oil prices

and an over supply of petroleum in the world, that

concept is easily forgotten. Thus the industry has

cycled from feast to famine and back again several

times in the last decades. It is still the case,

however, that the United States imports some 30% of

its petroleum. The only stop gap measures developed

since the 1974 and 1979 incidents are the partial

filling of the Strategic Petroleum Reserve and the

modest advancement
in the synthetic fuels and other

energy
related technologies. A long range energy

policy is
needed to establish the priorities for

research, testing and other actions which should be

instigated at this time.

ENERGY PROJECTIONS

The next resergence of synthetic fuels will

likely be in response to another impending petroleum

supply crisis. Predicting the time of such an event

has proven to be nearly impossible, because of the

multitude of intangible factors which go into the

determination. One thing seems clear, however, it

will not occur in any manner we are currently anti

cipating, and the trends in energy supply and demand

will not follow the computerized projections of

today. However, it is enlightening to examine the

fundamental principles which control the supply and

demand for petroleum and to review some of the re

cent projections by experts in the field.

There is only a limited amount of excess petro

leum producing capacity worldwide. In the event of

increased demand for petroleum, there would be up

ward pressure on prices long before this capacity

would be fully utilized. Previous experience in

dicates that when even 80% of OPEC capacity is

utilized, only about 22 million barrels per day

(MBPD), prices will probably rise. Thus, demand for

OPEC crude oil need rise by only 4 to 6 MBPD, some

10% of world demand, for this point to be reached.

Therefore it takes a relatively small increase in

demand, or decrease in non OPEC production, to put

OPEC back in control of prices.

The recent reduction in world oil prices will

likely stimulate petroleum consumption. The Ameri

can Petroleum Institute (API) have conducted analy

ses which indicate that oil consumption will grow at

a rate of about 4% per year, assuming a real annual

growth in GNP of 3%. At this rate consumption in

the United States would reach 23 MBPD by 1995, some

7 MBPD above today's consumption. This trend of

increased consumption would be contrary to the trend

of the last years which saw demand decline until

1984 when a slight increasing trend began. However,

this was a period of reasonably high and stable

petroleum product prices, and a period when energy

conservation policies were taking effect. Now,

however, the Nation is entering a period of lower

prices, an improving world economy (especially in

light of the weakening of the value of the dollar

against other currencies) and a trend toward relax

ation in conservation. All in all it does not seem

unreasonable that worldwide consumption of
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petroleum will rise during the end of the 1980's.

The API estimated that if the recent decline in

oil prices is sustained for a number of years, the

long term consequences on domestic petroleum pro

duction will be severe and possibly irreversible.

That estimate reveals that the reduction would be

between 2 and 3 MBPD, depending on the duration of

the reduced prices, out of a current total U.S.

production of about 10.5 MBPD.

Data Resources, Inc. (DRI) estimates that the

average crude oil wellhead price will be $15 per

barrel in 1986. They project that if prices fall to

$13-14 per barrel in 1987 and 1988 and rise to $29

(real) by 1995, U.S. oil production would be re

duced by about 2.5 MBPD during that period.

Together, the low-oil-price supply and demand

scenarios suggest that U.S. oil imports would grow

substantially from the current 5 MBPD. Based upon

the API /DRI estimates imports would increase to

about 10 MBPD in 1990 and 15 MBPD in 1995. OPEC

currently produces 16 - 18 MBPD and has an estimated

production capacity of 26 - 28 MBPD. Thus, a 10

MBPD increase in U.S. demand for imported oil would

absorb much of OPEC's current excess productive

capacity. Moreover an increase in demand for im

ported oil in other non OPEC countries would

accelerate the process.

CONCLUSIONS

The future for synthetic fuels continues to be

uncertain, as it has been for most of this century.

However, the experience of the energetic programs of

the 1970's and 1980's have given the Nation a new

perspective. It is no longer a certainty that when

energy prices rise again, as they most certainly

will in the next decade, that synthetic fuels will

participate in the effort to solve the problem. The

nature and extent of a synthetic fuels industry will

instead depend entirely upon the planning and action

taken now to prepare to meet the needs of the future

in an economic and socially responsible manner.

There is a need to conduct research into tech

nologies which holds the potential for lower cost

and greater environmental and social
acceptability.

The technologies fostered under the Energy Security

Act have proven to be too expensive to be competi

tive with other practical sources of energy and have

demonstrated the inability to comply on an industry

basis with the current environmental and socioecono

mic expectations of the Nation. Insitu techniques

are among the types of technologies which have the

potential to compete.

There is a need to develop less expensive

techniques for converting the raw products produced

from synthetic fuels processes into products which

are compatible with products presently in corrrrerce

and which can be moved to market in conventional

transportation facilities.

There is a need to conduct comprehensive testing

of the products, waste streams and intermediate

materials involved in synthetic fuels processing so

as to be prepared to answer the health, safety and

environmental questions concerning these materials

before an urgent commercialization program is

instigated.

There is a need for government to develop a

comprehensive energy policy to guide the Nation into

the 21st century.

There is a need for the defense establishment to

take an expanded role in the development of synthe

tic fuels. The obvious linkage between energy and

defense security suggests that the Defense Depart

ment is the agency with the greatest incentive to

stimulate the development of military fuels from

oil shale, coal and tar sands.

There is a need to document the results of the

synthetic fuels program of the 1970's and 1980's for

use of those who follow.
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ABSTRACT

For more than 20 years, from 1942 to 1964, the

kerogen-rich alum shale deposit in Kvarntorp, the

County of Narke in central Sweden, was mined and

processed by pyrolysis for the production of various

petroleum products, ammonia and elemental sulfur.

The main reason for closing down the operation in

the sixties was the increasing costs of sulfur

removal from the flue gases. The pyrolysis residue

was burned in order to supply energy for the

pyrolysis process. This residue contained about

half the raw shale-sulfur content, which was 7% by

weight. In 1974, a new attempt was made to recover

the organic content of the shale through

fluidized-bed gasification. A process was developed

and tested in a small pilot plant, 0.25 tonnes per

hour, in Ranstad, close to the city of Skovde in

central Sweden. In a continuing effort to utilize

the alum shale resource a flash fluid slag process

was proposed and tested for the first time in 1980.

The advantages with the flash fluid slag process is

the method of recovering the sulfur content and the

production of a virtually inert, glass-like solids

product for disposal. This paper presents the

results from the operation of slagging gasification

reactor (SGR-3) conducted in autumn of 1983. The

SGR-3 operates on approximately 8 tonnes of shale

per hour.

INTRODUCTION

From 1942 to 1964, the alum shale deposit in

Kvarntorp, the County of Narke in central Sweden,

was mined and processed by pyrolysis for the

production of various petroleum products, ammonia

and elemental sulfur. The operation was closed down

in the sixties because of the increasing costs of

sulfur removal from the flue gases. The pyrolysis

residue which was used for burning in order to

supply energy for the process contained a

substantial amount of sulfur. The raw shale

contained 7 weight percent sulfur and approximately

one-half of the sulfur remained in the shale

residue.

In 1974, new attempts were made to recover the

organic content of the shale and a fluidized-bed

gasification concept was found to be more economical

than pyrolysis. The fluidized-bed process was

developed and tested in a small pilot plant, 0.25

tonnes per hour, in Ranstad, close to the city of

Skovde in central Sweden. The fluidized-bed,

however, leaves a shale coke with pyrophoric

properties and almost as high a sulfur content as

the pyrolysis residue.

In 1980, the flash fluid slag process was

developed and tested for the first time by

Aktiebolaget Svensk Alunskifferutveckling (ASA) of

which Boliden AB was a 50% owner. One advantage of

the flash fluid slag process is the method of

recovering the sulfur content. All of the sulfur is

converted in the gasification reactor exits with the

raw gas.

74



The temperature in the flash fluid slag process

has to be 1500-1600C in order to obtain a melted

slag viscosity low enough to permit removal of the

slag from the reactor as a fluid. About 70 weight

percent of the raw shale feed exits the reactor as

slag.

Additional data and comparisons between the two

gasification approaches can be found in references 2

and 3.

The first test run employing the flash fluid

slag gasification concept was successfully conducted

in SGR-1 during 1980. This was followed by a more

extensive test run in 1982 in the SGR-2, which has a

capacity of 8 tonnes of shale per hour. Those two

test runs were conducted at the metallurgical

research plant, MEFOS in the city of Lulea in

northern Sweden.

Based on the promising results and experience

gained in SGR-2 a new plant, SGR-3, shown in

Figure 1, was built in Ranstad with a design

capacity of 6 to 8 tonnes of shale per hour.

Additionally, conceptual designs have been

examined for a combination Flash Fluid Slagging

Gasification/HYTORT Process. The HYTORT Process is

a high-pressure hydrogenation process which enhances

the oil yields of the Swedish alum shales. The

enhanced oil yields of HYTORT combined with the

syngas generation and inert end product of the flash

fluid slagging gasification process is a very

promising combination of technologies. This

combined concept is discussed in the final section

of the paper.

SLAGGING GASIFICATION REACTOR (SGR-3)

The gasification reactor and the slag tank were

tested at the SGR-2 test runs in Lulea, 1982. The

aim, in the new pilot plant, was to test two

additional process operations of shale gasification,

namely, cooling of the syngas containing melted slag

particles and heat recovery from the melted slag.

The construction of the gasification reactor

was changed in order to try to decrease the heat

losses to the walls of the gasification reactor and

to improve the degree of shale conversion in the

gasification reactor in order to use a coarser

grained shale feed.

FIGURE 1. Photograph of SGR-3 Pilot Plant

The essential units of flash fluid slag

gasification shown in Figure 2. Figure 3 contains a

detailed drawing of the gasifier.

Item A, the cooling shaft, is designed with

smooth, slightly conical walls so that melted slag

which follows the syngas will either freeze or get

stuck on the walls and fall back into the slag tank.

Item B, the gasification reactor, is designed

to promote separation of slag from the syngas. The

walls are constructed with horizontal, water-cooled

tubes which are positioned at a maximum distance

from each other. The slag, which has good

insulation properties, forms the lining of the

reactor. Through this construction the heat

transformation to the reactor walls will be kept

low.
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FIGURE 2. Gasification Reactor

Item C, the slag tank, is designed for

continuous discharging of melted slag through a

gas-tight lock.

Item D, the slag discharge rollers, is designed

to recover the latent heat from the melted slag.

The slag is pressed between two rollers which have

cup-shaped cuttings in such a geometry that ball

shapes are formed which are linked together by

homogeneous sheet of thinner slag between the slag

balls. As the slag sheets cool they fracture

autogeneously and liberate the balls from each

other.

TEST RUNS AND RESULTS

The tests were planned as runs of 24 hours

each. Including the start-up, heating, and

finishing slag tapping, a single campaign

encompassed 48-72 hours. During Autumn 1983 and

Spring 1984 a total of 7 such campaigns were

conducted, all with shale from Kvarntorp. With

permission from the County Administration the

sulfur-rich syngas was flared without purification.

During the 7 test campaigns shale was fed for a

total of 90 hours, of which 40 were during

gasification conditions. Altogether 350 tonnes of

shale were consumed. The rollers for heat recovery

from the melted slag were tested during the Spring

test campaigns. The total operation time for the

rollers was about 20 hours.

Trimmings and improvements have gradually been

made during the test runs. The personnel know-how

concerning operation actions, mainly regarding slag

tapping, has increased with time. Due to this it

was possible, mainly during the last three test

runs, to show that steady state conditions can be

maintained in the pilot plant.

A discussion of test results and observations

for the major areas of the slagging gasification

reactor operation is contained in the following

paragraphs.

Cooling Shaft

By measuring the shaft's cooling effect in

different sections it has been concluded that a

certain layer of melted and sticky slag is built up

and later vibrated loose by the outer hammers,

thereby providing a clean surface for formation of a

new slag layer.
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FIGURE 3. Section of Gasification Reactor Showing Slag Tank, Reactor, and Bottom of Cooling Shaft
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The slag load during the test runs was moderate

and no
overloading of the cooling shaft occurred.

However, there are more effective methods than

hammers for cleaning the walls such as ultra-sound.

Should problems arise at higher slag loadings, an

experimental program would be conducted to verify

the effectiveness of alternate methods.

It has not been clarified whether the conical

shape of the shaft is important. On the other hand,

it can be stated that the conical shape can never

have a negative influence. The advantages of the

conical shape are assumed to increase with increased

slag load.

Heat Recovery from Melted Slag

The roller technique which was untested prior

to the test runs worked well. The roller-cups were

filled with slag without problems and the slag was

formed to a continuous sheet under the rollers. The

way the sheet cracked at cooling and the solid

mechanics of the balls conformed to the theoretical

studies. A final cooling of the balls in a moving

bed or other equipment, was determined to be

possible with existing technology.

Slag Tank

The operation of the slag tank is dependent on

the viscosity of the slag. This can be achieved by

either high temperature in the gasification reactor

or by addition of a flux material such as calcined

lime. Both these steps, however, decrease the

syngas production and are expensive. The assumption

was that the natural content of lime in mined shale

should be sufficient. The test runs have not,

however, given a precise answer to this question.

If the slag is too viscous, the slag level in the

slag tank seems to slowly rise. Such conditions

take time to observe when the changes are slow.

Another observation was that metal could

assemble in a layer in the bottom of the slag tank.

The metal was not found every time and it's presence

might therefore depend on the mode of operation.

For example,
excessive stopping and starting of the

reactor or flooding it with excessive shale feed may

lead to metal deposition.

Difficulties encountered in discharging the

slag and the potential formation of metal assemblies

in the slag
indicate that a safer way of discharge

would be to place the slag rollers directly under

the bottom of the slag tank and abandon the fluid

lock principal. The slag discharged during the test

runs was very viscous, however, the rollers

discharged slag as long as the slag was plastic and

could be deformed.

Additionally, it must be possible to measure

the slag level in the reactor. Several measuring

systems are on the market. Studsvik Energiteknik AB

sells one system for a molten bath which can be

built for melted stag operation also. In Ranstad a

fibre optic system was tested due to cost reasons

and it also gave the required result.

Gasification Reactor

The new construction, with horizontal cooling

tubes at a maximum distance from each other,

results, as expected, in lower heat losses to the

walls. In SGR-3 a loss was measured which was about

half that in SGR-2. The measurement shows between

1.0 and 2.5 MW with an average value of about 1.5 MW

in SGR-3 compared with measurements of 2.5 to 3.6 MW

in SGR-2 with an average value of about 3.0 MW. The

wall areas are the same in the two plants.

The full effect of the cyclone layout was not

clarified, however, the results indicate some

improvement. Observation of the amount of dust

which leaves the gasification reactor and the

percentage of unreacted carbon which this dust

contains provided an indication of the improvement.

At the tested capacities the measured amount of dust

leaving the reactor was somewhat less in SGR-3 than

in SGR-2. The degree of carbon conversion was also

higher in the SGR-3 dust. The maximum capacity

tested was, however, only 7 tonnes of shale per hour

in SGR-3, which is 85% of the estimated maximum

capacity. At a capacity of 6 to 7 tonnes of shale

per hour the amount of dust in the syngas was

measured to 1.5 to 2.5% of the feed shale.

Syngas Composition

The rate of conversion regarding the organic

substances has been as high in SGR-3 as in SGR-2.

The syngas quality has generally been better in

SGR-3 due to the decreased heat losses to the walls

in the gasification reactor, among other things.

The syngas analyses are, however, not totally

comparable between SGR-2 and SGR-3. The SGR-2

syngas has a higher hydrogen composition. This is

probably due to the fact that steam and water were
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used for cooling certain instruments in SGR-2

thereby promoting the water-gas reaction which

created an increased hydrogen composition but

decreased the carbon monoxide composition.

The recovery figures are, however, comparable

when one calculates the recovery as the ratio

between chemical energy in product syngas and the

energy in feed shale. In a commercial scale reactor

based on the SGR-3 design the improvement

corresponds to an increased production of 6 to 7

percent. When producing methanol this means an

increase of about 10,000 tons of methanol per

1,000,000 tons of gasified shale. The methanol

production can be expected to increase from 150,000

to 160,000 tons per 1,000,000 tons of gasified shale

by utilizing the SGR-3 design.

The main reason for this improved efficiency

can be explained by the lower heat losses through

the walls of the gasification reactor. However,

further factors must contribute, but to date none

have been specifically identified. Some

possibilities are the shale quality, less cooling

with nitrogen, steam and water, and a higher shale

conversion in the reactor.

The Shale Grain Size Curve

No quantitative comparison between different

grain sizes has been made. The shale material used

in the test runs has varied within the interval kso

(80% finer than) 100 micrometers to 250 micrometers.

No difference in gasification behavior has been

observed because the carbon content in the slag has

been below detection levels and the carbon content

in the dust has not shown any significant

difference.

It shall be noted that the residence time for

the gas in the reactor is so short that grains

larger than 40 micrometers will not be heated

through during this time. The larger grains will

then get stuck to the walls and get converted with

the slag layer covering the walls. Thus the carbon

grade should increase in the discharged slag if the

feed shale is too coarse-grained. The conclusion is

that shale in the presently tested pilot reactor

with a relatively large wall surface can be somewhat

coarser than k8o=250 micrometers.

CONCLUSIONS

The main results from test runs conducted in

the SGR-3-plant are:

It is possible to cool the slag
contaminated syngas in a vertical, conical

shaft, without quenching with water or

cold circulated syngas. However, high

demands will be placed on the method of

cleaning the shaft walls as slag loadings

increase.

Heat recovery from melted slag is possible

with the roller method.

Horizontal cooling tubes in the

gasification reactor with as long a

distance between the tubes as possible,

decreases the heat losses through the

reactor walls significantly.

The gasification efficiency is higher in

SGR-3 than in SGR-2. The improvement

cannot only be explained by the decreased

wall heat losses in the gasification

reactor. Further explanations must be

found in process improvements such as

higher shale conversion in the

gasification reactor and less dust losses

from the rector and also in differences

between the two research plants operating

procedures such as less cooling with

nitrogen, steam and water in SGR-3.

The SGR-3 research program has not

identified any serious technical problems

with the concept of flash fluid slag

gasification. Comparison between

fluidized-bed gasification and flash fluid

slag gasification still indicates

significant advantages for the flash fluid

slag process.

DISCUSSION

After the seven test runs the funds allocated

for the project had been depleted. Therefore, some

times, as described, were not carried through to the

end.

Today, almost two years after the last run, it

is considered unlikely that further funds will be

allocated in Sweden for continuation of the test

work in the SGR-3 plant.

ALTERNATE PROCESSING CONCEPTS

Because of the relatively high content of

metals in the Swedish alum shales, considerable work

has been conducted by ASA toward the development of

a process which can immobilize the metals in a

glassy slag, thereby preventing leaching of metals

into the groundwater from the spent shale. Adoption

of this method of metals immobilization as a process

design goal fits in very well with the production of

syngas rather than oil, especially when considering

the low oil yields obtainable by conventional

thermal retorting of alum shales.
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Small scale tests on the Narke shales of Sweden

indicate that oil yields of up to 300% of the

Fischer Assay oil yields are achievable through

HYTORT processing. HYTORT is a high-pressure

hydrogenation process for the production of a

middle-distillate fuel. (4-6) These high yields

indicate that potential exists for a combination

Flash Fluid Slagging Gasification/HYTORT Process.

Figure 4 shows how this combination Flash Fluid

Slagging Gasification/HYTORT Process would operate.

Raw alum shale would be crushed, with coarse

material sent to HYTORT reactors for shale oil

production, and raw shale fines sent to flash fluid

slagging gasifiers for production of synthesis gas

and glassy slag. Coarse spent shale from the HYTORT

reactors would be crushed and mixed with raw shale

fines created in the shale sizing operations for

processing in the flash fluid slagging gasifiers.

Syngas produced in these units would be combined

with by-product hydrocarbon gases from the HYTORT

reactors and used for plant utility fuel and makeup

hydrogen production. Combination of these processes

would provide the advantage of producing an

environmentally-safe inert, glassy slag while

obtaining the high oil yields associated with HYTORT

processing.

At present, insufficient
experimental data are

available to provide complete heat and material

balances and utility
requirements for the

combination process shown in Figure 4. However,

preliminary calculations based on hydroretorting

data and on published data for the flash fluid

slagging gasification process suggest that a

combination process should be feasible. A rough

material balance for the HYTORT reactor and slagging

gasifier is shown in Figure 5. In this process,

about 4/5 of the run-of-mine alum shale is crushed

to a coarse size and processed in HYTORT reactors.

The spent shale is crushed and combined with the

remaining fifth of the run-of-mine raw shale and

used for slagging gasification. The resulting

combination process slags all of the spent shale,

and would produce an oil yield of about 21.6 gallons

of shale oil per ton on the basis of run-of-mine

Narke feedstock which Fischer Assays at 10.9 gallons

per ton.
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ABSTRACT

HYCRUDE Corporation is currently conducting a

3-year research program, under DOE Cooperative

Agreement No. DE-FC20-85LC11069
,
to expand the

existing hydroretorting data base on an Indiana New

Albany Shale to include five additional Eastern oil

shales. Work under this agreement was initiated in

October 1985. The data base will include geological

characterization, the hydroretorting characteristics

(product quantities and composition at various

operating parameters), and an environmental

mitigation analysis for Eastern oil shales from the

states of Alabama, Indiana, Kentucky, Michigan, Ohio,

and Tennessee. The potential of concepts such as

mist generation and synthesis gas retorting for

improving process efficiency and fines gasification

for increasing resource utilization will also be

investigated. This paper will present the objectives

of the program and the preliminary test results.

INTRODUCTION

The Devonian oil shales of the Eastern United

States are a significant national energy resource.

It has been estimated that up to 63.6 x IO9 m3 (400

billion barrels) of oil may be recovered from the

Devonian oil shales in the six states of Alabama,

Indiana, Kentucky, Michigan, Ohio, and Tennessee. (*)

However, development of the Eastern oil shales has

been slow principally due to their low oil yields

[41.7 - 62.6 L/tonne (10-15 gallons/ton)] by

conventional thermal retorting.

About ten years ago, the Institute of Gas

Technology (IGT) discovered that retorting Eastern

oil shales in a hydrogen-rich atmosphere at elevated

pressure,
achieves organic carbon conversions that

are about two to three times those possible by

conventional thermal retorting. Since then, IGT and

HYCRUDE Corporation (a second-tier subsidiary of IGT)

through various private and governmental ly sponsored

programs have conducted extensive research in the

area of moving-bed hydroretorting of Eastern oil

shales. (2_9) Based on the results of these research

programs, an independent study has shown that

HYCRUDE 's moving-bed hydroretorting process (HYTORT)

is more economical than some of the conventional

thermal processes!^) for the production of oil from

Eastern oil shales.

Currently a three-year research program is being

conducted under DOE cooperative agreement No.

DE-FC20-85LC-11069 with HYCRUDE to expand the process

and environmental data for moving-bed hydroretorting

and to conduct environmental analysis of a

hydroretorting facility. The program has the

following four specific objectives:

Develop a hydroretorting data base for six

eastern oil shales

Investigate concepts that have the

potential of improving hydroretorting
process efficiency

Investigate methods for increasing resource

recovery through fines utilization

Conduct an environmental analysis of a

conceptual moving-bed hydroretorting
facility.

A discussion on the technical approach for

achieving each of these objectives and the current

status of the work which was initiated in October,

1985, is presented in the following sections of this

paper.
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Hydroretorting Characteristics

In this part of the program, hydroretorting

characteristics are to be determined for six oil

shales, from the states of Alabama, Indiana,

Kentucky, Michigan, Ohio and Tennessee. Most of the

tests dre to be conducted in the existing

Hydroretorting Assay Unit (HAU), a

computer-controlled laboratory-scale batch reactor

shown in Figure 1. The HAU requires only a 100-gram

sample and its use is a cost effective means for

evaluating the effects of major operating parameters

on hydroretorting yield. The HAU is capable of

operations at temperatures and pressures up to 649C

(1200F) and 69 atm (1000 psig), respectively. A

detailed description of the HAU has been presented

earlier.H

6*s suP^t-v

MASS

FtOlrV

CONTROLUeR

FIGURE 1. Hydroretorting Assay Unit Simplified

Process Flow Diagram

The results of HAU tests will be used to select

operating conditions for conducting small-scale

countercurrent moving-bed hydroretorting tests in the

existing mini-bench unit (MBU) shown in Figure 2. In

the MBU, steady-state data can be obtained at shale

feed rates of about 0.45 Kg/h (1 lb/h). The data

from MBU will be used for the environmental

mitigation analyses.

Two tests are scheduled to be conducted in the

existing bench-scale unit (BSU), shown in Figure 3,

using only the Indiana shale at feed rates of about

45.3 Kg/h (100 lbs/h). The primary purpose of the

BSU tests is to verify the effect of scale up of the

MBU data and to provide a tie to the existing data

base on the Indiana oil shale.

All tests planned to be conducted in the HAU

with the three shales from Alabama, Indiana and

Tennessee have been completed. These tests were

conducted at three temperature levels [482C, 566C

and 649C (900F,
1050

and 1200F)] and two hydrogen

pressure levels [28.2 atm and 55.4 atm (400 psig and

800 psig)]. Analyses of the feed shale samples are

shown in Table 1 and results of the hydroretorting

tests are summarized in Figures 4 through 7. All

tests were conducted at a heat-up rate of 12.8C/min

(23F/min) and the total test duration was about 1

hour. Details of the operating procedure have been

reported earlier.**

Table 1. Analysis of Feed Shales Used in the HAU

Tests

Shale Source

Moisture, wt %

Shale Ultimate Analysis,
wt % dry basis

Ash

Organic Carbon

Mineral Carbon

Hydrogen

Sulfur

Nitrogen

Indiana Alabama Tennessee

0.86 1.23 1.33

77.75 74.52 81.07

12.67 15.18 11.67

0.66 0.06 0.03

1.50 1.61 1.31

4.58 7.86 5.13

0.41 0.44 0.38

Gross Calorific Value,
Btu/lb 2608 3187 2405

MegaJoules/Kg 6.06 7.41 5.59

The carbon balances based on actual feeds and

products collected are in the range of 83 to 99%.

About 60% of the tests show carbon balances in the

range of 90 to 99%. These carbon balances are

believed to be excellent in view of the small sample

size and the high pressure equipment used in these

tests. It is difficult to recover all the oil made

in this high pressure equipment because of the small

quantity of oil made in each test. Therefore, most

of the missing carbon is expected to be due to the

uncollected oil .

In order to use the data for process design and

to observe the trends of oil yields with temperature

and pressure, it is necessary to reconcile the oil

and gas yields so that carbon balances are 100%. The

reconciled oil and gas yields are calculated by

assigning 50% of the missing carbon to each of these

products. Even though the error analysis conducted
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FIGURE 3. Bench-Scale Unit (BSU)

on the gas measurements indicate that the most likely
error in the gas yields could be no more than about

12% of the measured number, the decision to use the

50-50 approach was made to be generally conservative

on the oil yield estimates. For the conditions at

which replicate tests were conducted, the missing

carbon was estimated by using the maximum observed

oil and gas yields.

The effects of hydrogen pressure and operating

temperature on oil yields for the Indiana New Albany
shale are shown in Figure 4. The results show that

at a nominal temperature of 1050OF, increasing
hydrogen pressure from 28.2 to 55.4 atm (400 to 800

psig) increases oil yield from 102.7 to 119.8 L/tonne

(24.6 to 28.7 gallons) per ton (GPT). Additionally,
for the Indiana shale increasing temperature from

900F to 1200F increases (Figure 5) oil yield from

113.6 to 123.2 L/tonne (27.2 to 29.5 GPT) at a

constant hydrogen pressure of 55.4 atm (800 psig).

Under similar conditions, the oil yields from Alabama

and Tennessee increase from 113 to 113.5 L/tonne

(27.1 to 27.2 GPT), and from 78.1 to 90.5 L/tonne

(18.7 to 21.7 GPT), respectively. On the basis of
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The Effect of Hydroretorting Temperature

on Oil Yield at 800 psig Pressure for

Indiana, Alabama and Tennessee Oil Shales

total organic carbon conversions achieved (Figure 6)

for the HAU tests, the Indiana New Albany shale is

the most reactive and that the Tennessee shale is the

least reactive. However, the oil yield enhancement

obtained during hydroretorting, at 55.4 atm (800

psig) hydrogen pressure and 566C (1050F), is about

208% of Fischer Assay yields (Figure 7) for all three

shales tested.

Process Efficiency Improvement

Most hydrogen production alternatives first

produce synthesis gas, which is further processed in

a catalytic reactor to convert the carbon monoxide

and steam to hydrogen. In coal liquefaction
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Hydroretorting Oil Yield as a Percent of

Fischer Assay for Indiana, Alabama and
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research, the use of synthesis gas in the presence of

liquid water has been demonstrated^2) to be superior

to hydrogen alone for improving reaction rates and

increasing oil yields. If synthesis gas can be

effectively used in moving-bed hydroretorting, the

overall efficiency of hydroretorting will improve.

Another approach for improving the overall

process efficiency is to operate the retort at

conditions that lead to low temperatures of the

existing gas and vapors. These temperatures could be
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low enough to cause a part of oil vapors to condense

on the incoming cold feed shales and reflux back into

the retort zone. Oil refluxing decreases oil yield

and increases gas yields and hydrogen consumption.

It is postulated that if oil vapors form a mist the

potential for impingement on shale particles and the

associated oil deposition can be reduced, thereby

minimizing oil ref 1 uxing. (13) Therefore, the

generation of oil mist within the retort has the

potential of improving the overall process economics.

The objectives of this part of the program are

to determine the effects of synthesis gas retorting

and mist generation on the hydroretorting yields.

Tests will be conducted in the HAU to determine the

effects of varying synthesis gas under various

operating conditions on retorting characteristics.

Initially, tests will be conducted only with the

Indiana New Albany shale.

After the preferred operating conditions are

selected using the data generated from the HAU, tests

at these conditions will be conducted in the MBU.

The MBU data will be used for assessing the impact of

synthesis gas on the overall process efficiency of

moving-bed hydroretorting. Tests will also be

conducted using the MBU to quantitatively determine

the effectiveness of using mist generation for

reducing oil refluxing in moving-bed hydroretorting.

The HAU was modified to allow synthesis gas

feeding to the retort. A h i g h -

p r es s ur e

humidification system was designed and equipment was

fabricated and installed to allow steam feed to the

retort. The synthesis gas mixture fed to the HAU

consisted of carbon dioxide, carbon monoxide,

hydrogen, methane, and steam volume ratios of

approximately 23%, 25%, 35%, 7%, and 10X,

respectively. Three synthesis gas tests were made at

69 atm (1000 psig) total pressure and at temperatures

of 482C (900F), 566C (1050), and 649C (1200F).

Reactor heat-up rates for all three tests were

approximately 12.8C/min (23F/min). Oil yields and

Table 2. Comparison of Oil Yields and Properties of Oils Produced By Hydroretorting and

Synthesis Gas Retorting

Run Identification SYNGAS HYDROGEN SYNGAS HYDROGEN SYNGAS HYDROGEN

Maximum Temperature,C

OF

649

1201

654

1209

568

1055

569

1056

502

935

487

909

Total Pressure, atm

psig

69.4

1006

28.4

402

68.9

998

28.3

401

68.9

998

28.4

403

Hydrogen Partial Pressure,
atm

psig

24.3

350

28.4

402

24.3

350

28.3

401

24.3

350

28.4

403

Shale Oil Ultimate

Analysis, wt%

Carbon 83.30 84.67 83.89 84.81 83.99 84.61

Hydrogen 9.86 9.62 10.16 9.63 10.02 9.97

Sulfur 1.79 1.28 1.52 1.23 1.50 1.39

Nitrogen 1.70 2.07 1.64 2.05 1.80 1.93

Ash 0.0 0.0 0.0 0.0 0.0 0.0

Oxygen (by difference) 3.35 2.36 2.79 2.28 2.69 2.10

Total 100.00 100.00 100.00 100.00 100.00 100.00

C/H Ratio 8.45 8.80 8.26 8.81 8.39 8.49

Specific Gravity
[15.6/15.6C (60/60OF)] 0.947 0.978 0.945 0.986 0.960 0.967

API Gravity, API 17.9 13.2 18.2 12.0 15.9 14.8

Oil Yield

L/Tonne 89.2 100.5 90.06 103.4 92.1 97.6

Gal/Ton 21.4 24.1 21.6 24.8 22.1 23.4

Organic Carbon^
Conversion, % 69.4 78.6 72.9 75.6 68.1 72.9

*
Average of three tests

**
Average of two tests

***
Elemental conversions based on solids and ash balance
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carbon conversions achieved with the synthesis gas

were approximately the same as those achieved with

hydrogen to the yields and conversions at pressures

comparable to the hydrogen partial pressure in the

synthesis gas tests. However, the quality of the

oils produced by hydroretorting and synthesis gas

tests are different, as shown in Table 2. The

synthesis gas tests produced oil with higher API

gravities, lower C/H ratios, and lower nitrogen

contents. The oils produced by the synthesis gas

retorting, however, do have higher sulfur contents.

Increased Resource Utilization

All present HYTORT process designs do not

utilize -3.2 mm (-1/8-inch) fines which is estimated

to be about 20% of the shale mined. The decision to

use this as the cut-off point for the particle size

is based on the experience of the moving-bed retorts

operating at near atmospheric pressures. In this

part of the program the following two approaches will

be investigated to determine their potential for

improving the utilization of the fines:

Gasification of the fines to produce

synthesis gas and/or hydrogen for

hydroretorting and oil upgrading

Increasing the fines content of the shale

feed to the moving-bed retort.

Gasification of fines to produce synthesis gas

or hydrogen has the potential of replacing 2.7 x 106

m3/day (94 X IO6 SCF/day) of natural gas that is

reformed with steam to make the hydrogen needed for a

hydroretorting plant producing 7.95 x 10^
m^/day

(50,000 bbl/day) oil from an Indiana shale. Because

the fines are not utilized in the present moving-bed

hydroretorting design, the cost of these fines, if

used as a feedstock for gasification, is zero. This

feedstock-cost feature offers the potential for

favorable economics for fines gasification.

As stated earlier, the moving-bed retort

operating at near atmospheric pressure does not

process fines because the fines cause excessive

pressure drops across beds, lead to
"cold"

spots in

the retort, and increase fines elutriation.
"Cold"

spots in the retort occur due to migration of fines

to some sections of the retort, resulting in reduced

gas flow through those sections. Migration of fines

depends upon the gas velocity in the bed. The higher

the gas velocity, the more severe the fines migration

will be. At a constant mass flow of solids and gas,

the gas velocity in the retort operating, for

example, at 41.8 atm (600 psig) is about 1/40 of that

operating at 1 atmosphere. Therefore, moving-bed

retorts operating at high pressure have the potential

of handling higher concentration of fines than those

operating at near atmospheric pressure. Gas

distribution is, however, still an important factor

for satisfactory operation of high pressure

moving-bed retorts. Therefore in this part of the

program, the effect of using fines on gas

distribution in the bed will also be determined.

High carbon conversions have been achieved in

coal gasification processes using fluidized beds.

Therefore, a fluidized-bed system will be researched

for gasification of shale fines. Basic gasification

data will be obtained from tests in laboratory-scale

equipment. Differential rate kinetic data will be

obtained using a thermobal ance unit shown in

Figure 8. Detailed description of this equipment and

its operating procedure have been published

earlier.
14 Fluidization data will be obtained using

a 5.08 cm (2-inch) diameter plexiglas tube, and

agglomeration data from a 5.08 cm (2-inch)

fluidized-bed batch unit shown in Figure 9.

Steady-state integral-bed kinetic data will be

obtained from tests in the MBU (Figure 2), briefly

described earlier, with minor modifications.

Results of the MBU tests as well as the

laboratory-scale fluidization and spent shale

agglomeration tests will be used to select operating

conditions for two PDU-scale gasification tests. The

PDU (Figure 10) consists of an 20.3 cm (8-inch)

diameter gasifier that will be used to obtain

steady-state data for fluidized-bed gasification of

shale and for the production of spent shale

agglomerates. The agglomerates are expected to have

very low leachability.

Laboratory-scale tests using the thermobal ance

have been conducted with the Indiana New Albany oil

shale, sized to 420 x 840 (20 x 40 mesh) and stored

under a nitrogen blanket to minimize weathering.

These tests were conducted for a fixed period of 30

minutes using steam/hydrogen mixture and synthesis

gas at temperatures and pressures in the ranges of

871 to 1038C (1600 to 1900F) and 2 to 35 atm

(15 to 500 psig), respectively.

The results show that over ninety-five percent

of the organic carbon in the oil shale can be

gasified at temperatures of 982C (1800F). As shown

in Figure 11, increasing temperature from 871C to

982C (1600F to 1800F) increases organic carbon

conversion from about 67 wt % to over 95 wt %.
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Further increases in temperature to 1038C (1900F)

has no significant effect. There is also no effect

of increasing pressure from 2 to 10.2 atm (15 to 135

psig). However, increasing pressure to 35 atm

(500 psig) at temperatures of 871 to 927C (1600 to

1700F) increases conversion by about 10%.

Tests have also been conducted to determine

fluidization characteristics of raw and spent shales

of three different size consists -3.2, -1.6 and

-0.8 mm (-1/8, -1/16, -1/32 inches) at ambient

conditions. The modifications to the existing MBU

are in progress. All the major equipment have been

received and assembly of the unit has begun.

As stated earlier the second approach for

increasing resource utilization is to experimentally

determine the effects of fines concentration in a

moving-bed retort on pressure drop and gas

distribution in the bed. Tests will be conducted in

a l.8-meter (6-foot) diameter cold-flow model (CFM),

built during the Phillips program, to determine the

effects of fines concentration on the gas

distribution profile. A schematic diagram of CFM is

shown in Figure 12. The gas distribution data

obtained from the CFM test will be used to estimate

its impact on expected conversions in moving-bed

retorts. These analyses will be used to estimate the

fines tolerance limit for moving-bed hydroretorting

of Eastern shales. These tests are scheduled for the

third year of the program.

Environmental Mitigation Analysis

All processing operations have potential impacts

on our environment and moving-bed hydroretorting is

no exception. It is important to assess these

impacts and to identify the available technologies to

mitigate these impacts at each stage of research to

facilitate development of technology that is

environmentally acceptable.

Environmental emissions from shale retorting

depend, not only on the characteristics of the

shales processed in the retort, but also on the

downstream processing of solids, gas and liquid

streams. Therefore, it is important to obtain

steady-state data, including trace elements on

retorting of various Eastern shales to allow

estimations of environmental emissions at the optimum

operating conditions.
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The overall objective of this part of the

program is to evaluate the impact of a commercial

moving-bed hydroretorting plant on the environment.

Specifically, this task will focus on defining the

concentration ranges of potential pollutants in the

effluent streams of a conceptual commercial

hydroretorting plant. Appropriate environmental

regulations and control technology will then be

identified.

The data required for environmental emission

estimates for various shales will be obtained

primarily from the MBU tests. The MBU will be

operated with various shales at their respective

optimum conditions to generate the steady-state data

needed for environmental mitigation analysis of each

shale. Typical environmental data to be obtained

from MBU tests are shown in Table 3. Data from the

BSU tests, to be conducted only with the Indiana New

Albany shale, will also be used to determine the

effects of scale-up of the MBU data.

Table 3. Typical Environmental Data From

Mini-Bench Scale Reactor

Stream

Feed & Spent

Shales:

Product Oil :

Product Gas;

Sour Water:

Analysis

31 Trace elements: Ag, Al
, As, Ba,

Be, Cd, CI, Cr, Cu, F, Fe, Hg, Mn,

Ni, P, Pb, Sb, Se, Sr, Zn, Ti, Si,

S, B, K, Mg, Na, Mo, Ca, Li, V

t EPA toxicity tests (on spent shale

only): Federal Register 45,
inorganic -

As, Ba, Cd, Cr, Pb,

Hg, Se, Ag

23 Trace elements: Ag, Al
, As,

Ba, Cd, CI, Cr, Cu, F, Fe, Hg, Mn,

Ni, Pb, Sb, Se, Zn, K, Mg, Na, Ca,

Li, V

Gas analysis

Elements: mineral carbon, organic

carbon nitrogen and sulfur

Trace elements: same as those for

product oil

GC/MS analysis
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for Indiana New Albany Shale

To facilitate the environmental mitigation

analyses, a computer program will be written to

simulate the commercial operations of a conceptual

hydroretorting plant. This computer program will

utilize the environmental emission data obtained from

MBU tests to generate estimates of pollutant

concentration ranges and the quantities of effluent

streams under various commercial operating

conditions.

An environmental impact study will be conducted

for a specific site in Tennessee. This study will be

conducted by Tennessee Technological University (TTU)

under subcontract, to evaluate the environmental

impact of a moving-bed hydroretorting plant on the

quality of air, water, and soil in the proximity of

the plant. HYCRUDE will provide the process data to

TTU and will use the results of the TTU analysis to

perform a comparison of the environmental impact of

Eastern shale moving-bed hydroretorting with respect

to Eastern shale conventional thermal retorting.

A simplified process flow diagram for a

conceptual commercial hydroretorting plant has been

prepared and is shown in Figure 13. A computer
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program is being written to simulate the operations

of this conceptual plant. A modular and sequential

approach is used in modeling this plant. A

subroutine is written for each of the main blocks

(e.g. preheat, retort, cooling). A main program

reads the necessary input data and links these

subroutines in a logical sequence for closing the

heat and material balances.

The scope of work excludes rigorous

thermodynamic equilibrium calculations for flash

operations or phase separations. Simple fixed split

factors based on earlier conceptual plant design by

Bechtel Group Inc., will be used for those operations

requiring thermodynamic equilibrium calculations.

When this computer program is completed, the

moving-bed process data obtained from the MBU and BSU

will be used as a basis for defining the effluent

streams from a commercial hydroretorting plant.
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WUKLU HISTORY AND RESOURCES OF OIL SHALE

Paul L. Russell

6050 West Yale Avenue

Denver, Colorado 80227

INTRODUCTION

This paper will cover briefly a little of the

information that will be presented in the book I am

now
preparing under the same name as this paper.

Oil shale under one name or another is found

all over the world.

Total world resources in place probably contain

hundreds of trillion barrels of oil if all grades

are considered, but only rough estimates of reserves

are available since exploration and definitive

evaluation has, for the most part, been extremely

limited.

Based upon todays technology and economics,only

a very small percentage of these world oil shale

resources can be considered recoverable. Oil shale,

even at 25 gallons per ton, is a fairly low-grade ore,

and it appears that about 85% of the world oil shale

resources are contained in shales averaging less than

10 gallons per ton.

WORLD DEVELOPMENT HISTORY

With the widespread occurrences of oil shale it

is reasonable to expect that attempts have been made

to utilize this resource, and indeed they have.

Historically there is evidence that oil from oil

shale was known at least as early as 800 AD, and the

oil shales of England were worked in Phoenician times

for some constituent not now known. In more modern

times the use of shale oil was recorded in Austria in

1350. The first oil shale patent was issued to Martin

Eele in England on 1694. Oil shale was officially

recognized in Australia in 1802. The first recognized

commercial production of shale oil started in France

in 1838. About 1850, there were at least 60 companies

operating in the U.S. and Canada, some using oil

shale, others Boghead and/or cannel coals. Also in

1850 a commercial oil shale industry started in

Scotland, one that would survive for a century.

In the decade following World War I, oil shale

activity increased significantly in many countries.

The first recorded utilization of oil shale in

Germany was in 1916. By 1920, an expermental oil

shale research plant had been built in Sweden, and

oil shale research and development was initiated in

Estonia. A small plant was built in Spain in 1922. In

the early
1920'

s there were several experimental

plants operating in the United States and Canada.

Utilization of oil shale in Manchuria was

started by the Japanese about 1924, although

small scale production was started by the Chinese

a few years earlier. Operations are still being

conducted by the Peoples Republic of China. The

year 1926 saw the development of the large East

Texas oil fields, which resulted in the end of

the U.S. oil shale activity until after World

War II. By the mid-1930's active industries

existed in Scotland, Manchuria, Spain, Germany,

Estonia, France and South Africa. The South

Africa operation ran from 1935 to 1962 without

subsidy of any sort and was probably the most

successful. Operations began at the Glen Davis

plant in New South Wales, Australia, in 1938.

Oil shale increased in importance during

World War II. The Swedish industry was

revitalized and became a model producer.

Production of shale oil of importance to the war

effort occurred in Great Britian, Australia,

Estonia, Spain, South Africa, Sweden, France,

Germany, and Japan (occupied China). Although

war-damaged operations were restored and shale

oil production appeared to be growing, it could

not compete with with natural petroleum,

natural gas, and coal, and with the exception of

the industries in Estonia and China, all

commercial shale oil operations were closed by

1966.

REVIEW BY COUNTRIES

France:

The French oil shale industry operated for

over 100 years and was characterized by cycles

of intense interest and lithargy that related

to national issues. Oil shale research was

conducted by Laurent and Rickenbach starting in

about 1830. Rickenbach produced and named the

material paraffin in about 1833. Laurent

exhibited oil shale products, including

paraffin, at the world fair in France in 1838.

However, in spite of these early efforts, the

oil shale industry in France never reached the

level of production or importance of the

Scottish industry.

The French industry reached its peak in 1947

when 500,000 tons of oil shale were processed.
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Three plants were in operation in the 1950 's but all

operations ceased by 1962.

The potential for shale oil production in France

still exists. The Australian companies Southern

Pacific Petroleum and Central Pacific Minerals, under

the name Societe pour le Developpment de I'Huile de

Schistes, hold an exploration permit at Mantcey, 350

kilometers southeast of Paris. This permit was

recently extended for an additional three years, until

1988.

During 1984, nine core holes totaling 295.5 meters

were drilled along the Toarcian oil shale within the

permit area. All holes intersected oil shale which

showed an average thickness of 17 meters and

averaged 9.6 gallons (41 liters) per ton.

No development is expected under the current

status of the energy industries.

Peoples Republic of China:

Data from China appears to be erratic. It often

appears that tons of shale oil, and barrels of shale

oil may be transposed.

An oil shale industry has existed in China since

1926 when the Japanese occupied China and took over

the production of shale oil at Fushun. Here a 450-foot

thick oil shale deposit overlies one of the world's

thickest coal deposits. The oil shale is relatively

low-grade (15 gallons per ton), but has been and is

being processed since it must be removed to reach the

coal. The Japanese commercial oil shale operation was

expanded to 80 retorts of 50 tons per day capacity

each by 1928, and at least two replacements have been

made since then. During World War II, Fushun was an

important supplier of oil to the Japanese war effort.

The Chinese resumed control of this operation after

World War II. Coal mining is becoming an underground

operation and stripping requirements are lessening

thus reducing oil shale production.

A second oil shale operation was started at

Maoming in the 1950 's according to some records.

However, the first recorded production record found

states that the plant produced at a capacity of 12,000

barrels per day in 1963, 20,000 barrels per day in

1967, and at 40,000 barrels per day in 1970. In 1982

it was reported that there were six shale oil

retorting plants which together may be processing as

much as 1.5 million tons per year. The oil shale

averages 6% or about 15 gallons per ton and is

produced by open pit mining. No coal production

is involved. Information on Maoming is limited

and often contradictory.

It appears that with reported reserves of

over 400 billion tons, China has abundent oil

shale resources and with 50 years of continuous

shale oil production history seems determined to

develope a large shale oil industry regardless

of changes in the world oil market.

Israel:

Occurrences of oil shale in Israel have been

known for centuries. However, it wasn't until

after World War I that British geologists

investigated the Maastrichtian oil shale deposits

of the region. In the early 1950 's a small

deposit of oil shale was discovered at EinBokek

near the dead sea. This discovery encouraged the

consideration of shale utilization, and research

on direct burning was started. Exploration

activities were haulted since natural petroleum

was inexpensive and by the uncertainty of mining

below the level of the Dead Sea in an

established health resort area.

In 1960-1965 a rich oil sequence was

accidently penetrated during a phosphate survey

in the Negev (Northern Israel). This evidence

that oil shale deposits might exist provided the

basis for continued exploration and research when

the "oil
crisis"

of 1973 indicated a necessity of

finding alternatives for crude oil.

The research and exploration effort has

resulted in proven reserves of over 10 billion

tons of oil shale which to date is Israel's only

identified indigenous fossil energy resource. It

is planned to mine the Negev deposit that averages

about 17 gallons per ton by open pit methods. A

modified Paraho retorting process would be used

to ultimately produce about 18,000 barrels of oil

per day at a projected cost of approximately

$35.00 per barrell. A demonstration plant of

1,000 to 2,000 tons per day is planned by the

late 1980's, and increments will ba added until

total capacity is reached in the 1990's.

A companion electric and steam power plant to

burn the oil shale fines not suitable for oil

extraction is an intrinsic part of the total

complex planned. A prototype unit has demonstrated
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easibility, and
upgrading to commercial size is now

being considered.

Israel, In 1984, entered into a three year

agreement with the U.S. Department of Energy to

explore various aspects of oil shale development and

utilization.

Morocco:

Like Israel, oil shale is the only abundent fossil

energy resource in Morocco. I have found no early

history of oil shale utilization, although the shales

have been known for many years.

Moroccan oil shale occurs in three major deposits,

Timahidt (15 billion barrels of 17-21 gallons per ton

of oil in place), Tarfaya (5 billions barrels of oil

at 13-15 gallons per ton), and Tangier (3 billion

barrels per ton of unknowen grade). There are at least

ten other oil shale occurrences in Morocco of currently

unknown size or grade.

The Timahdit deposit is 400-500 meters thick and

contains six rich zones averaging from 9-50 meters

thick which are interbedded by lean shales. The

deposit is covered by 100-200 meters thick sandstone/

limestone overburden. Mining by open pit is planned.

The Moroccan Office National de Recherches et
D'

Exploitations Petrolienes (ONAREP) and the U.S. firms

of Davy McKee and Science Applications, Inc., have

completed a pilot retorting plant to process the

Timahdit shales. The retorts are
"T-cubed"

units

which are the NTU batch retorts modified for semi-

continuous operation. Plans were for the retorts to

operate through 1985 accompanied by studies on mining

and shale process comparisons.

The program seems to be somewhat confused at

present. Discovery of natural gas appeared to be a

solution to energy needs for a time, but it is

reported this source is less than anticipated. Some

problems with the oil shale retorts resulted in

closing this portion of the work since natural gas

appeared to be available. Since the gas supply is less

than expected, the
need for the oil shale retorting

facility must be reevaluated.

Morocco, in a venture with Royal Dutch/Shell Oil

Co., conducted feasibility studies on the Tarfaya

deposit. A 300 barrell per day plant was planned.

Status of this venture is unknown at present.

Russia:

Recorded history of oil shale in Russia is at

least 300 years old, and probably is much older.

In 1697 Perer the Great, sent shale to Holland

for testing. Although it was quite rich (up to

80 gallons per ton) the turmoil that devastated

much of European Russia during this period

prevented its development. Even local use was

limited by the availability of other cheap fuels

such as firewood, peat, and imported English coal.

Use of oil shale did increase as English coal

availability decreased. Cities near outcrops of

rich shale turned to this fuel. Farmers, noting

the influence of oil shale on the soil, developed

great interest in its use. It was written
"
for

this it is necessary to lay it (oil shale) in

heaps and after burning scatter the remains on

fields, particularly sandy
soil."

By 1830 Russian shale had been
"semi-coked"

to produce roofing and paving materials. Ivanov

reported in 1839 that shale could be thermally

decomposed to produce gas for illumination.

As in other countries, the 1850's and 1860's

saw an increase of shale production for burning

oil, lubrication, and paraffin. Availability of

natural petroleum in the early 1860's resulted

inclosure of most of these operations, but

interest continued at the academic and scientific

level.

Interest in local fuels revived in 1916, but

World War I, the Russian Revolution of 1917, and

new economic policies complicated development.

Estonia, which was separated from Russia

under the World War I peace treaty, became a

center of investment for European oil shale

interests between the wars. Plants of various

designs were constructed by Germany, Sweden,

England, and Estonia. Estonia became the research

development capital of Europe during this period

of depression in oil shale industries elsewhere

in the world. Estonian oil shale, known as

kukersite, is among the richest in the world. The

oil content of virtually all kukersite used in

Estonia exceeds 40 gallons per ton, with the

average perhaps as high as 50 gallons per ton.

Reserves are suffisient for a large industry.

In Russia, oil shale was considered but large

scale production did not develop. In 1922, V. I.
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Lenin wrote to the Presidum endorsing oil shale, but

even then there was little progress. Russia took over

Estonia in 1939 as World War II approached and

expanded oil shale facilities. Germany invaded Estonia

in 1941, and the Russian army disabled the entire

industry as they withdrew. Germany immediately started

on restoration, but production had not started when

Russia regained possession of Estonia in 1944. The

Germans also destroyed the oil shale facilities as

they withdrew. The Russians resumed the German plans

for expanding the industry, but work was not

completed in time to aid in the war effort.

Operations in Russia have included a vigorous

research and development program over the past 10 to

20 years. Research objective has been to convert oil

shale to clean-burning fuels and valuable chemicals.

Two modern retorts, the Kiviter and the Galoter, were

developed with the objective of the local and world

technology markets. In situ retorting has been tested,

but with limited success. It has just been reported

that a breakthrough in the burning of oil shale has

been made. Injection of coarsely crushed shale has

replaced the fine ground material formerly used. This

permits the counter air flow to return it to the fire

box until the organic part burns up completely. Since

the combustion temperature in this case is reduced by

about 500 degrees, the mineral portion does not cling

to the walls as it formerly did, but falls into the

ash trap.

Annual oil shale production in Russia ia about

33.1 million metric tons, less than 1% of total

energy, but important in areas where other sources

of energy are limited. About 80% of the shale is

burned in boilers and the remainder converted to

synthetic fuels.

About 100 oil shale deposits are known in the

USSR and are concentrated mainly in Eastern Europe.

Total shale resources are estimated to be about 193

billion metric tons.

Increased development for the near future is

considered to be restricted to the Baltic Basin. Oil

shale in other regions appear to be uneconomical

because of poor quality and/or lack of technology.

The current energy program calls for wide use of

low-grade, inexpensive types of solid fuels.

OTHER COUNTRIES:

The oil shales of Jordan, Turkey, and

Yugoslovia are among those of other countries

now under investigation for possible early

development. Only the United States seems to

have completely abandoned interest in the future

need for utilization of oil shale.

I have only touched lightly on a few of the

countries that will be discussed in some length

in the planned book. Some of what I have said

may need to be revised before publication.

Information in part is difficult to come by, but

this book, if and when published, will be the

first attempt to cover world oil shales in one

volume since the mid-to-late 1920's. References

for material used will be noted in detail in the

published book.
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THE PETROSIX PROJECT IN BRAZIL - AN UPDATE

by

Edwin M. Piper

Stone & Webster Engineering Corporation

P.O. Box 5406

Denver, Colorado 80217

and

Osmar Chaves Ivo

Petroleo Brasileiro S.A.

Av. Chile 65

20035 - Rio de Janeiro - Brazil

Abstract. This paper will provide an update about the Petrosix oil

shale project in Brazil. The project consists of a pilot plant, a

demonstration facility, an 18 ft diameter retort operating

commercially and a new 36 ft diameter industrial retort facility
under construction.

Besides the update, information and data will be given on fines

retorting, fluid bed combustion, operations and economics for Irati,
U.S.A. and other oil shales.

Summary

This document provides an update of the

PETROSIX project in Sao Mateus do Sul, Brazil. The

commercial plant (18 foot diameter retort), called

the UPI, has been in operation since 1972 and is no

longer considered as developmental. It has

operated over 82,000 hours, processing over

4,600,000 metric tons of Irati shale and produced

in excess of 1,820,000 barrels of crude shale oil.

The longest operating period started November 2,

1984 and was shutdown November 20, 1985 for

inspection and routine maintenance. It started up

again December 3, 1985.

The PETROSIX
facilities,-

in addition to the

UPI, have an 8 inch diameter retort pilot plant, a

6 foot diameter demonstration retort, FBC test

facilities and a PLASOL fines retort plant.

Although operating variables influence shale

oil production, the quality of an oil shale has a

major effect on the economics. The costs of

production of the PETROSIX process for a single 36

foot diameter retort
industrial plant may vary from

as high as $32 per barrel for processing 12-14 GPT

oil shale to as low as $13 per barrel for

processing
35 GPT oil shale. Economies of scale

may
improve these costs as well.

Pilot Plant

The PETROSIX pilot plant was designed to

simulate the operation of the UPI. It is comprised

of all the equipment of the UPI as follows:

8 inch diameter retort

Cyclone

Electrostatic precipitator

Recycle gas compressor

Fired gas heater

Light oil and water condenser

The plant can process up to 220 lbs per hour of

Irati oil shale.

The retort is insulated and electrically traced

to operate with minimal heat losses. Throughput

rate can be varied and the unit will operate 16-24

hours continuously. The plant is instrumented well

to allow control and/or measurement of the main

variables which are:

Oil shale rate

Hot recycle gas flow

Cold recycle gas flow

Amount of heavy and light oil

(naphtha) recovered

Amount of water recovered

Internal retort temperatures

Pyrolysis bed pressure drop
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The pilot plant has produced a volumes of data

on retorting Irati oil shale and this information

is used as a comparison and evaluation basis for

retorting other oil shales. This unit has

successfully retorted eastern Devonion as well as

Colorado and Utah oil shales up to 35 gpt. Western

oil shale quality up to 63 gpt has been mixed with

the 35 gpt shale in porportions of two times its

expected percentage and the mixture retorted

successfully.

Demonstration facility

The demonstration facility consists of a 6 foot

diameter retort which operates in parallel to the

18 foot unit of the UPI. Its purpose has been

principally to study the scale up relationships

between the 8 inch, the 18 foot and the 36 foot

diameter retorts as far as hot solids flow,
pressure drop and operability. It has a discharge

mechanism with the same components as the larger

units but has the minimum of each component.

UPI

The UPI was designed to process up to 2,200 TPD

of Irati oil shale and is presently operating

commercially at 1600 TPD. The diameter of the

retort is 18 feet. The plant facilities, in

addition to the retort processing section (same

type equipment as pilot plant) is comprised of the

following:

Mining
Solids handling
Gas treating and sulfur recovery

Products storage

Shale oil dedusting
Shale oil distillation

Power house

Sulfur handling

Administration, laboratory and

support facilities

The UPI was programmed for six-month operating

periods and a two week scheduled shutdown.

However, because of the experience of minimal

maintenance required during shutdown, it is now

operating on a yearly basis with a two week

scheduled shutdown. The extended continous periods

of operation achieved in the UPI are as shown in

Table 1:

TABLE 1 UPI OPERATING HISTORY

PERIOD

Hours of

Operation

Shale Oil

Produced (BBL)

Raw Shale

Processed (MT)

Sulphur

Produced (MT)

1972 to

3/1986

81,500

1,824,000

4,560,000

24,700

11/2/84 to

11/20/85

8,900

285,000

597,000

8,500

The total operation time Up to

March, 1986 for principal equipment is shown in

Table 2.

TABLE 2 EQUIPMENT OPERATING RECORD

Equipment Time, Hrs.

Rotary Feeder 52,000

Feed Mechanism 61,000

Hot Gas Injectors 81,500

Discharge Mechanism 81,500

Retorted Shale Removal 49,000

Electrostatic Precipitator 81,500

Gas Heater 81,500

Compressor 81,500

Industrial Plant

Based on the successful commercial operation of the

UPI, PETROBRAS decided to complete a basic design

and

cost estimate of an industrial complex to produce

50,000 BPD of crude shale oil utilizing 20 retorts

(36 foot or 11 meter diameter units. Design was

based on two stages of 10 retorts each with 9

retorts operating and 1 on standby. Total

investment cost of this plant was U.S. $2.2 billion

(1981 costs) including a 90 kilometer pipeline to

the refinery in Curitiba. Because of the world

economic situation at that time, which impacted

Brazil, these plans were postponed.

In mid-1982, PETROBRAS decided to build a

single industrial plant of 2,600 BPD capacity,

having one retort (36 feet diameter), gas treatment

and an LPG unit. The unit will be located on the

same site as the UPI plant, thereby optimizing use

of the infrastructure, offices, shops, laboratory

and utilities. Product storage will be increased.

Operation is scheduled for mid-1988. Industrial

plant data is presented in Table 3 and Investment

costs in Table 4.

TABLE 3 INDUSTRIAL PLANT DATA

Mining Capacity 7,800 TPD

Retort Capacity 260 TPH

Low Sulfur Fuel Oil 2,390 BPDO

Naphtha 260 BPDO

Sulfur 52 TPD
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TABLE 4 INDUSTRIAL PLANT INVESTMENT

COSTS (in U.S. $ x 10&)

Mining 0<1

Solids Handling 19.4

Retorting 19.7

Gas Treatment 8.4

Oil Treatment 3.2

UPI Adaptations 4.1

Complimentary Items 1.4

Total 56.3

Research Projects

The technical team which has been working many

years together is active in areas of acquiring more

knowledge on process optimization, products

treatment, fines utilization and environmental

issues. Two of the projects have important

contributions to project economics, FBC and PLASOL

(fines utilization).

FBC - Petrobras is interested in fluidized bed

combustion for two general reasons. One is to

consider FBC to make use of the fines in power

generation and two is to have a capability to

recover the carbon values of retorted shale for

shales that may warrant this treatment such as

Moroccan shale with high carbon content and some

torbanite residue. Irati and Western oil shales

leave the Petrosix process at lower values than

justify recovery of the energy, example: Colorado

and Utah oil shales have energy values lower than

400 BTU/lb. for the retorted shale and do not

justify energy recovery. Petrobras is designing
and will build larger FBC facilities to be

completed by 1987.

PLASOL - This is an entrained bed indirect

heated system to process oil shale fines. At

present there is a PLASOL pilot plant which has

been in operation since January, 1982. Some main

features of the process are:

Shale mass velocity

Retorting temperature

Solids residence

time

Oil plus gas yield

Gas used

Particle size

Up to 6,0001bs/hr/sq.ft

Up 600C

10 to 80 seconds

+ 90% FA

Steam, inert gas,

recycle gas

minus 1.5 mm

The plant is capable of running various shales

up to 10 tons per day. PETROBRAS also has a cold

flow test
apparatus to conduct physical modeling

studies and visual observation of flow phenomena.

A larger plant is projected for operation in

1988 which will have a capacity range of 10-25 TPH

of oil shale fines.

Petrosix Economics

Brazil expects to produce shale oil from Irati

shale for approximately $24-28 per barrel

(operating costs). An eastern oil shale project

was evaluated for the same size plant as the

industrial unit that is being constructed presently

in Sao Mateus do Sul, Brazil. Crude shale oil from

this plant will be produced for approximately

$28-32/barrel (operating costs).

For the same size unit, shale oil produced from

the Moroccan Timahdit deposit would cost

approximately $28-32 per barrel (operating costs).

An evaluation of duplicate unit for western

U.S.A. oil shale resulted in a production cost for

crude shale oil of $13-17 per barrel (operating
costs) from 35 gallon per ton shale. Table 5

presents costs, investment and production for

several projects, all based on the 36 foot diameter

retort industrial unit under construction in Brazil.

TABLE 5 PLANT COSTS

ONE RETORT

EAST WEST

USA USA BRAZIL MOROCCO

CAPITAL

INVESTMENT

$xl06(85) 120 150 70 100

BPD

PRODUCTION

C0ST,$/BBL

2,300 5,700 2,600 2,600

28-32 13-17 24-28 28-32

There are economies of scale in expanding from

a single retort to a plant of ten retorts in the

areas of mining, retorted shale management and

solids preparation, light oil recovery, gas

treating, oil cleanup and storage, ancillary

facilities (i.e. laboratory, warehouse, etc.), and

administration buildings. Table 6 presents the

expanded plant costs.

TABLE 6 EXPANDED PLANT COSTS

TEN RETORTS

EAST

USA

WEST

USA BRAZIL MOROCCO

CAPITAL

INVESTMENT

$xl06(85)

BPD

PRODUCTION

COST, $/BBL

760 850 1,000 620

23,000 57,000 26,000 26,000

22-26 12-16 18-22 20-24

There are also process considerations to

improve the economics:
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Firing the recycle gas heater with lower

value coal instead of product gas which

results in high Btu gas revenue opportunites

Firing the recycle gas heater with oil

shale fines which allows the high Btu gas

to be sold as a product and utilizes the

total oil shale reserves

These considerations if instituted would lower

the required selling price of a barrel of crude

shale oil by serveral dollars per barrel.
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RESULTS AND INTERPRETATION OF RAPIO-PYROLYSIS EXPERIMENTS

USING THE LLNL SOLID-RECYCLE OIL SHALE RETORT

Robert J. Cena

Richard G. Mallon

Lawrence Livermore National Laboratory

P.O. Box 808

Livermore California, 94550

ABSTRACT

Virtually all rapid pyrolysis oil shale

retorting processes currently under study utilize

some form of hot-solid as the heat carrying

medium. The conditions under which rapid

retorting is achieved call for rapid mixing of the

solid heat carrier and raw shale followed by a 2-3

minute soak period during which pyrolysis occurs.

Both chemically active and inactive solid heat

carriers have been proposed (e.g. recycled shale

and ceramic halls) along with a number of

processing strategies (e.g. fluidized beds,

rotating drums and mechanical mixers and soak

bins). To assess the merits of the various

processing alternatives, a thorough understanding

of the chemistry and physics involved in solid-

recycle retorting is required. At Lawrence

livermore National Laboratory (LLNL) we are study

ing the chemistry and physics of solid-recycle

retorting in a 2 ton/day continuous-loop pilot

scale
facility.

We have operated our continuous-loop system,

over the past two years, using both a two-stage

fluidized bed pyrolyzer and a cascading mixer and

gravity bed pyrolyzer, with recycled shale as the

heat carrying medium. The majority of runs have

used an Anvil Points 24 GP1 shale with dolomite

and calcite concentrations typical of western oil

shale. The quantity and quality of the oil

produced under rapid-pyrolysis conditions is of

key interest in continuous-loop systems. We have

determined oil yields and have characterized the

oil in a number of ways under a variety of

processing conditions. The effects of product

sweep, recycle ratio, retorting temperature and

atmosphere have been studied in both pyrolyzers

and are reported. The facility provides a unique

opportunity to study sulfur and nitrogen chemistry

throughout the recycle system. Oxidized shale has

been shown to effectively scrub H S from the

pyrolysis gas, and only trace quantities of S09

have been measured from the combustion of recycled

shale. Nitric oxides in the combustor effluent

have been measured and are discussed.
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INTRODUCT ION Retorting Systems

Background

The UnLted States has vast quantities of oil

shale, enough to supply our liquid fuel needs for

centuries, nil can be obtained by simply heating

the shale to convert the contained organic

material to shale oil. The challenge is to

accomplish this at a cost that makes shale oil

competitive with conventional petroleum recovery.

Many in-situ and surface schemes have been

proposed for processing oil shale. At LLNL, we

are currently studying oil shale retorting in

above ground systems, especially those utilizing

hot recycled solids as the heat carrying medium.

Our experiments are of two types: bench-scale and

pilot-scale. Bench-scale experiments are used to

determine the fundamental physical and chemical

behavior of oil shale under carefully controlled

conditions, whereas our pilot-scale experiments

are used to study the overall behavior of oil

shale in a continuous-loop solid-recycle

apparatus, under conditions difficult to duplicate

in the laboratory. Results from both types of

experiments coupled with process modeling help

identify key phenomena that will aid in scale-up

of existing processes and in the development of

new and improved processes.

The work presented herein describes results

from our 2 ton/day continuous-loop solid-recycle

retorting system which we operated during 1984 and

1985 using two separate retorts: 1) a two-stage

fluidized bed pyrolyzer and 2) a cascading mixer

and gravity flow soak tank pyrolyzer. All

experiments used hot oxidized shale as the heat

carrying material.

Virtually all surface oil shale retorting

schemes consist of two fundamental steps: 1) A

preparatory crushing and sizing step to provide a

suitable feed material for retorting and 2) a

shale heating step during which the solid organic

matter (kerogen) decomposes producing oil vapor

and gas and leaving behind residual organic carbon

(char). For a typical western oil shale

approximately eighty percent of the original

kerogen is recovered as oil and gas with twenty

percent left as char in the spent shale. Recovery

of the energy in the spent shale to provide

process heat is essential for a minimum cost

process. The method for combusting the spent

shale and for transferring this heat to the raw

feed distinguishes the retorting processes.

Either hot gas or hot solid material may be used

as the heat transfer medium. We find it useful to

characterize the many retorting schemes as either

hot gas or hot solid retorts . This classifi

cation aids in identifying and evaluating the

technical merits of the various schemes.

Historically, hot gas retorting is the most

wide spread method for transferring heat to raw

shale. In so called internal combustion retorts,

air is injected into recycled product gas moving

counter-current to a fixed or moving packed bed of

(2)
shale. Combustion of gas and char consumes

the oxygen and heats the gas, which then transfers

its energy to cooler shale downstream of the

combustion front. Oil produced is carried out of

the retort as a vapor or mist by the gas stream,

where it is subsequently recovered. In external

combustion retorts, gas is heated externally,

either by combusting spent shale or another fuel,
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and is then piped to the retort. In this way, the

combustion and retorting processes are decoupled,

avoiding problems of oil combustion through oxygen

bypass, possible in internal combustion retorts.

Although hot gas retorts have undergone the

most development in the past, several technical

drawbacks are inherent in these systems(1). The

first limitation is the large volume of gas

required to process a unit mass of shale (because

of the heat capacity similarity between the gas

and solid on a mass basis). In addition the rate

of heating is limited by heat conduction in the

large particles and by resistance to gas flow and

the resulting pressure drop caused by fine

particles even though a portion of the finest

particles are removed before processing. Perhaps

more serious, especially for the hot gas retorts

with external heaters, is the Inherent nonuniform-

ity of gas flow through packed-beds. To insure

adequate heating of low permeability regions,

additional gas flow is
required^

. The

efficiency of heat transfer is correspondingly

decreased resulting in higher offgas temperature

and substantially higher cooling capacity require

ments for the exit gas (which contains the

product). In the internal combustion

retorts^

,
pyrolysis products are diluted by

nitrogen in the injected air. This dilution makes

it difficult to recover the light hydrocarbons

from the gas and adds to the volume of gas to be

cleaned to meet environmental requirements.

Scrubbing requirements for hot gas retorts with

external heaters depend on the source of fuel. If

retorted shale is used as a fuel, steps may be

necessary to reduce sulfur and possibly nitrogen

in the offgas. In summary, hot gas retorts suffer

from the following drawbacks:

1) High gas pumping costs.

2) Slow shale heatup, which reduces shale

throughput.

3) Inability to process fines (less than

0.5cm) or large particles (greater than

10 cm).

4) Significant gas cleanup costs.

5) Non-uniform gas flow, which further

increases gas-flux and heat exchange

requirements and reduces shale throughput,

In concept hot solid retorts represent an

attractive alternative to the hot gas retorts

because the gas pumping costs can be reduced,

rapid shale throughput can be attained, all shale

can be processed, non uniform gas flow is not a

problem, and the gas cleanup required is reduced

to a minimum . The essential requirements of

this class of retorts are rapid mixing of raw

shale with a solid heat carrying material, a

holding time of 2 or 3 minutes for complete

pyrolysis of kerogen, and rapid removal and

condensation of the product oil to avoid degrada

tion by coking and cracking. Although large

amounts of solids must be circulated, the gas

required to move them pneumatically is less than

for heat transfer in the hot gas retort systems.

Also, under appropriate conditions, decomposition

of carbonate minerals can be avoided and substan

tial gas cleanup can be avoided.

If large solid particles are used for the heat

transfer medium (e.g. ceramic balls), they may be

easily separated from spent shale, reheated and

reused for heat transfer. However, fuel must be

provided and the heating of the large particles

with hot gas has some of the same limitations as

hot gas retorts. Using retorted shaLe as the heat
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transfer medium appears to be a better choice for

hot solid processing because retorted shale con

tains its own fuel, can be heated rapidly, and

serves as an effective reactant for the removal of

sulfur from the gas. However, since retorted

shale is chemically active, it remains to be

demonstrated whether or not it can be effectively

utilized without adversely affecting oil yield via

coking and cracking reactions.

The processes that use retorted shale as the

heat transfer medium differ in the ways the raw

shale and burned shale are mixed and in the equip

ment used for holding the mixture at temperature

during pyrolysis. Different methods are also used

for combusting the residual char on the spent

shale, providing the energy to heat the raw shale.

For example, the Lurgi process uses a double

screw feeder to mix the shale, a surge bin or

gravity flow bed to provide the pyrolysis holding

time, and a lift pipe for combustion. The Chevron

process uses a staged fluidized bed for mixing and

holding and a lift pipe for combustion. The LLNL

cascading bed process uses a cascading mixer, a

gravity flow bed for pyrolysis and a cascading bed

for combustion. In the cascading mixer, the shale

streams mix as they are inverted and sheared in a

series of chutes.

The fluidized bed provides adequate mixing and

rapid removal of product, but requires multiple

stages to approximate plug flow and eliminate the

wide range of residence times for particles found

in a simple fluidized bed. The range of particle

sizes that can be processed is limited by the gas

velocity in a given fluidized bed. The screw

mixer and the cascading mixer provide good mixing

and accept a wider particle size range than the

fluidized bed. The gravity flow bed provides for

plug flow during pyrolysis and uses less gas than

the fluidized bed. Whether removal of product

will be efficient for large bins remains to be

established.

A lift pipe combustor is constrained to a

narrow particle size range, and must be very high

at pressures near 1 atm. The cascading bed

combustor, using air blown laterally across the

device, is easier to control and accepts a wide

range of particle sizes.

Environmentally, the use of recycled shale as

the heat carrying medium provides almost complete

removal of sulfur species in the offgas from the

combustor and substantially reduces the amount of

hydrogen sulfide leaving the pyrolyzer.

In principle the LLNL cascading bed process

may combine the best features of the various

hot-solid systems. An artist's conception of a

commercial-scale cascading bed retort is shown in

Fig. 1. In the process, raw shale from the feed

supply and hot shale from the cascading burner

enter the mixer, where they are rapidly mixed in a

series of alternating chutes. The mixture flows

into the pyrolyzer where it is held for several

minutes to allow complete pyrolysis of the

kerogen. Gases and oil vapor are removed through

vents in the pyrolyzer. The mixture of retorted

and burned shale is then introduced into a short

lift pipe that transports it to the top of the

cascading burner. The shale is separated from the

gas and distributed into the top of a cascading

burner, where alternating chutes retard its fall
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Figure 1. LLNL Cascading Bed Retort Concept.
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and provide the residence time required for

combustion to the desired temperature. Tempera

ture is controlled by adjusting the lateral flow

of air across the burner.

The potential advantages are minimum gas

pumping requirements, minimum size and height of

process vessels, and maximum usable range of

particle size and distribution.

Although it is too soon to determine whether

these potential advantages of the cascading bed

process can be realized in commercial practice, we

believe that some form of the hot-solid processes

will be successful. Our research effort is,

therefore, directed to developing a base of

technical information on the chemical and physical

phenomena important in such processes. We have

designed our 2 ton/day retort system with the

flexibility necessary to study the fundamental

variations of these generic processes, which are

difficult to reproduce in the laboratory. The

equipment includes both lift pipe and cascading

bed combustors, a fluidized bed mixer and

pyrolyzer, and a cascading mixer and gravity bed

pyrolyzer. This enables us to study complete

solid-solid recycle systems and to compare the

results to the predictions of our retort models,

which, in turn, are based on laboratory research

on the chemistry of reactions important to these

processes.

EQUIPMENT

System Description

Figure 2 is a schematic of the continuous-loop

solid-recycle system and its major components.

Figure 2a shows the equipment layout for

experiments using the two-stage fluidized bed

pyrolyzer, and Fig. 2b shows the equipment layout

for experiments using the cascading mixer and

gravity bed pyrolyzer.

For all experiments, raw and recycled shale

are rapidly mixed and held in the retort for 2-3

minutes during which pyrolysis occurs. After the

oil is removed, the solid exits the retort and

falls into a surge bin. A metering valve at the

bottom of the bin controls the flow of the solid

into the lift pipe, where it is lifted by air to

the top of the tower. Excess material spills out

from the top of the surge bin and into the spent

shale discharge hoppers. At the top of the lift

pipe, the solid and lifting air separate, and the

solid flows into the combustor. Once in the

combustor, it tumbles down a series of inclined

chutes, and, as the char burns, the temperature

increases to the point necessary to maintain

process conditions. From the bottom of the

combustor, the solid recycles to the retort,

directly in the case of the fluidized bed

pyrolyzer, or via a nitrogen lift in the case of

the gravity bed pyrolyzer.

Fluidized Bed Retort

The two-stage fluidized bed retort, shown in

Fig. 3, is a circular cylinder with an inside

diameter of 15 cm and a height of 180 cm. A flat

vertical plate or baffle that extends from near

the top of the retort to nearly the bottom

separates the two stages. Raw and burned shale

enter the retort, mix and travel downward in the

first stage. Passing the center baffle plate, the

solid travels upward in the second stage and exits
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Figure 2. Schematic of 2 Ton/Oay Continuous-Loop Solid-Recycle

Oil Shale Retorting System.
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Figure 3. Schematic of Two-Stage Fluidized Bed Retort.

at the discharge port. During operation the solid

occupies the lower half of the retort, while the

upper half serves as a gas-particle separator.

The two stages within the fluidized bed

reduces dispersion so that particle residence

times become more nearly uniform. Crushed shale

with a size ranging from 0.3 to 3.3 mm is

processed in the experiments. In fluidized beds,

larger particles tend to travel down more rapidly

and up slower than smaller particles. By

providing both downflow and upflow in the two

stage fluidized bed, the effect of particle size

on dispersion is minimized.
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Figure 4. Schematic of Gravity Bed Retorting System.

Gravity Bed Retort

The gravity bed retort, shown in Fig. 4,

consists of three components: a cascading mixer, a

solid disperser and a gravity bed soak tank. In

the cascading mixer, the hot and raw shale are

combined while tumbling down a series of inclined

chutes. The 10 cm square by 50 cm high mixer

contains six alternating chutes which splits and

recombines the solids providing thorough mixing in

approximately
1 second transient time. Below the

mixer, the solid falls through a funnel to the

disperser, constructed with eight rows of three or

four rods in a staggered pattern, which spreads

the solids horizontally as it falls onto the top

of the gravity bed soak tank. In the soak tank,

the solids move slowly downward in plug flow,

providing the 2-3 minute residence time for

pyrolysis to occur. To aid product recovery, the

soak tank is equipped with five gas injection

ports and six product removal ports, as shown.
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Solid Recirculation System

The solid recirculation system consists of

three components: The solid surge bin, air

pneumatic lift pipe and gas-solid separator. The

cylindrical surge bin is 10 cm in diameter and 60

cm tall. During operation, the solid enters the

bin at a rate roughly equal to the combined flow

of raw and recycled shale. Solid exits the bin at

the recycled shale rate, with the excess spilling

over into the spent shale hopper. The shale to be

recycled passes through a funnel, which smoothes

the pulses from the rotary feeder, and then enters

a 23 mm diameter lift pipe for transport to the

top of the tower. The lift pipe discharges into a

gas-solid separator with the gas and very fine

dust being carried up and out of the separator

while the shale flows down an incline to the

combustor.

Cascading Bed Combustor

with similar but larger holes collects the combus

tion products. The shale exit temperature is

controlled by adjusting the rate at which air is

delivered to the unit.

EXPERIMENTAL

Heat-Leakage Control

All experiments are performed in a way which

minimizes heat gain or loss to the surroundings.

We accomplish this by strapping electric heaters

and thermocouples to the outer surface of all

components that operate hot. We then place

5-cm-thick layer of alumina fiber insulation over

the heaters. During operation, we run each heater

at a power level corresponding to the heat loss

through the insulation in that area. Thus, no

heat flows into or out of the material contained

within the components.

Combustion of char in the spent shale begins

in the air lift and continues in the combustor.

This unit contains a total of 114 plates (57 on

each side) which delays the fall of the solid

providing 26 seconds for combustion to take

place. The plate design and spacing is simialr to

that used for the solids mixer, shown in Fig. 4.

Thermocouples attached to every third plate on the

exit side (for a total of 20) monitor the burning

process. The unit operates as a crossflow device,

with the solid moving downward and the air and

combustion products moving horizontally across the

unit. The inlet air is distributed along a plenum

and enters the combustor through a series of small

holes below each plate. An exit plenum equipped

The proper power levels for the heaters are

determined before each run begins. With no flow

of solid or gas in the apparatus, we adjust the

heater powers to stabilize each wall temperature

at a value commensurate with that expected during

the run for the material inside the component.

Once determined, these power levels are held fixed

during the run.

Component Operation

The experiments were operated at 20-35 kPa

above atmospheric pressure to prevent air leaking

into the system and to provide the driving force

for the sampling systems. Gas blocks are required
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to allow solid but no gas transport between the

reducing atmosphere of the retort and the oxidiz

ing atmosphere of the combustor system. For this

purpose we used rotary valves which provide an

adequate gas block while metering the flow of

solids around the loop. Some gas leakage did

occur, proportional to the pressure difference

across the valves. To minimize the leakage of gas

and oil vapor from the retort to the combustor we

installed an automatic valve which maintained the

combustor pressure at or slightly higher then that

in the retort. This caused the entire system to

be at essentially the same pressure, except for

the pneumatic lifts, which operated at the

differential pressure necessary to lift the solids

(approx. 3-6 kPa).

Flows and Temperatures

The flow of the solid in the system is metered

using the rotary feeders by recording either the

rotational speed or total number of rotations of

the feeder shaft. Each feeder was calibrated over

a range of rotation rates prior to the experi

ments, with the raw feeder re-calibrated during

each run by noting the total number of rotations

and the total amount of raw shale processed. Gas

flows are determined either via orifice stations,

or for small flows, using rotameters. A computer

data acquisition system records the solid and gas

flows as well as over 150 temperature measurements

throughout the system.

Sampling

All vessels used to collect the solid and

fluids discharged from the system are duplicated

with one set used during start-up and transient

operation and the second set used during "steady-

state"

operation. By switching to steady-state

collection vessels after conditions in the system

stabilize, we can more accurately ascribe results

to the steady-state run conditions without regard

to start-up history.

The solid discharge from the retort is

collected in the spent shale hoppers, pyrolysis

and combustor gas cyclones and as dust in the

liquid oil. Weight and elemental analysis of each

sample is determined, with additional measurements

taken as needed. Grab samples of the pyrolysis

and combustor gas discharges are taken and

analyzed using combined gas chromatograph (GC) and

mass spectral (MS) analysis techniques to

determine major components, while an on-line

triple quadrapole mass spec (TQMS) is used to

analyze for trace environmental species in the

pyrolysis gas.

The oil is collected in one of two separate

units depending on the type of retort used. The

fluidized bed retort used two condensers in series

to collect the oil. The first condenser is cooled

by ambient temperature water and, in addition to a

cooling coil, has baffles that reverse flow direc

tion to aid in the removal of droplets. In the

second condenser, the gas is cooled by a refriger

ant, with cooling coils, baffles and demisters

(5-cm-diam tubes packed with stainless steel

mesh). The equipment is operated in such a way

that the gas leaving the second condenser is

slightly below ambient temperature. After the

second condenser, the gas passes to polyproplyene

filters for final demisting. Following the run,

the condensers are drained and washed with

methlyene chloride and the combined liquid is

analyzed for oil, water and dust fractions.
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Accurate measurement of the solid and gas

discharged from the retort can be accomplished in

a relatively short steady-state period (15-20

minutes). However, due to the large condenser

volumes needed to provide adequate collection

efficiency and the amount of solvent needed for

cleaning, accurate measurement of oil yield

requires longer periods during which steady-state

is maintained.

The oil condensers, described above, are used

during start-up of the gravity bed retort. How

ever, for this run series, once steady-state is

achieved, the oil is collected in a direct contact

solvent bath charged with liquid toluene. In the

system, the hot pyrolysis gas (containing oil,

water and dust from the retort) is bubbled through

two toluene baths in series. Refrigerant cooled

coils in the baths and refluxing condensers above

each bath maintain the first bath slightly above

ambient temperature and the second bath at or

below 0 C, which minimizes the amount of toluene

lost to the vapor phase. After the run, the

measured weight gain, less the amount of water and

dust collected, determines the oil yield.

Use of the direct contact bath is possible due

to the much lower gas flux of the gravity bed

system (since fluidization is not required). With

the solvent bath system, accurate measurement of

oil yield can be accomplished in the same time

needed for solid and gas collection, thus, reduc

ing the steady-state time required. The shorter

time allows us to perform multiple runs per day by

switching back and forth between steady-state and

non steady-state operation. For this purpose, we

added multiple pots to the steady-state collection

vessels, using one pot for each steady-state

period. Multiple oil samples were collected by

draining and re-charging the solvent bath between

runs.

For the gravity bed runs, oil for characteri

zation was collected upstream of the solvent bath

using a Fischer assay type collector immersed in

an alcohol-dry ice bath. In addition, grab

samples of oil and gas from the individual gravity

bed exit ports, shown in Fig. 4, were collected

and analyzed.

RESULTS AND DISCUSSION

Summary of Run Conditions

Table 1 summarizes run conditions for the five

successful fluidized bed, R-series runs ,
and

the 12 successful gravity bed, G-series runs. For

each run, average conditions are reported over the

steady-state time interval shown. The reported

residence times were determined from the mass of

shale in the retort and surge bin divided by the

solids flow in each unit. All of the R-series

runs, except R-l, employed gas recycle for

fluidization. The G-series runs and R-l employed

once through "gas sweep", using nitrogen or a

bottled gas. For run G-6, the bottled gas

contained a mixture much like that recycled during

the R-series runs. The gas sweep injection ports

used during the G-series runs are noted in the

table. Referring to Fig. 4, the ports are

numbered 1 through 5 within the gravity bed, with

injection port 6 located in the head space, 45 cm

above port 5. Runs G-3 to G-5 used product

removal ports 5 and 6 only. The remaining

G-series runs used all 6 product removal ports.
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It should be noted that the solids return below

removal port 1 was installed after retort run

G-8. The three flows reported are air supplied to

the 1st lift, nitrogen supplied to the 2nd lift

and air supplied to the cascading bed combustor.

The temperatures reported represent the average

over time and location (in the case where multiple

sensors were present). Two methods were used for

determining oil yield: 1) direct measure (M) and

2) by difference (D). These two methods are .

described later in the discussion. Reported in

Table 1 is our best estimate of oil yield, as a

percentage of Fischer assay yield, for each run

and the method used to calculate this yield.

Three shales were used in the current study,

an Anvil Points 24 gallon per ton (GPT) shale for

the R-series runs and the G-series runs G-9 thru

G-13 and G-15, an Occidental 15 GPT shale for runs

G-3 thru G-8 and a Tract C-a 42 GPT shale for run

G-14. For each raw hopper loading, a representa

tive sample was analyzed for elemental analysis,

at LLNL, and Fischer assay oil yield by J. and A.

Associates, Inc., of Golden, Colorado. The

results of these analyses are shown in Table 2.

In the table, the condensed oil yield in l/tonne

is reported along with a calculated total oil

yield, in which hydrocarbon gases with a carbon

number of 4 or more are included. For run R-l, a

complete material balance assay was performed to

determine the oil and gas yields. The other

assays, which reported condensed oil and water,

were corrected to total oil by assuming that the

ratio of C + gas to oil was the same as R-l.

Table 2. Raw Shale Feed Composition

Run

No.

Analysis

C H

- weight

N

%

S

Acid

C02
%

Organic

Carbon

%

Fischer Assay

Yield C^+Yield

l/tonne gm/kg raw

Anvil Points - 24 GPT Shale

R-l

R-3

R-4

R-6

R-7

14.7

16.2

16.2

16.6

16.2

1.9

1.8

1.8

1.6

0.58

0.83

0.54

0.54

0.61

0.59

0.65

0.63

17.3

17.5

17.5

17.6

18.0

9.94

11.4

11.4

11.8

11.2

93.7

97.6

101.0

103.0

98.0

88.4

91.5

96.0

100.0

93.4

G-9,G

G-12,1

G-15

-10

2-13

16.0

16.2

16.5

1.8

1.8

1.8

0.58

0.69

1.60

0.62

0.58

0.56

18.1

17.8

18.0

11.1

11.4

11.6

99.4

97.8

108.0

92.8

91.3

101.0

Occidental - 15 GPT Shale

G-3,G-

G-6.G-

-5

8

12.5

12.7

1.2

1.2

0.40

0.54

0.37

0.35

19.2

19.4

7.31

7.44

63.7

62.4

61. L

60.0

G-14 24.6 3.0

Tract C-a - 42 GPT Shale

0.81 1.30 15.1 20.5 176.0 165.0
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Raw shale at ambient temperature was processed

in all of the R-serles runs except R-7. For run

R-7, and all G-serles runs, the raw shale was

pre-heated using electric heaters strapped to the

hopper and hot nitrogen, which was blown through

the shale. The temperature of the heaters and

nitrogen was carefully controlled below retorting

temperatures to avoid product loss. The preheat

ing dried the shale, producing a more uniform feed

and allowed the retort to be operated under condi

tions more closely approximating those expected

during commercial processing.

Mass and Component Balances

For each run, the total mass into and out of

the system is measured along with the mass and

composition of material during steady-state

operation. Steady-state balances for mass, total

carbon (organic and mineral), organic carbon,

mineral carbon and sulfur are determined from

these measurements. In Table 3, the mass distri

bution for each of the runs is reported, as a

percentage of the raw shale feed during steady-

state. The solids reported in this and subsequent

tables include material collected in the spent

shale hopper, pyrolysis and combustor cyclones and

dust in the oil. The liquids include the oil and

water collected from the pyrolysis gas and the

water formed in the combustor (calculated from

hydrogen depletion). The gas combines that from

the pyrolyzer and combustor exits. Closure to

within 4% is reported for all runs. Generally

during oil shale processing some weight loss is

expected, due to a fraction of water and fines

exiting the system uncollected. Comparison of

mass closure
with steady-state times, reported in

Table 1, show that increasing the collection time

does not improve closure, since the fraction of

uncollected water and fines remains relatively

constant.

Table 3. Mass Distribution

(Percent of Raw Shale Feed)

Run No. Solids Liquids Gas Closure

Anvil Points - 24 GPT Shale

R-l 84 9 6 99

R-3 83 10 3 96

R-4 84 11 3 98

R-6 82 11 3 96

R-7 84 10 3 97

G-9 84 9 3 96

G-10 82 10 5 97

G-12 83 10 4 97

G-13 83 10 5 98

G-15 84 10 4 98

Occidental - 15 GPT Shale

G-3 93 6 2 101

G-4 96 6 ? 104

G-5 92 6 3 101

G-6 92 5 3 100

G-7 91 5 3 99

G-8 90 5 3 98

Tract C-a - 42 GPT Shale

G-14 71 17 10 98

Carbon balances were performed for all of the

retort runs. For the solids, the total carbon

content before and after acid wash was determined

allowing us to differentiate carbon from organic

and inorganic sources. Carbon in the pyrolysis

gas and oil was assumed to be from organic sources

and by forcing closure of the mineral carbon

balance we determined the fraction of CO in the

combustor gas from mineral sources. The distribu

tion of total carbon for each of the runs is

reported in Table 4. The carbon content of the
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solids, pyrolysis gas and combustor gas are

separately reported along with their sum. For a

given shale type, the sum shows a high degree of

consistency, except for run R-l which also

produced higher amounts of pyrolysis gas indicat

ing extensive oil cracking. The carbon content of

the oil is only reported for the later runs due to

a problem in earlier runs in accurately determin

ing the water content of the oil sample. Closure

to within 7% is reported for those runs where the

collected oil and water was accurately measured.

Table 5 shows the distribution of organic carbon

for each of the runs. In this table, the solids

and combustor gas are combined to show the run-

to-run consistency in the amount of organic carbon

exiting in these two streams. The carbon content

of the pyrolysis gas is reported up to and includ

ing the C hydrocarbons with the remainder of

the organic carbon reported in the oil. The

reported organic content of the oil was not

measured but calculated (by difference), which

allows comparison between the runs with and

without accurately determined oil yields. The

fraction of organic carbon in the oil (or the

fraction in the solids + gas) shows very good

consistency among the runs for a given shale type,

except again for the R-l run.

Table 4. Total Carbon Distribution

(Percent of Raw Shale Carbon)

Table 5. Organic Carbon Distribution

(Percent of Raw Organic C)

Run No. Solids + Pyrolysis Oil by

Run :Solids Pyroly Combus- Solids Collect Closure Combustor Gas Difference

No. sis Gas; tor Gas -i- Gas ed Oil Gas To C3

Anvil 1Points - 24 GPT Shale Anvil Points - 24 GPT Shale

R-l 37 10 18 65 __ R-l 33 9 58

R-3 36 6 12 54 R-3 27 6 67

R-4 36 6 13 55 R-4 29 6 65

R-6 34 7 13 54 R-6 26 6 68

R-7 36 7 11 54 R-7 24 7 69

G-9 30 7 20 57 40 97 G-9 27 8 65

G-10 30 7 19 56 45 101 G-10 26 7 67

G-12 30 6 16 52 42 94 G-12 23 6 71

G-13 30 7 17 54 42 96 G-13 24 7 69

G-15 29 7 16 52 41 93 G-15 22 7 71

Occidental - 15 GPT Shale Occidental - 15 GPT Shale

G-3 46 4 18 68 __ G-3 39 5 56

G-4 47 3 19 69 G-4 41 5 54

G-5 45 4 21' 70 G-5 41 6 53

G-6 44 4 22 70 G-6 41 5 54

G-7 44 6 23 73 G-7 43 8 49

G-8 45 5 18 68 G-8 36 6 58

Tract C-a - 42 GPT Shale Tract C-a - 42 GPT Shale

G-14 21 7 18 46 49 95 G-14 26 6 68
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The table shows that the gravity bed G-series

runs partitioned the organic carbon in much the

same way as the fluidized bed R-series runs, with

between 65 to 71 percent of the organic cttrbon

recovered as oil. This result indicates that over

the range investigated, product sweep, retort

atmosphere and recycle ratio have little effect on

the partitioning of organic carbon in the process.

trace levels of sulfur were measured in the gas

streams with the majority of sulfur being retained

in the solids. Sulfur balance closure to within

10% was generally obtained which is reasonable

considering the relatively small amount of sulfur

in the source material.

Oil Yield

Table 6 shows the sulfur distribution for each

of the runs. Several techniques were used to

determine the sulfur content of the pyrolysis and

combustor gases. These included on-line and grab

sample analyses using single and multiple quadra-

pole mass spectrometers and on-line measurements

using Drager tube detectors. In all cases, only

Table 6. Sulfur Distribution

(Percent of Raw Shale Sulfur)

Run No. Solids Gas Oil Closure

Anvil Points - 24 GPT Shale

R-3 84 Trace 8 92

R-4 89
ii

8 97

R-6 82
it

8 90

R-7 83
ii

6 89

G-9 84
n

7 91

G-10 83
ii

8 91

G-12 83
ii

8 91

G-13 84
ii

8 92

G-15 87
ii

9 96

Occidental - 15 GPT Shale

G-3 87 Trace 6. 93

G-4 87
it

5 92

G-5 90
ii

5 95

G-6 96
ii

5 101

G-7 97
it

4 101

G-8 81
ti

5 86

G-14

Tract C-a - 42 GPT Shale

68 Trace 11 79

Trace = < 1%

As previously described, two different oil

collection systems were used during this study:

cooling condensers for the R-series runs and a

direct contact solvent bath for the G-series

runs. Oil collection efficiencies for both

systems were adequate, with longer sample times

needed for the R-series runs, as previously dis

cussed. Although sufficient oil was collected

during the R-series runs to quantitatively measure

yield, the analytic procedure, used to separate

the oil, water and dust, generally underestimated

the amount of water in the collected sample. This

resulted in an overestimate of the amount of oil

collected for these runs. We alternately deter

mined nil yield by measuring the carbon content of

all solid and gas streams entering and leaving the

retort and calculating oil yield by difference.

In Table 1, we report for runs R-4 thru R-7 oil

yield using the difference method (D). For runs

R-l and R-3, the directly measured oil yields were

less than those using the difference calculations,

and thus for these runs, the directly measured (M)

oil yields are reported. The G-series runs used

the solvent bath oil collection system to measure

oil yield. The collection system was developed

during the early runs, and began to yield quanti

tative results by Tun G-9. For comparison with

the R-series runs, all of the G-series oil yields

are reported using the difference method (D).
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Comparison of direct versus difference yields

for the R- and G-series runs is shown in Table 7.

We see in Table 7 an average 10% discrepancy

between measured and calculated yield for the

G-series runs. This discrepancy was due in part

to retort operation which inadvertently allowed a

portion of the pyrolysis gas to escape into the

combustor system, via the rotary valve separating

the transport lift and cascading mixer. For each

of the valves, special rotors were fabricated to

reduce the clearance between rotor and housing to

approximately 0.1 mm. In the case of the mixer

valve, this clearance was exceeded and small

pressure imbalances would pass pyrolysis gas (and

oil) to the combustor system. Evidence of this

showed in the combustor gas which on occasion

contained concentrations of CH, and other

hydrocarbons not normally observed. Nonetheless,

the comparison between measured and calculated oil

yields, in Table 7, shows that the calculational

method for determining oil yield is a reasonable

alternative to direct measurement.

Pyrolysis Gas Composition

Grab samples were taken of pyrolysis gas

during the steady-state portion of each run and

analyzed by gas chromatographic and mass spectral

analysis techniques. Reported in Table 8 are

compositions from representative runs from the R-

and G-series on a volume and per gram of raw

organic carbon basis. All gases with carbon

numbers of 4 or greater were combined and reported

as C + in the table. The nitrogen content of

the gas resulted in part from the nitrogen which

was bled into the system to maintain sample lines

open and dust free and from the small amount of

air leaking into the retort from the pneumatic

lift system. In the case of the G-series runs,

nitrogen was also injected into the retort to aid

in product removal. Helium was injected into the

retort as a pyrolysis gas tracer.

Table 8. Pyrolysis Gas Composition - Percent and

gm/kg Raw Organic Carbon in Raw Shale

Table 7. Oil Yield Measured versus

Calculated

Run No. Percent Fischer Assay Yield

Measured Calculated

86

107

91

91

104

103

102

99

R- 1 84

R- 3 100

G- 9 85

G-10 95

G-12 92

G-13 93

G-14 93

G-15 85

Species

R-6

%

R-6

gm/kg

Nitrogen 52.0

Helium 1.9

Hydrogen 12.8 3.4

C02 11.4 67.0

CO 3.9 14.0

CH4 7.1 15.0

C2H4 1.9 7.1

C2"6 2.5 10.0

C3H6 1.9 11.0

C3H8 1.2 6.8

C4+ Gas 3.6 32.0

G-12

%

76.0

1.7

7.8

4.2

1.1

G-12

gm/kg

4.5

55.0

9.0

15.0

8.5

10.0

13.0

6.9

27.0
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Grab samples of combustor gas were collected

at a location which sampled the combined flow from

the combustor and lift systems. The combustor

compositions for a typical R- and G-series run are

shown in Table 9.

Table 10. Oil Yield and Properties for

Anvil Points 24 GPT Shale

Fischer

Assay

Fluidized

Bed Runs

Yield (% of FA)

Density (gm/cc)

Viscosity (cp)
Nitrogen (%)
H/C Molar Ratio

100.0

0.908

24 .0

2.1

1.68

98.0

0.938

>400.0

2.1

1.59

5

Gravity
Bed Runs

98.0

0.884

8.5

1.6

1.59

Table 9. Combustor Gas Composition

(Percent)

R-6 G-12

Nitrogen 80.0 84.0

Oxygen 8.1 9.8

C02 11.0 5.8

CO 0.8 0.6

Oil Characterization
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Typical properties of the oil collected for

the R- and G-series runs, using Anvil Points 24

GPT shale, are compared with oil collected under

Fischer assay conditions in Table 10 and Fig. 5.

The R-series oil seemed to be unstable and would

quickly form solid precipitates insoluble in

methylene chloride. The viscosity of this oil was

much greater than that from Fischer assay or

G-series experiments and the boiling point

distribution of the oil fraction which could be

sampled is shown to be shifted toward higher

molecular weight hydrocarbons. The G-series oil,

on the other hand, was less dense, less viscous

and had a boiling point distribution with a

greater amount of lighter hydrocarbons.

Figure 5. Similated Distillation of Three Anvil

Points Shales (ASTM D-2887 Method).

Considerable work has been done on correlating

indicators in the gas and oil to the degree of

cracking, coking and combustion occurring during

oil shale retorting at slow heatup rates (1-10

degrees per minute)

"

\ Key cracking

indicators are the ethlyene/ethane and
proplene/-

propane ratios in the gas phase and the ratio of

toluene and para-xylene to straight chain com

pounds in the oil. Comparison of the oil
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C2H4 C3H6 Toluene p-Xylene Yield

C2H6 C3H8 C7+8 C8+9 (Fraction of

Fischer assay)

An on-line triple-quadrapole mass spectral

analyzer (TQMS) was used to detect sulfur-con

taining species in the pyrolysis gas effluent from

the retort. The on-line capability was invaluable

for studying transient behavior in the system and

also for determining baseline data for steady-

state operation. Table 11 summarizes the species

and quantities observed for typical R- and

G-series runs of the recycle retort, showing that

HS is the predominate sulfur bearing species in

both cases.

Figure 6. Comparison of Selected Cracking

Indicators and Yield from Fischer

Assay, R- and G-Series Runs.

Table 11. Sulfur Bearing Species in

Pyrolysis Gas (ppm)

collected from Fischer assay and R- and G-series

runs, in Fig. 6, show a clear trend in the four

selected cracking indicators. However, comparison

of oil yield (as a fraction of Fischer assay

yield) shows little yield loss for the R- and

G-serles run even though a large amount of

cracking is indicated especially for the G-9 run.

The implication from this data is that rapid

pyrolysis retorting in an apparatus like the

gravity bed produces a more stable, lighter oil

than that obtained from fluidized beds, without

large sacrifices in oil yield.

Sulfur Chemistry

Operation of the continuous-loop solid-recycle

retort provides us with a unique opportunity to

study the complex chemistry of sulfur-containing

compounds at various stages throughout the recycle

loop.

R-7 G-9

Hydrogen sulfide

Methyl mercaptan

Ethyl mercaptan

Propyl mercaptan

Dimethyl disulfide

Carbonly sulfide

Carbon disulfide

Thiopene

Methyl thiophene

175.0 520.0

9.0 20.0

13.0 6.0

3.0 1.0

0.5 5.0

7.0 3.0

0.3 0.8

30.0 15.0

40.0 19.0

One of the most striking differences between

hot-solid retorting and conventional retorting is

the fraction of sulfur in pyrolysis gas. In both

types of retorting the principal sulfur-bearing

gas is HS. As shown in Table 12, as much as

20% of the sulfur in raw shale is released as

H S under conditions of a Fischer assay,

whereas, less than 1% of the sulfur was emitted as

H S in the case of solid-recycle retorting.

This conclusion is based on measurements of

sulfur-species concentrations by means of on-line

TQMS for the R and G-series runs.
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Table 12. Sulfur Partitioning (%) for
Anvil Points 24 GPT Shale

500 400
300

Fischer

Assay
Fluidized

Bed Runs

5

Gravity
Bed Runs

Oil

Gas

Solid

10

23

67

8

0.5

91

8

1

84

Several H2S-capture reactions are postulated

in Table 13. The first 4 reactions are favored

based on thermodynamic data. The last reaction in

the table, capture of HS by MgO to form MgS, is

not favored at 500C. Analysis of retorted

shale, downstream of the pyrolyzer, is in

progress, and will help identify sulfur-scrubbing

reactions important in solid-recycle retorting.

The kinetics of sulfur removal by several

constituents in oxidized shale have been studied

in the laboratory . These results, shown in

Fig. 7, indicate that oxidized shale is an

efficient scrubber of HS, with a rate constant,

roughly equal to that from iron oxide and dolomite

combined.

Table 13. Hydrogen Sulfide Removal Reactions During

Pyrolysis with Recycled Burned Shale

G,527C

kJ/mole

H2S + 1/2H2 + l/2Fe203 = FeS + 3/2H20

H2S + CaMg(C03)2
= CaS + MgO + 2C02 + H20

H2S + CaC03
= CaS + C02 + H20

H2S + CaO = CaS + H20

H2S + MgO = MgS + H20

-57

-26

- 7

-60

+29

104/T

Figure 7. The Kinetics of H S Removal

As shown in Table 12, the majority of sulfur

which enters the pyrolyzer in raw shale remains in

the solid phase and is carried from the pyrolyzer

to the combustor. This creates a potential for

large SO emissions as the sulfur-containing

compounds are burned. However, during the R and

G-series runs, the S02 concentration in the

combustor offgas was found to be at or below 10

ppm when processing Anvil Points shale.

The principal reactions which yield and

capture SO in the combustor are shown in Table

14. We have measured the rates of these reactions

in laboratory experiments. We found that the

reaction between SO and dolomite is rapid at

first, but that the reaction becomes slow long

before all of the dolomite is reacted. The

capacity for scrubbing is very limited at tempera

tures below approximately 625 C. This explains
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Table 14. Principle Sulfur Reactions in Combustor

FeS + 02 = Fe304 + S02

Fe30/, + 02 = Fe203

Fast

Fast

CaMg(C03)2 + S02 + 02 = CaS0A + MgS04 Fast but slows

with sulfation

Fe203 + S02 + 02 = Fe2(S04)3

CaS + 02 = CaSO^

Slow? Equili

brium limited

Slow

why SO levels of 50 ppm were measured during

processing of lean 15 GPT Occidental shale, for

this shale had a dolomite to sulfur ratio half

that of the Anvil Points shale, and the tempera

ture of combustion of the lean shale was lower

than for the Anvil Points shale. Operation of the

combustor at higher temperature increases the

SO -capture capacity, however, this would be at

the expense of greater carbonate decomposition,

which is an energy drain on the system.

Oxidation of sulfides and the formation of

sulfates are exothermic reactions. Between 15 and

20% of the heat released in the combustor during

the R and G-series runs was from these reactions.

Another concern in selecting ideal operating

conditions in the combustor is the formation and

disposition of iron sulfates. We have found that

Iron sulfates are rapidly decomposed under condi

tions in the pyrolyzer. This decomposition

results in a loss of oil yield. Thus it is

important to avoid transport of iron sulfates from

the combustor into the pyrolyzer. We have found

that increasing combustor temperatures decreases

the chances for the formation of iron sulfates and

favors the formation of calcium sulfate. Calcium

sulfate does not result in an oil loss when it is

cycled from the combustor into the pyrolyzer.

Thus higher combustion temperatures are suggested

both to avoid SO emissions and to prevent oil

loss resulting from contact with iron sulfates.

Nitrogen Chemistry

Emissions of NO have been measured from the

cascading-bed combustor. Between 0.4 and 3% of

the nitrogen in raw shale is emitted as NO .

The fraction depends on the combustor temperature

and the form of nitrogen in the shale. Colorado

oil shale contains both organic and Inorganic

(mineral) nitrogen. The fraction of nitrogen

emitted as NO decreases with increasing frac-

x

tion of inorganic nitrogen.

The legal limit for NO emissions is 0.5

pounds per million btu of fuel value. If the fuel

value is interpreted to be the fuel value of the

oil produced, the observed emissions are half of

the legal limit. If the fuel value is taken to be

the fuel value of the material burned in the

cascading burner itself, then the emissions

observed are as much as three times the legal

limit.

We are investigating factors which fix the

concentrations of NO during the combustion of

x

retorted shale(12). We know that NH3
is very

effective in reducing NO . We are measuring the

concentration of both NH and NO at various

mt
A

places in the combustor offgas stream in order to

learn how to burn retorted shale with a minimum

release of NO .
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CLOSURE
ACKNOWLEDGEMENT

We have successfully operated a 2 ton/day

continuous-loop solid-recycle system for oil shale

retorting, using a 2-stage fluidized bed pyrolyzer

and a cascading mixer and gravity flow soak tank

pyrolyzer. Our experiments and measurements have

elucidated much of the chemistry important during

rapid- pyrolysis retorting when hot oxidized shale

is used as the heat carrying medium. Oil yields

at or near those obtained under Fischer assay

conditions have been obtained from both

pyrolyzers, however, the oil produced in the

cascading bed system is lighter and more stable

than that produced in the fluidized bed.

Concentrations of trace environmental species

have been measured and it has been shown that most

of the sulfur is retained in the solid phase with

less than 1% released as HS in the pyrolysis

gas. With much of the sulfur remaining in the

solid, SO emissions in the combustor are a

potential concern. We have determined under what

conditions sulfur capture reactions in the

combustor provide efficient scrubbing of the

combustor effluent, with S02
emissions measured

at less than 10 ppm. NO emissions in the

combustor have also been measured and reported.

Future runs with Eastern shale and inert heat

carriers will further aid in our under- standing

of oil shale retorting under rapid- pyrolysis

conditions.

The authors would like to thank R. W. Taylor

and T.T. Coburn for their many contributions in

the performance of the retorting experiments and

the analysis and interpretation of the results.
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ABSTRACT

In situ oil shale retorts have typically been

designed for the fracturing event to produce a

rubble bed having uniform cross-sectional rubble

properties. This uniform rubble bed approach

strived to produce constant void fraction and

particle size distribution within all regions of

the rubble bed. Ideally, these isotropic rubble

beds have uniform flow of oxidants, retorting and

combustion products. However, edge effects during

the blast event (which affect both particle size

and void) typically produce channeling at the

retort walls during processing, reducing the

rubble sweep and the local yield. Previous labo

ratory and field work have demonstrated this

effect significantly reduces retort yield. Cur

rent blast designs have been unsuccessful thus far

in overcoming wall effects. Since it is unlikely

that process control parameters can provide any

significant yield improvement in non-uniform

retorts, any large improvement in retort yield

must come from improved rubblization concepts.

Second generation in situ retorts are address

ing uniform retorting within the rubble bed rather

than the uniformity of rubble bed properties.

Here, the blast design produces an anisotropic

rubble bed with varying particle size distribution

and void fraction normal to the direction of

flow. This paper describes a laboratory experi

ment in which a
highly- instrumented, 100 kg bed of

shale with zones of differing particle size and

void was retorted. Shale particle size and void

were varied over the retort cross-section so that

a retorting
front would move at a constant velo-

t The term

"anisotropic"

is used throughout this

paper to refer to variations in rubble bed pro

perties (on a scale much larger than typical

particle size) over the retort cross-section.

city downward through the rubble bed. The bed was

designed using data from numerous pressure drop

measurements on uniform shale beds of varying

shale particle size distribution and void.

Retorting of the bed showed a uniform retorting

front and a yield comparable with that achieved in

isotropic shale beds. We present thermal data

(detailing the movement of the retorting front)

and offgas, oil and shale analyses (allowing

material and energy balance closures) and compare

these data to previous vertical retorting experi

ments on uniform and non-uniform beds of shale.

This experiment verifies that uniform retort

ing fronts can be achieved in correctly designed

anisotropic beds of shale and validates the con

cept of uniform retorting in order to increase the

oil recovery in second generation retorts.

INTRODUCTION

Recovery losses in modified in situ (MIS) oil

shale retorts have traditionally been categorized

as either sweep inefficiencies or local yield

losses. The overall yield of a retort is then

determined as the product of the overall rubble

sweep and the local yield based upon Fischer Assay

(FA). Sweep inefficiencies, caused by non-

uniformities in the rubble bed properties in the

plane perpendicular to the direction of flow,

result from the failure of the retorting front to

contact all of the rubbled shale in the retort.

Local yield losses are attributed to low retorting

rates (oil coking) and exposure of the oil to high

temperatures and/or oxygen (oil cracking and com

bustion) as a result of the overlap of the retort

ing and combustion fronts. This analysis, how

ever, does not explain the lower overall yields

being achieved in first generation commercial

retorts (50% FA versus the expected 75%
FA).2,3,4

These field experiments, performed as cooperative
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programs between the U. S. Department of Energy

and industry, provided a considerable data base on

the performance of large scale retorts. These

retorts, while operated successfully on low void

fractions (10% - 30%) and low shale grades (65 -

100 lpt) ,
had non-uniform retorting fronts

caused by channeling at the retort perimeter.

This effect is shown graphically in Figure 1,

detailing the channeling of the retorting front at

the perimeter of Occidental Oil Shale Inc. (OOSI)

2
Retort 8.

Laboratory-scale retorting experiments at

Sandia National Laboratories on anisotropic rubble

beds have subsequently shown that a non-uniform

retorting front in the rubble bed not only reduces

the sweep, but also significantly reduces the

local yield (11 to 23% of Fischer Assay in a pilot

laboratory retort) .

' '

This additional loss

factor, termed "flow structure yield loss", is

caused by the non-uniformity of the retort front.

(Permeability contrast experiments using a 10 ton

non-adiabatic retort vessel have been performed at

the Western Research Institute. They report over

all yields of 23% FA (Retort S77) with sweeps of

approximately 65% of the bed. This implies a

local yield value of ~35% FA. Whether this low

yield is due to the permeability contrast or due

8 9
to energy losses is unclear.)

'

This flow

structure yield loss cannot be overcome by pro

cessing conditions. In the past, research has

been directed at developing an in situ retort

blast design that would ideally produce a rubble

10
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FIGURE 1. Typical Contours from Occidental VMIS

Retort 8 Detailing the Movement of the

Retorting Front at the Retort Perimeter.

bed having uniform cross-sectional rubble proper

ties. This uniform rubble approach strived to

produce constant void fraction and particle size

within all regions of the rubble bed. Current

blast designs have been unsuccessful in preventing

edge effects during rubblization (which affect

both particle size and void fraction). Increased

shear between the moving rubble and the stationary

retort walls during blasting increases the void

fraction at the retort perimeter producing an

anisotropic rubble bed. (The ratio of the peri

meter void to the center void in Occidental

Retorts 7 and 8 was reported to be slightly less

than two . )

This paper investigates a different approach

to the retort blast in which the increased void at

the retort perimeter is offset by decreasing the

particle size. The design criterion is to have a

uniform retorting front rather than uniform rubble

properties. While uniform rubble properties will

yield a uniform retorting front, this concept,

proposed for second generation in situ retorts,

provides more flexibility to the blast designer to

circumvent edge effects. In order to provide data

for the development of these processes we have

performed a laboratory experiment (Retort L-46) in

which a highly- instrumented, adiabatic 100 kg bed

of shale with zones of differing particle size and

void normal to the direction of flow was retorted.

The rubble cross-sectional properties (particle

size distribution and void fraction) were designed

such that the correct gas flux reached the differ

ent regions of the rubble bed in order that the

retorting front would move at a constant velocity

downward through the rubble bed. In this paper we

discuss:

The design and implementation of the uniform

retorting experiment in a 100-kg adiabatic

pilot retort; and

Comparison of these results with results of

previous vertical retorting experiments on

uniform and non-uniform beds of shale.

EXPERIMENT DESCRIPTION

We discuss three vertical retorting experi

ments in this paper, L-38, L-42 and L-46. (Direct

comparison of local yield is limited to L-42 and

L-46, since L-38 had a different shale and slight

ly different operating conditions.) These
experi-
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FIGURE 2. Laboratory Retorting System.

ments, with the exception of L-46, have been docu-

6 7 12
mented elsewhere.

' *

The retorting system

used for these experiments is shown schematically

in Figure 2 . The retort vessel is shown in Figure

3, illustrating the rubble bed designs in experi

ments L-38, L-42 and L-46. Retort L-38 was a uni

form base case with an isotropic rubble bed.

Retort L-42 had two different radial zones of

shale. The inner zone (Zone 1) had a lower perme

ability than the outer zone (Zone 2) causing chan

neling at the retort perimeter similar to that

observed in the field. The permeabilities were

controlled mainly by particle size. The experi

mentally measured permeability contrast between

Zone 1 and Zone 2 was 1:4.75 (see next section).

Retort L-46 had two different radial zones of

shale also; however, Zone 1 and Zone 2 were

designed such that the combination of particle

size distribution and void fraction within each

zone yielded the same retorting front velocity.

(The permeabilities between Zones 1 and 2 in L-46

were different because a different gas flux was

required in each zone due to differences in shale

mass . )

Retort L-46 Experiment Design

The design of Retort L-46 required data on

flow through shale rubble, in particular, the

effect of particle size, particle shape and void

fraction. This information was determined by

numerous preliminary experiments in which the

pressure drop as a function of superficial velo

city was determined for different shale particle

sizes and void fractions. The experimental appa

ratus used for the pressure drop measurements is

Uniform Rubble Experiment

'Isotropic Rubble
Bed*

Permeability Contrast Experiment

'Anisotropic Rubble
Bed'

Uniform Retorting Front Experiment

'Controlled Anisotropic Rubble
Bed'

jn-I '
h

!/[///[ j\\\Jvi

Zone 2 Zone 2

Retort L-38 Retort L-42 Retort L-46

FIGURE 3. Rubble Bed Designs for Retorting Experiments L-38, L-42 and L-46.
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shown in Figure 4 . The pressure drop vessel was a

small retort vessel that held approximately 8 kg

of shale with a 2 cm plenum at the top and bottom

of the bed. The vessel was loaded with a small

layer of fines between the shale and the vessel

wall to prevent wall channeling. Pressure drops

were determined for nitrogen flowing through the

bed at varying superficial velocities. Nitrogen

flow was controlled using an electronic flow con

troller (Tylan model FC-262). The pressure drop

across the rubble bed (plenum to plenum) was

measured using an MKS Instruments Baritron 1-torr-

full-scale differential pressure transducer with a

-4 -6

resolution of ~1.3xl0 Pa (1x10 torr) and

an uncertainty of 0.08% of reading. Pressure drop

as a function of superficial velocity for indivi

dual particle sizes is shown in Figure 5.

The pressure drop data shown in Figure 5 were

correlated using the Blake-Kozeny equation for

13
laminar flow through porous media (Eq. 1).

(The Blake-Kozeny equation is the laminar contri

bution to the pressure drop in the Ergun equa

tion.) In this case, the particle size D has
P

been replaced with an effective particle size

D . The effective particle size is defined as

the holding sieve particle size multiplied by a

sphericity correction factor. (The sphericity of

INLET NITROGEN

DIFFERENTIAL

PRESSURE

TRANSDUCER

TOP PLENUM

RUBBLE BED

WALL FINES

BOTTOM PLENUM

FIGURE 4.

VENT TO

t ATMOSPHERE

Experimental Apparatus used in Rubble

Bed Pressure Drop Measurements .

t Since no two shale particles are identical,
individual particle size is meant here to imply
one particle sieve range, i.e., the particle

size distribution contained between two sieve

screen sizes.
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( -6.35+ 3.36 mm): e =0.43

---(-1270+ 6.35mm): =0.42

(-19.00+ 1270 mm): e =0.42

FIGURE 5.

0.2 0.3

Flow Rate (cm/s)

Pressure Drop per Unit Length Versus

Superficial Velocity for Individual

Particle Sizes of Shale Particles.

a particle is a measure of its shape. A spheri

cal particle has a sphericity of one, whereas a

sphericity of between zero and one is indicative

of a non-spherical particle.)

Ap D

V =

o
(1)

L 150 p (1 -

The sphericity correction factors as deter

mined from the pressure drop data are shown for

the individual particle sizes in Table 1. The

particle sphericity varied from 0.52 to 0.75 over

the measured particle size range. There was no

trend to the sphericity based upon particle size.

(The highest sphericity, 0.75, was obtained for a

particle size that had been created by recycling

larger shale particles through a jaw mill more

than once. This recycling tended to remove the

sharp corners from the particles, effectively

making the particles more spherical.)

The pressure drop as a function of superficial

velocity was also determined for mixtures of par

ticle sizes (see Fig. 6). In this case, however,

the effective particle size, D ,
was determined

using the Fair-Hatch mixture rule for distributed

14 i

particle sizes. The Fair-Hatch mixture rule

is the product of the sphericity
correction factor

and the weighted average surface-to-volume ratio

of the particles.

The experimentally determined sphericity
cor-
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Table l' Particle Sphericity Correction Factors

Particle Size (mm)

-19.00 + 12.70

12.70 + 6.35
- 6.35 + 3.36
- 3.36 + 1.68
- 3.36 + 2.00

Mixture 1:

60%

15%

25%

(-12.70 + 6.35)
(- 6.35 + 3.36)
(- 3.36 + 1.68)

Mixture 2:

10%

30%

20%

40%

(-19.00 + 12.70)

(-12.70 + 6.35)
(- 6.35 + 3.36)
(- 3.36 + 1.68)

Sphericity

0.71

0.52

0.63

0.58

0.75

0.52

0.69

ae

fi,0-4

a

i ' ~\ " i i r

-60% (-1270+ 6.35mm): =0.38

15%( -6.35+ a36mm)
25 x{ -aae+ i.eamm)

10 X (-19.00 + 1270 mm) : e =0.35

30% (-1270+ 6.35 mm)

20 %( -6.35+ a36mm)
40 %( -236+ 1.68 mm)

rection factors for the mixtures were essentially

the same as the sphericity correction factor of

the larRest individual particle size of the mix

ture.

-?E ^ (2)

The particle size distribution of Zone 1 in

Retort L-46 was chosen to be the same as Zone 1 in

Retort L-42 (Mixture 2 in Table 1). Zone 2 par

ticle size in Retort L-46 was chosen as the indi

vidual particle size to provide a pressure drop

per unit length closest to that of Zone 1 (-3.36 +

2.00 mm). The variation between Zone 1 and Zone 2

particle size is shown in Figure 7, a photograph

of the top of L-46 at the completion of loading.

The effect of void fraction on pressure drop was

then determined for these particle size ranges by

varying the shale packing within the pressure drop

vessel and measuring the pressure drop. As seen

in Figure 8, the Blake-Kozeny equation with the

correct sphericity accurately predicted the effect

of void fraction on the pressure drop.

The void fractions for Zones 1 and 2 were then

selected for retort L-46 based upon the one-

dimensional retorting
rate correlation developed

by
Lawrence

Livermore National Laboratory (LLNL).

Note that the
correlation (Eq. 3) does not contain

any
functionality

with respect to shale grade.

The retorting
rate (i.e., retorting front velo-

ty) does increase with decreasing shale grade

11 other
process

variables remaining constant).

This,
however, does not effect the following

FIGURE 6 . Pressure Drop per Unit Length Versus

Superficial Velocity for Distributed

Particle Sizes of Shale Particles.

FIGURE 7. Photograph of the Top of Retort L-46 at

the Completion of Loading, Detailing the

Variation in Particle Size Between Zones

1 and 2.

V
(1 -

c)
(3)

analysis if the shale grades in Zones 1 and 2 are

the same.

Ratioing Equation 3 for Zones 1 and 2 in Retort

L-46 and substituting for the gas flux in each zone

from Equation 1, we obtain an expression of the

ratio of the retorting front velocities as a func

tion of effective particle size, particle spheri

city and void fraction. (Note that the pressure

drops in each zone are equal and cancel. Also,

since the shale grade should be uniform over the

cross-section of a retort, any variation of the
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retorting front velocity due to shale grade would

cancel.) This expression is shown below and

parametrically for Retort L-46 in Figure 9.

D 3/i %3

Vrl = el cl
(1 '

c2)
(4)

Vr, 3 3

2
(1 "

el>

In Figure 9, the ordinate is the ratio of the

retort front velocities in Zones 1 and 2, which

should be one for uniform retorting. The abscissa

of the figure is the void fraction of Zone 2.

Each curve represents a particular void fraction

of Zone 1. By choosing a void fraction in Zone 2,

the associated void fraction in Zone 1 is deter

mined such that the retorting front velocities are

equal. This technique of choosing the void frac

tion (rather than the particle size) was used

since it yielded some leeway when hand-loading the

rubble bed. The pre-L-46 design was for void

fractions in Zones 1 and 2 of 0.35 and 0.39,

respectively, but using the data of Figure 9 gave

us the latitude of varying the void fractions

slightly as the bed was constructed. The actual

void fractions in Run 46 were 0.36 and 0.40 for

Zones 1 and 2, respectively.

Retort Loading and Operation

The loading of Runs 38 and 42 has been dis

cussed in detail previously and will not be elabo

rated on here. The bed conditions for Retorts

L-38, L-42 and L-46 are shown in Table 2. The

loading of L-46 was very similar to these experi

ments except for the monitoring of the void frac

tions of Zones 1 and 2. The retort was designed

to facilitate deliberate loading of multiple zones

within the rubble bed as shown in Figure 2. The

inner vessel (which contains the shale) is a 31.4

cm ID 304-stainless steel pipe with a 0.48 cm wall

thickness. (This vessel is backheated by ten com

puter controlled band heaters and is well insu

lated, creating a nearly adiabatic retort.)

During loading a short section of thin walled, 20

cm ID tubing was placed near the bottom of the

retort (atop 2 cm of uniform shale) and pulled up

as the retort was loaded. Zone 1 was loaded

within the 20 cm tubing, while Zone 2 was the

annular region between the 20 cm tubing and the

vessel wall. A second loading aid was raised

along the inside of the retort wall allowing

l.o

0.9
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I
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Blake-Kozeny Eqn.
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FIGURE 8.
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Blake-Kozeny Equation Prediction of

Pressure Drop Versus Void Fraction for

a Given Distributed Particle Size and

Sphericity Correction Factor.
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FIGURE 9. Retorting Front Velocity Ratio of Zones

1 and 2 as Functions of Zone 1 and Zone

2 Void Fractions.

the loading of a thin layer of shale fines at the

perimeter. The void fractions were determined for

Zones 1 and 2 on 2-cra vertical increments as the

vessel was hand-loaded. The void fraction within

each zone was varied within a narrow
"window"

by

increasing or decreasing the tamping of the shale

as it was loaded. The actual void fractions for

Zones 1 and 2 were 0.36 and 0.40, respectively.

The calculated ratio of the retorting front velo

cities was essentially one and is shown in Figure

9.

The operation of the retort for L-38, L-42 and

L-46 was identical. (L-38 had a slightly lower

oxygen flux than L-42 and L-46.) Nitrogen flow
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Shale Charge (kg):

Particle Size: (wt %) ;

-1.90+1.27 cm

-1.27+0.64 cm

-0.64+0.32 cm

-0.32+0.16 cm

-0.16+0.04 cm

-0.32+0.20 cm

TABLE 2. Bed Conditions for Retorts R-38. R-42 and R-46

R-38 R-42 R-46

Center Wall Total Zone 1 Zone 2 Wall Total Zone 1 Zone 2 Wall Total

101.22 4.49 105.71 38.79 48.27 5.35 92.41 42.53 52.75 4.39 99.68

0.0 0.0 0.0 9.3 0.0 0.0 0.0 10.4 0.0 0.0 0.0

60.4 0.0 0.0 33.1 100.0 0.0 0.0 29.8 0.0 0.0 0.0

13.6 0.0 0.0 19.0 0.0 0.0 0.0 19.1 0.0 0.0 0.0

26.0 0.0 0.0 38.6 0.0 0.0 0.0 40.8 0.0 0.0 0.0

0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0

100.0

Measured Void (%) 38.7 38.9 44.3 49.0 47.2 36.0 40.0 38.2

Permeability Ratio: 4.75 0.94

Shale Grade (lpt): 91 91 113 102

was established through the retort, ignition

heaters were turned on, and temperatures were

monitored until the top 5 cm of the rubble bed had

reached ~500C. The flow was then gradually

switched to air, insuring that no oxygen appeared

in the offgas line. Once the nitrogen was turned

off, the flows were adjusted to the pre-planned

operating conditions shown in Table 3. The retort

was then processed at these conditions until tem

peratures of 300C were observed in the offgas

immediately below the shale. Oxygen breakthrough

did not occur.

Instrumentation

We placed heavy emphasis on instrumentation to

assure acquisition of all data required for real

time and post-burn analyses. Thermal instrumenta

tion included ~80 inconel-sheathed type K ther

mocouples (0.1 cm diameter) inserted through ports

at the bottom of the retort to the desired loca

tion within the rubble and held there during load

ing. Also, thermocouples penetrated the top of

the retort vessel to
monitor heater temperatures

and shale surface temperatures. Additional ther

mocouples were used to monitor process line tem

peratures.
Process instrumentation included pres

sure and gas flow monitors/controllers and gas

composition
equipment.

Primary
measurement of the offgas composition

was made using a Carle Instruments Model 530 gas

chromatograph
(specifically designed to analyze

tort offgas)
coupled to a Hewlett-Packard model

3388A dual channel programmable integrator. A

real-time paramagnetic oxygen analyzer and infra

red CO , CO and total hydrocarbon analyzers were

also used to monitor the retort offgas continu

ously. In addition, a cold-trap system (operating

at -70C) was used to condense light hydrocarbons

(C -C ) and water from an offgas slip-stream.

All data were acquired and stored by a Modcomp

Classic 11/15 computer system. The system also

provided data display, color contouring during and

after the run, performed real-time material

balance calculations, and controlled the retort

wall heating system to maintain adiabatic condi

tions.

TABLE 3. Operating Conditions for Retorts L-38.

L-42 and L-46.

L-38

Steady State Operating Conditions:

Inlet Flow:

Air (slm)

C02 (slm)

Total (slm)

Inlet Composition:

L-42 L-46

N2 (%)

02 (%)

C02 (%)

Total Run Time (hrs)

Total Gas Injected (kg)

Nitrogen

Oxygen

Carbon Dioxide

24.0 25.0 25.0

6.0 5.0 5.0

30.0 30.0 30.0

63.2 65.8 65.8

16.8 17.5 17.5

20.0 16.7 16.7

21.8 15.1 15.4

30.60 23.69 24.10

9.01 6.34 6.58

14.36 7.75 8.46
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LABORATORY RESULTS AND DISCUSSION

In the following sections, the results of the

experiments are reviewed, comparisons made and

conclusions drawn regarding the advantages of

uniform retorting fronts.

Thermal Data

Using the thermal data alone we were able to

accurately follow the progress of the steam con

densation front, retorting front and combustion

front downward through the rubble beds. Figures

10 through 12 show representative temperature con

tours through the retort centerline when the steam

front, retorting front and combustion front were

approximately midway through the rubble bed.

(The contours are computer generated from thermo

couple data and are not axisymmetric , i.e., they

represent data from an entire cross-section of the

retort.) The steam condensation front is a result

of steam generated during retorting and combus

tion; no steam was injected in these experiments.

The use of the steam condensation front to log the

future position and velocity of the retorting

front has been documented previously and will not

be discussed here, except to say that the correla

tion of the steam condensation front to the re-

2

torting front was excellent.

The temperature contours in L-38 are basically

flat, indicative of an ideal retort with an iso

tropic rubble bed. No wall channeling is evident,

nor are there any significant indications of heat

loss. This experiment is the design goal of first

generation commercial MIS retorts. The effect of

an anisotropic rubble bed is evident in L-42. The

higher permeability introduced in L-42 in Zone 2

is illustrated by the temperature contours. There

is rapid heating along the annular region near the

wall, with significantly delayed heating of Zone 1

(low permeability region). The average heating

rates between 300C and 450C in Zones 1 and 2

were 190C/hr and 331C/hr, respectively. The

associated coking losses in Zones 1 and 2 are 1.8%

FA and 0.8% FA, respectively. In comparing

L-42 to L-46, however, even though the rubble bed

in L-46 was anisotropic, the retort had uniform

temperature contours throughout the experiment.

1"

The retorting time of L-38 was longer than L-42

or L-46. This was due to the fact that a differ

ent shale was used and there was a lower oxygen

flux in the rubble bed (see Table 3).

(There is striking similarity in the temperature

contours between L-38 (uniform rubble bed) and

L-46 (controlled anisotropic rubble bed) when the

difference in retorting times is accounted for.)

The importance of the uniform temperatures is evi

dent in these retorts in energy efficiency and

local Fischer Assay yield. The average heating

rate between 300C and 450C in L-46 was 449C/hr,

corresponding to a local coking loss of 0.2% FA.

The uniform bed of L-46 had a significantly higher

heating rate than either zone in Retort L-42 and a

corresponding reduction in coking loss.

Another contrast between L-42 and L-46 is the

failure of Zone 1 in L-42 to cool as rapidly as

would normally be expected. This is illustrated

in Figures 13 and 14 showing temperature histories

at the 60 cm depth from L-42 and L-46. The

retorting front arrival time and peak temperatures

are essentially identical in Zone 2 of L-42 and

Zones 1 and 2 of L-46. However, the retorting

front arrival time and peak temperature in Zone 1

of L-42 are diminished. In addition, the cooldown

in both Zone 1 and Zone 2 of L-42 is delayed. The

Zone 1 temperature in L-42 was actually increasing

at the conclusion of the run. This delay was

caused by the insufficient gas flux to the center

region (in proportion to the mass of the shale in

the region) and the correspondingly long time to

burn the fuel (char) available in the zone. This

is an important ramification of non-uniform re

torting, the inability to consume the available

char in the rubble bed, as will be seen below in

the post-burn analyses of the spent shale from

L-42. The presence of char in the post-burn shale

is of environmental concern since it is a poten

tial leachate. (Current total organic carbon

(TOC) in the water effluent from OOSI Retort 8 is

an order of magnitude higher than expected based

upon uniform laboratory retorting experiments.)

Spent Shale Analyses

After completion of retorting and cooldown,

each retort was carefully unloaded by vacuuming

from the top down. Samples from each zone were

taken for analysis from every 10 cm of shale

removed (or more, if deemed necessary). In L-46,

uniformly burned shale was observed with no visual

evidence of unreacted carbon char in the upper

97 cm of the bed. Comparison of this visual evi

dence with L-42 shows the dramatic difference that
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FIGURE 13. Temperature Histories in Retort L-42

at a Depth of 60 cm in Zones 1 and 2.

a uniform retorting front makes. Shown in Figures

15 and 16 are photographs taken during the unload

ing of L-42 and L-46 at the 50 cm level of the

rubble beds. The difference in the rubble proper

ties between Zone 1 and Zone 2 in L-42 is clearly

evident. In Zone 1, a region of carbon char is

observed, while in Zone 2 the carbon char has been

totally consumed. In contrast, the char has been

consumed over the entire cross-section of L-46.

The presence of unreacted char within the rubble

bed is evidence of decreased local yield since

alternate carbon sources (in this case shale oil

and gas) had to be combusted in order to fuel the

retorting process. In addition, the char region

as observed in L-42 (and in post-burn cores from

18
Sandia/Geokinetics Retort 23) is a potential

solute in any post-burn leaching that may occur.

Summary of Laboratory Results

Complete analysis of the raw and spent shale,

in conjunction with process offgas measurements,

allows accurate material and energy balances to be

determined. The overall material balance closure

in Retorts L-42 and L-46 was 100.1% and 99.6%,

respectively. Carbon balance closure was 96% and

99%, respectively. Table 4 summarizes important

aspects of L-42 and L-46, including local yield,

carbonate decomposition and char consumption. In

this case it is important to compare the experi

ments on common ground, i.e., on the basis of the

overall yield assuming the rubble beds were iso

tropic. Results using LLNL's 1-D model of in situ

19
retorting with the same particle size as in
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FIGURE 14 . Temperature Histories in Retort L-46

at a Depth of 60 cm in Zones 1 and 2.

the laboratory experiments are shown in Figure

17. Clearly, L-46 performed as a one-dimensional

retort achieving yields expected from current 1-D

models. L-42 on the other hand, suffered a ~6%

FA loss (after correcting for energy losses)

solely due to negative interaction of Zone 1 and

Zone 2. One percent of the local yield loss can

be attributed to the increased coking caused by

slower heating rates in Retort L-42. The parti

tioning of the remaining loss is at this time

unclear. Based upon char consumption, there was

increased combustion of oil in Retort L-42. This

observation is supported by the increased energy

TABLE 4. Summary of Results for Retorts L-42 and

L-46.

Sweep Efficiency (%)

Char Consumed (%FA)

Carbonates Decomposed (%)

Observed Yield (%FA)

Yield Loss (%FA)

Yield Loss (%FA)

(corrected for heat loss)

Difference from Uniform Case (%FA)

Average Coking Loss (%FA)

Average Combustion and

Cracking Loss (%FA)

L-42 L-46

100 100

74 89

39 65

88 96

12 4

8 0

6 0

~1 ~0

~5 ~0

Energy Efficiency (kg shale

retorted/mole 02 injected)

0.45 0.49
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FIGURE 15. Photograph of Spent Shale at a Depth of

50 cm in Retort L-42.

efficiency of Retort L-46 (0.49 versus 0.45 kg

shale retorted per g-mole oxygen injected for

Retorts L-46 and L-42, respectively). One can

infer that since the combustion losses were

decreased in L-46, so were the cracking losses.

(There is evidence of proportionality between com-

20
bustion losses and cracking losses.) However,

this conclusion is not substantiated by decreased

C..-C.- hydrocarbon production in L-46. As a

result, the losses attributed to combustion and

cracking are reported as a combined sum in Table 4.

SUMMARY

Based upon the results of Retorts L-42 and

L-46, it can be concluded that uniform retorting

fronts are a way to achieve local yields pre

dicted by one-dimensional retort models. Uniform

retorting fronts can be achieved either by: 1.

Producing a rubble bed with uniform particle size

and void fraction throughout; or, 2. Understanding

the effect of blast design on rubble bed fluid

dynamics accurately enough to yield bed conditions

resulting in the correct gas flux in different

regions of the retort. It is unlikely that pro

cess control parameters (e.g. gas flow rate, com

position and location of gas injection/withdrawal

points) will
overcome flow non-uniformities and

provide any
significant improvement in overall

yield in non-uniform retorts.

The effect of
wall shear during blasting has

diminished the possibility of success of the uni

form rubble
properties concept. However, the

FIGURE 16 . Photograph of Spent Shale at a Depth of

50 cm in Retort L-46 .

results of Retort L-46 indicate that "Tailor-

Blasted,
Uniformly-Retorted"

MIS retorts can

overcome past reductions of overall yield. This

concept is a relaxation of the uniform rubble

properties blast design, yet it achieves the same

result. By relaxing the overly stringent require

ment of uniform rubble properties through the

retort, the blast designer will have much more

flexibility in the retort design and correspond

ingly a much better chance of achieving it.

Retort L-46 verifies that uniform retorting

fronts can be achieved in anisotropic beds of

shale and validates the concept of uniform retort

ing in order to increase the oil recovery in

second generation retorts. However, further

L-46
' ' ' I | 1 1 1 1 | 1 1 T'T-J 1 1 l l | l l l i mm | | | | | | | | 1 i < i >

00 / L-38
^
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FIGURE 17. Comparison of Local Yields in Retorts

L-38, L-42 and L-46 to the Local Yield

Predicted Using LLNL's 1-D Retort

Model.
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research in bed preparation, blasting techniques

and rubble bed fluid dynamics is necessary to

achieve the design information required for second

generation MIS oil shale retorts. Work is con

tinuing in the present area to increase the ratio

of the void fractions between Zones 1 and 2 in

order to more closely simulate field data.

Planned laboratory experiments include retorts

having a Zone 1 void fraction of 0.2 and a Zone 2

void fraction of 0.4, while maintaining a uniform

retorting front. The low void zone will be

created by confined-blasting of small shale

cores. This rubble bed design will provide impor

tant data to second generation blast designs by

answering such questions as:

1. How close to one does the ratio of the

retorting front velocities need to be in

order to achieve the yield predicted for

a one-dimensional retort?

2. what are the effects of particle size and

shape and void fraction on pressure drop

in explosively rubbled beds of shale?

NOMENCLATURE :

Vo = superficial velocity (m/sec)

ap = pressure drop, (Pa)

D = holding sieve particle size (m)

<t> = sphericity correction factor

(dimensionless)

D = effective particle size (m)

L = rubble bed length, (m)

V = fluid viscosity, (kg/m. sec)

c = void fraction, (dimensionless)

W< weight fraction of the ith particle

fraction

Dp
= holding sieve size of the ith particle

i fraction

Vr = retorting front velocity (m/sec)

X = inlet gas composition factor

(dimensionless)
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INFLUENCE OF WEATHERING/PREOXIDATION ON THE

DEVOLATILIZATION MECHANISMS OF OIL SHALE
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ABSTRACT

It is well established in the literature that

weathering/preoxidation of coals profoundly influ

ences their subsequent devolatilization behavior.

However, the effects of preoxidation on the composi

tion of oil shale and the yield of shale processing

are not well known. To better understand the influ

ence of preoxidation on the devolatilization mecha

nisms of oil shale, a western (Colorado) and an

eastern (Kentucky) oil shale and their corresponding

organic fractions (and a Pittsburgh seam coal, for

comparison) were preoxidized in dry air at 150C for

up to 6 days. Detailed pyrolysis behavior of these

materials was subsequently determined by using tech

niques of thermogravimetric analysis combined with

mass spectrometry (TGA/MS) , microdilatometry, and

Fourier transform infrared spectroscopy. Elemental

analyses of the preoxidized and untreated samples

indicate that H/C ratios of the samples are signifi

cantly reduced during 6 days of oxidation. TGA data

show that preoxidation of these carbonaceous mate

rials significantly reduces the overall weight loss

(and the maximum rate of weight loss) during subse

quent pyrolysis. Microdilatometer studies suggest

that the fluid intermediate states of oil shale kero

gen, normally observed as contraction during heating,

are destroyed by 6 days of oxidation. Analyses of

evolved light gases from the TGA/MS indicate that

preoxidation of oil shales or their organic fractions

increases evolution of H2O and CO2 during pyrolysis.

While the yield of oxygenated species increases, the

production of hydrocarbons (CH4 and C2H6 in particu

lar) and H2 is markedly reduced. These findings led

to the hypothesis that preoxidation of oil shale

organics introduces oxygen-cross-linking bridges

and/or reduces the aliphatic hydrogen contents of the

shale samples. The hypothesis was tested by Fourier

transform infrared spectroscopy which confirmed that

preoxidation of the shale organics introduces oxygen

ated functional groups such as carbonyl and carboxy

lic while there is a marked reduction in the

aliphatic hydrogen content of the samples. The

results suggest that part of the oxygen functional

groups undergo decomposition and evolve during sub

sequent pyrolysis as H20 and C02 at the expense of

desirable hydrocarbon fuels.

INTRODUCTION AND BACKGROUND

Weathering and preoxidation of oil shales and

their organic fractions can have significant delete

rious influences (i.e., reduced oil yield) during

their subsequent devolatilization. Previous work on

this topic has been reported by other laboratories

for coals (refer to Lowry, 1963, Van Krevelen, 1961,

for earlier work in coal and Khan and Jenkins, 1985a

and 1985b for recent developments in coal), but

information for oil shale and kerogen is relatively

sparse. Coburn and Ganesan (1983) studied oxygen

uptake by the eastern and western shales and noted

significantly more oxygen sorption by an eastern

shale compared to that taken by a western shale.

Leythaeuser (1973) monitored organic carbon and solu

ble organic matter (in common solvents) contents for

Utah shales at various bed depths and reported sig

nificant variations in shale composition at various

depths. The shale at shallow bed was considered more

"weathered"

(as was evident by a lower organic carbon

and a soluble organic matter content) compared to

that observed at the deeper regions. Relatively lit

tle additional data are reported on the influence of

weathering on shale composition and devolatilization

mechanisms. Therefore, confusion still exists in

this area. For example, Shaffer (1984) advocated

weathering as a means to increase oil yield from

shales .

The first step in the oxidation of coal is gen

erally considered to be peroxide formation, which is

facilitated by the oxidation of aliphatic/olefinic/

aromatic structures (R) via free radical mechanisms:

02

(1) R-H * R- + H20

(2) R + 02 -> R-0-0-

(3) R-0-0. + R-H -> R-0-0-H + R-

(a peroxide or hydroperoxide)

Reaction (1) can be considered as the initiation

of a chain reaction that is further propagated by

reactions such as (2) or (3).

The peroxide or hydroperoxide formed in step (3)

can undergo further decomposition producing
rela-
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tively stable oxygenated products (e.g., alcohols,

ketones, aldehydes, esters, and ethers) as well as

2 i and H20. The mechanisms and decomposition

chemistry of peroxides into other products have been

discussed by various authors (e.g., deVries, 1977;

Chamberlain, 1976; Volborth, 1977). The compara

tively more stable oxygen functional groups such as

hydroxyl, carboxyl, carbonyl, and ether have been

identified in oxidized coals both chemically (Liotta,

et al., 1983) and spectroscopically (Painter,

et al., 1981).

Weathering of coal has generally been studied in

two ways. Firstly, simulated or artificial weather

ing of coal is effected at the laboratory conditions

which involve oxidizing at a certain temperature for

a precise time period. Secondly, the coals were com

pared in the
"original"

state with the coals of the

same deposit which has been exposed to the atmosphere

for a prolonged and often undefined time period. In

this investigation, a detailed systematic study of

weathering/preoxidation of oil shales (Colorado and

Kentucky) and the organic fraction of these oil

shales was performed. For comparison, a Pittsburgh

seam coal was also preoxidized.

EXPERIMENTAL

Sample Preparation and Characterization

A Colorado shale (freshly mined) from the

Pilot Colony mine operated by Exxon and a Sunbury

shale from Kentucky (obtained from Kentucky Center

for Energy Research Laboratory, KCERL) were used for

this study. The Colorado shale is representative of

the Mahogany zone of the Green River formation.

Large chunks of shale samples were ground to

-8 mesh and stored in N2 until their usage. Acid

demineralization of these shales was performed using

procedures described by Durand and Nicaise (1981) to

separate the organic-rich fractions. The deminerali

zation was achieved by a series of treatments with

acids; HCI for the removal of carbonates, and HF for

removing of silicates.
Float-sink separations were

performed in a solution of specific gravity 1.5 to

minimize
pyrite content in the organics. The char

acterization data for the raw shales, their organic

fractions, and the principal minerals identified are

presented in Tables 1, 2, and 3, respectively.

The nature of organic
fractions was tested with

a
microdilatometer

to ensure that the demineraliza

tion
procedure

did not destroy the thermophysical

properties of the shale organics. More detail on

thermophysical behavior of shale or their organic

fractions is the subject of a separate report (Khan,

1985a).

Samples of eastern (Kentucky Sunbury) and

western (Colorado Mahogany) shales were ground and

sieved (to -74 um size fraction) in N2 atmosphere

(using a mortar and a pestle) to minimize weathering

using a technique similar to that reported by Khan

and Jenkins (1985). Simulated accelerated weathering

of shales and their organic fractions to various

severities was achieved by treatment at 150C in dry

air for up to 6 days. Elemental analyses (H, C) of

selected preoxidized shale organics were performed.

Detailed pyrolysis behavior of the untreated and

weathered materials was subsequently determined in He

by using a thermogravimetric analysis (TGA) system

interfaced with a mass spectrometer, more details of

which are presented elsewhere (Khan, 1985b). The TGA

data were generally reproducible to within 1 percent

of the initial sample weight utilized.

In addition to using the TGA/MS and the high-

pressure microdilatometric (HPMD) systems, Fourier

transform infrared spectroscopy (FTIR) spectra of

untreated and preoxidized samples of the Colorado

shale kerogen were obtained. A detailed description

of the HPMD procedures is presented elsewhere (Khan,

1985b). The FTIR spectra of the samples (mixed with

KBr and pressed at 20,000 psi to produce pellets)

were obtained by a Nicolet 170SX FTIR spectrometer

using a procedure similar to that described by

Painter, et al., (1981). The spectra were obtained

at the same equipment setting. In addition, experi

ments were repeated with Si02 as an internal standard

to facilitate comparison of various peaks.

RESULTS AND DISCUSSION

Influence of Weathering on the Elemental Composition

of Shales

Elemental analyses of the oxidized and untreated

samples show that the H/C ratios of the samples were

significantly reduced during 6 days of oxidation.

The H/C (atomic) ratio of 1.57 for the Colorado oil

shale organic fractions was reduced to 1.25 in

2 days, to 1.17 in 3 days, and to 0.85 in 6 days of

preoxidation. For the Pittsburgh No. 8 coal, the H/C

atomic ratio was reduced from 0.79 to 0.65 during

6 days of oxidation at 150C. The H/C ratio of the

untreated Kentucky Sunbury shale organics was 1.2
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Table 1 Characteristics of

Unoxidized Oil Shales

Oil Shale

Colorado Kentucky

Modified Fischer Assay:

Oil Yield (gal/ton) 32.8 11.5

Density of oil 0.920 0.956

(g/cm3)

Chemical analysis

(wt % dry)

Mineral Matter 78.7 81.1

Moisture (wt % as 0.2 1.0

received)

Organic C 17.0 14.1

Mineral C 5.3 0.0

H 2.2 1.6

Table 2. Analyses of Organic Fractions of

Colorado and Kentucky Shales

Parent Shale

Colorado Kentucky

Chemical analysis,

wt % dry:

MM1

C

as

6.6

74.1

20.0

54.7

Ultimate composition2,

as wt % dry-mineral-

matter-free (dmmf) :

79.6

10.4

74.5

7.5

1
Mineral matter as determined directly from

low-temperature ashing.

2
Based upon elemental composition of the feed

shale.

Table 3. Principal Minerals in Shales (as

percent of LTA) as Determined by X-Ray
Diffraction

Colorado Kentucky

Illite 22.2 57.0

Kaolinite * 6.3

Quartz 16.5 27.9

Plagioclase 0.8 0.5

Calcite 15.4 *

Ankerite and/or Dolomite 29.4 --

Siderite 2.2

Orthoclase 7.8 0.6

Bassanite 0 1.7

Pyrite 5.6 5.8

* Denotes amounts too small to determine.

which was reduced to 0.89 in 2 days of preoxidation

and to 0.75 upon 6 days of preoxidation. While the

H/C ratio of the Colorado oil shale organic fraction

was reduced by 46 percent (and by 37 percent for the

Kentucky shale compared to unoxidized samples) during

6 days of air oxidation, the reduction in this ratio

for Pittsburgh No. 8 coal was
~ 18 percent when pre

oxidized at the same condition. These results demon

strate that the organic fractions of shales are more

apt to undergo oxidation than the Pittsburgh No. 8

coal.

Thermogravimetric Analyses of Weathered and Untreated

Shales

The effects of air oxidation of Kentucky Sunbury

oil shale on weight loss during TGA pyrolysis (heat

ing rate 50C/min) are shown in Figure 1. It can be

seen that at 700C, the overall weight loss during

pyrolysis is significantly reduced by 6 days of pre

oxidation at 150C. In addition, the maximum rate of

weight loss are also significantly reduced during

oxidation. Although the weight loss by the preoxi

dized samples is lower when compared to the untreated

shale above ~ 450C, below this temperature the pre

oxidized shale actually loses more weight when com

pared to the unoxidized shale. The effects of

preoxidation of Kentucky Sunbury shale organic com

ponents on weight loss during TGA pyrolysis is shown

in Figure 2. The data shown in this figure are

qualitatively similar to that noted for the parent

shale (Figure 1). Preoxidation of the oil shale

organic fractions leads to a monotonic reduction in

weight loss and the maximum rate of weight loss dur

ing subsequent pyrolysis.

The influence of air preoxidation on weight loss

during subsequent pyrolysis of the Colorado oil shale

is shown in Figure 3. Preoxidation of this oil

shale, like the Kentucky shale, significantly
reduces

weight loss during subsequent pyrolysis. In addi

tion, as the oxidation time increases, the weight

loss monotonically decreases.

The effects of air oxidation on weight loss

behavior of the organic fractions of the Colorado

shale are shown in Figure 4 (the format in this

figure is changed from the previous cases to better

illustrate the changes occurring during the initial

stage of pyrolysis). In this figure, the fractional

weight loss is defined by W/Wo. Here, W denotes the

weight loss by the oxidized material at any given

temperature, while Wo stands for the weight loss by
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the untreated material at 600C. As the oxidation

progresses, the fractional weight loss decreases

monotonicaliy during subsequent pyrolysis.

The influence of heat treatment of oil shale

organic fractions in He (e.g., bitumen evaporation)

was also investigated for this material. Heat

treatment of the oil shale organic fractions in He

for 6 days led to a slight reduction in fractional

weight loss during subsequent pyrolysis. The small

reduction in weight loss is probably attributable to

loss of bitumen by evaporation during the heat treat

ment in He at 150C. Obviously, heat treatment in

air (i.e., oxidation) influences the overall weight

loss during pyrolysis more dramatically than heat

treatment in He.

Quantitatively, preoxidation influences organic

fractions more severely than the parent Colorado

shale (on organic matter basis). When heated to

600C at 50C/min, the reduction in weight loss dur

ing pyrolysis after 6 days of oxidation was 3 percent

for the parent shale. For the organic fractions of

this shale, however, there was about 12 percent

reduction in weight loss during pyrolysis compared to

that noted for untreated material. When the differ

ences in the weight loss by the preoxidized and

untreated samples are normalized on mineral matter

free basis (Table 4), it is confirmed that the

organic fraction of the Colorado shale is more sus

ceptible to oxidation compared to the parent shale.
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Figure 2. Effects of Air Preoxidation of Kentucky

Sunbury Shale Separated Organic Components

on Weight Loss During TGA Pyrolysis, Heat

ing Rate 50C/min
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B OXIDIZED 6 H AT 1 SOX
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Figure 1. Effects of Air Preoxidation of Kentucky

Sunbury Oil Shale on Weight Loss During

TGA Pyrolysis, Heating Rate 50C/min

Figure 3. Effects of Air Preoxidation of Colorado

Oil Shale on Weight Loss During TGA

Pyrolysis, Heating Rate 50C/min
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Figure 4. Effects of Air Oxidation on Fractional

Weight Loss of Colorado Oil Shale Organics

During TGA Pyrolysis, Heating Rate 50C/

min

In contrast, the preoxidation effect on weight loss

during pyrolysis for the whole Kentucky shale is

comparable to that noted for the organic fractions of

this shale. The data also demonstrate that the

shales or their organic fractions are markedly more

affected by 6 days of air oxidation than the Pitts

burgh No. 8 coal (i.e., the "Oxidation
Index"

[defined in Table 4] is higher for shales and their

organic fractions compared to the Pittsburgh No. 8

coal). These trends hold in spite of small varia

tions in TGA weight loss data (maximum of
~ 1 percent

based on initial sample weight) .

Table 4. A Comparison of the Influence of Air Oxidation

Subsequent Pyrolysis of Oil Shale, Shale Organ

(Heated at 50C/ain to 600C)

Colorado Colorado Kentucky Kentucky
Oil Shale Oil Shale Oil Shale Oil Shale Pittsburgh

(Mahogany) Kerogen (Sunbury) Kerogen No. 8 Coal

(1) Weight Loss by
Untreated Saaple

(wt 1)

(2) Weight Loss by the

Oxidized (6 Daya)

Saaple (t 1)

(3) Differences in Weig

AW => (1) - (2)

(5) Organic F

Content

=> IOO-i

(6) Oxidation

4W

100-aa
*

* The Mineral Butter contents of the shale saaples vere determined by acid deaineralization while

those for the kerogens were determined directly froa low-leaperalure ashing. More details

regarding the deaineralization procedures and the characteristics of the shales are presented

elsewhere (Shadle, el al., 1985).

Selected Gaseous Product Analysis

The effects of preoxidation on the nature of

products generated during pyrolysis were investigated

using a mass spectrometer interfaced with the TGA.

The effects of preoxidation of Colorado shale organic

fractions on C02 and H2O evolution during pyrolysis

(50C/min to ~ 700C) are shown in Figure 5. The

data show that as the oxidation time increases the

rates of evolution of C02 and H20 at any temperature

between 200 to 600C monotonically increase. Fig

ure 6 demonstrates that with the increase in the

extent of preoxidation, the yield of CH4 is signifi

cantly reduced. These results are similar to that

noted in the case of Pittsburgh No. 8 coal.

A OXIDIZED

& A OXIDIZED DATS. 1WC

O B OXIDIZED 3 DAYS. UPC

o C 0XIDIZE0 2 OAYS. ISO'C

A D UNTREATED

100 200 300 SOO 600 700 100 200

TEMPERATURE |'C)

400 SOO SOO

Figure 5. Influence of Preoxidation of Colorado

(Mahogany) Shale Organic Fractions on C02
and H20 Evolution, Heating Rate 50C/min
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Figure 6. Effects of Preoxidation on CH4 Evolution

for the Colorado Shale Organic Fractions,

Heating Rate of 50C/min
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^*Btgsical Properties
The influence of preoxidation on the thermo

physical nature of the Colorado shale kerogen was

investigated
using a high-pressure microdilatometer

(HPMD), a detailed description of which is available

elsewhere (Khan, 1985). It was observed that the

kerogen from a Colorado shale undergoes significant

contraction when heated reflecting development of a

highly fluid stage. This fluid behavior (as

reflected by large contraction of the sample during

heat treatment) was markedly reduced as the kerogen

sample was progressively preoxidized. Indeed, upon

6 days of preoxidation, the extent of contraction was

reduced to zero suggesting that the fluid intermedi

ate state was essentially destroyed by oxidative

cross link formation. This influence of weathering

on fluid behavior during pysolysis is consistent with

that noted for Pittsburgh and lower Kittanning seam

coals by Khan and Jenkins (1985a, 1985b).

Structural Changes

The results of TGA, elemental, and evolved gas

analyses suggest that the preoxidation mechanisms of

oil shale and their organics are qualitatively simi

lar to that noted for the Pittsburgh No. 8 coal (data

not shown). These data led to a hypothesis that pre

oxidation of oil shales or their organic components

introduces oxygen cross linking (bridges) in their

structures and, thus,
"ties-up"

functional groups

that evolve during subsequent devolatilization pri

marily as H20 and C02 rather than desirable hydro

carbons. To verify this hypothesis, Fourier

transform infrared spectroscopy (FTIR) studies of

untreated and preoxidized samples were performed.

The FTIR spectra for the raw (unoxidized) and

preoxidized organic fractions of Colorado oil shale

are presented in Figure 7. The raw sample showed

absorptions at 2924 and 2853
cm-1

due to its ali

phatic C-H stretching modes. Equal intensity bands

at 1707 and 1636
cm"1

can be assigned as C = 0

stretching of ketone, aldehyde and/or acids, and

highly
conjugated C = 0, respectively. The spectra

demonstrated that as the extent of preoxidation

progresses from 0 to 3 days and to 6 days, the band

intensity ratio of C = 0 to aliphatic C-H increased,

as shown in Figures 7b and 7c suggesting a decrease

of aliphatic
C-H group and/or an increase of C = 0

groups. In addition, the absorption in the 1330 to

1110
cm-1

region of the preoxidized samples increased

suggesting
an increase in C-0 bands. The intensity

ratio between 1714
cm-1 band and the 1635 cm-1

band

increased suggesting some C = C may be preoxidized.

In addition, the relative intensity of the 1456 cm"1

band (aliphatic CH2 bending and some aromatic ring

mode) decreased, especially for the sample preoxi

dized for 6 days. For the more severely preoxidized

(6 days) sample, there appears to be more absorptions

due to C-0 groups and unconjugated C = 0 groups in

the ketone, aldehyde, or acid forms. Obviously, the

extent of oxidative weathering is significantly more

severe for the 6 days samples compared to that noted

for the 3 days oxidized sample. These results are

qualitatively similar to those observed for the

Pittsburgh No. 8 coal.

Influence of Preoxidation on Pyrolysis Kinetic

Parameters

To determine the influence of preoxidation on

pyrolysis kinetic parameters, Anthony and Howards 's

(Anthony and Howard, 1976) distributed activation

energy model was applied to evaluate the TGA data.

C=0

AROMATIC C-H

OUT OF PLANE BENDING

4000 3600 3200 2800 2400 2000 1600 1200 800 400

WAVENUMBERS (cnr1)

Figure 7. FTIR Spectra of Untreated and Preoxidized

Colorado Samples

A. Unoxidized.

B. Air oxidized at 150C for 3 days.

C. Air oxidized at 150C for 6 days.

144



The Anthony and Howard model assumes pyrolysis occurs

by a large number of parallel first order reactions

having a normal distribution of activation energies.

The weight loss during pyrolysis process can be

represented by an integral relationship:

V - V 1

_

j
exp[- A / exp(-E/RT)dt

aj2~R o o

- (E - E )2/2a2]dE
o

where: E = mean activation energy (kj/gmole)
o

a = standard deviation of E about E
o

(kj/gmole)

V = ultimate (fractional) weight loss

([initial - final weight] /initial

sample weight)

A = preexponential factor, (sec-1)

This method involves (1) searching over a range

of values for E , a, V
,
and K ; (2) calculating

o o

weight loss at various temperatures using the inte

gral relationship; (3) comparing calculated and

experimental weight loss; and (4) adjusting the four

parameters until satisfactory agreement is obtained.

Nonlinear least squares approach was used to perform

this part of the study.

Applying the model we get these kinetic parame

ters: (1) activation energy, (2) pre-exponential

factor, (3) activation energy deviation, and

(4) ultimate weight loss. Detailed procedures for

this analysis are available (Anthony, et al., 1976;

McCown and Harrison, 1982).

These parameters facilitate comparison of global

kinetics among shales, their organic fractions, and

the preoxidized derivatives. Such results are sig

nificant to process design, raw material handling,

and pretreatment schemes. Application of a model

derived for untreated coal may be a simplification

for oxidized samples whose structures are obviously

more complicated than the untreated shales. Never

theless, the model may serve as a practical guide to

compare further the influence of preoxidation on the

shale decomposition kinetics.

The results of the analyses of data collected in

this study for unoxidized materials are summarized in

Figure 8 and compared with the available literature

data for various shales. The origin of shales (their

grades) and the legends utilized in Figure 8 are

described in Table 5. Figure 8 suggests that the

literature data on untreated samples agree reasonably

well with the rate constants obtained from the pres

ent study, using the model.

A comparison of reaction rate constants of

untreated and preoxidized oil shale samples is pre

sented in Figure 9. Table 6 also summarizes the

model parameters for the untreated and preoxidized

shale and their organic fractions. The results

demonstrate that the preexponential factors, A, and

the mean activation energies, E
,
are only slightly

altered upon preoxidation. However, the rate con

stant, k, is roughly twice as great for the preoxi

dized samples (shale or the shale organic fractions)

compared to the corresponding untreated samples. The

increased rate constant for the pyrolysis of preoxi

dized sample may reflect the observation that oxida

tion introduces certain oxygen functional groups into

the structure which break at a rapid rate compared to

the functional groups present in the original struc

ture. This observation is in line with the example

TEMPERATURE. T. C

800 700 600 500 400 350 300 250 200

Figure 8. Arrhenius Plot for Various Oil Shale

Pyrolysis Results. The data sources are

described in Table 5.
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that C-0 bond strength is 83 Kcal/mole compared to

104 and 103 Kcal/mole for the H-H and C-H bonds,

respectively.

Table 5. The Origin of Oil Shales, Their Grades

and the Data Sources Utilized in Figure 8.

Type

of

Shale

Crade

1.

2.

4.

10.

11.

15.

18.

19.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Maier/Zimmeley (1924)
Hubbard/Robinson (1950)
Diricco/Barrick (1956)
Johnson, Et Al. (1975)
Braun/Rothinan (1975)
Campbell, Et Al . (1978)
Shih/Sohn (1980)
Rajeshwar (1981)
Wallman, Et Al . (1981)
Rostam-Abadi (1982)
Rajeshwar/Dubow (1982)
Wang/Noble (1983)
Joshi/Lee (1983)
Joshi/Lee (1983)

Elder/Reddy (1983)

Shen, Et Al . (1984)
Yang/Sohn (1984)

Sohn/Yang (1985)

Sohn/Yang (1985)

Sohn/Yang (1985)
Present Study

Present Study

Present Study

Present Study

Utah (Soldier Summi t) 40.0

Colorado (Rifle) 26.7, 52.6, 75

Colorado (Rifle) 24.2

Colorado 30.0

Colorado (Rifle) 26.7, 52.6, 75

Colorado (Anvil Poi nts) 22.0

Colorado 39.5

Colorado

Colorado (Anvil Points) 27.5

Michigan (Antrim) 7.0

Colorado 26.0, 72.0

Colorado 59.3

Colorado 26.4

Ohio (Cleveland) 6.0

Ohio (Cleveland) --

Kentucky (Sunbury) 9.3

Chinese (Liaoning) 13.5

Michigan (Alpena) --

Michigan (Port Huron)
Australian

Colorado 32.8

Colorado Kerogen --

Kentucky 11.5

Kentucky Kerogen

TEMPERATURE, T, C

600 550 500 450 400 350

10-
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Figure 9. Arrhenius Plot of Reaction Rate Constants

of the Untreated and Preoxidized Shale and

Kerogen Samples.

Table 6. Oxidation Effects on the Pyrolysis Model

Parameters for Colorado Oil Shale and

Kerogen (Anthony-Howard Model)

Unoxidized Oxidize! 3 Da

Colorado Oi 1 Shale A (sec'1) 3.4 x
109

8.02 x
!09

E kj/gmole 166.6 167.6

o kj/(gmol ?) 4.53 15.71

V (at 600 aC) 0.1866 0.1748

k (sec1) 1.876 x
IO"2

3.788 x
10s

(500C)

Colorado Oi Shale A 3.38 x
10"

3.21 x
10"

Organics

E 189.4 182.7

o 12.65 23.61

V (at
600*

C) 0.861 0.6374

k (secM) 5.37 x
IO"2

1 .446 x

10"

'

(500"C)

CONCLUSIONS

Based on the results of this study, it can be

concluded that preoxidation of oil shale/shale

organic components can reduce significantly the

weight loss (and the maximum rate of weight loss)

when samples are subsequently devolatilized. The

FTIR results demonstrate that oxidation introduces

oxygen cross linking bridges in the organic struc

tures, and thus
"ties-up"

functional groups which

evolve as H20 and C02 rather than desirable hydro

carbons. Such cross link reactions may also cause

the reduced fluid behavior of the organic fractions

upon preoxidation (reflected by reduced volume con

traction for the preoxidized samples compared to the

untreated samples during pyrolysis). In addition,

weathering of shale or its organic fractions influ

ences pyrolysis kinetic parameters. Finally, the

results suggest that preoxidation effects of oil

shale and shale organic fractions are qualitatively

similar to those found with coal. The results of

this study show clearly the importance of proper

storage/handling of oil shale materials to minimize

their oxidative degradation.
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INTRODUCTION

As of today, carbonatic oil shales of

Maastrichtian (Upper Cretaceous) age are

the only source of fossil fuel which is

known to exist in significant quantities in

the State of Israel. Current reserves stand

at about 15 billion tons, averaging 14Wt%

organic matter content. The most intensive

ly prospected deposit is the Rotem Deposit,

in the northern Negev (Fig. 1), where the

164 168

056

052 Industries

Fig. 1: Location Map of the Rotem Deposit,

Southern Israel.

25-120m thick oil shale sequence forms a

massive, continuous body of 2.5 billion

tons kerogen-rich marls and limestones,

merging southward with the Yamin Deposit

(Minster & Shirav, 1983). The oil shale

sequence is characterized by four main,

closely associated, mineralogical phases:

kerogen-type organic matter; biogenic

calcite; biogenic (apparently redeposited)

apatite and clay minerals. The relative

content of these components is changing

over the vertical section of the oil shales

(Shirav & Ginzburg, 1983). Other minor

constituents are: pyrite, gypsum,
authi-

genic feldspar and detrital quartz.

PAMA (Energy Resources Development)

Ltd., a company owned by several major

Israeli corporations with a foundational

share of the Israeli Government, has been

testing in recent years both the retorting

and direct combustion of Israeli shales.

PAMA's data show (Yerushalmi & Kaiser,

1983) that in every route chosen for shale

oil production, direct combustion of oil

shale will be necessary for one or more of

the following reasons: utilizing fines

which are not suitable for retorting;

providing heat to the heating media during

retorting and power/steam supply for the

plant. Furthermore, there are strong

indications that large scale power

generation from oil shale would be

competitive with imported coal-based

electricity.

The inorganic composition and the

Lower Heating Value of the oil shale (about

750 Kcal/Kg) favour fluidized-bed combust

ion as the best process for heat recovery
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(Wohlfarth et al., 1978), demonstrated in

PAMA's pilot plant. The plant burns 1 ton

per hour of oil shale mined in the near-by

Rotem Deposit. The heart of the plant

(Yerushalmi & Kaiser, 1983) is the 60 cm in

diameter combustor, with a freeboard of

about 8 meters. Some of the operating

ranges are:

Fluidizing velocities: 2 - 4.5 m/sec.

Excess air: around 20-30%.

Feed's moisture: 0.5 - 12 wt%.

The carbon combustion efficiency is greater

than 95% and the sulfur capture (by the

carbonate matrix of the oil shale) is

generally better than 98%.

The pathway of certain trace elements

during fluidized-bed combustion of the

Israeli oil shale had been established on

the basis of mineralogical and chemical

studies of solid wastes from PAMA's pilot

plant (spent bed and cyclone catch),

accompanied by a study of trace elements

residence in the raw oil shales of the

Rotem Deposit. This is the first time, to

our knowledge, that such a material (a fine

grained, intimate mixture of carbonate,

clay and organic matter) is studied. All

trace elements studies around fluidized-bed

facilities which are reported in the

literature (e.g.: Yaverbaum, 1977 ; Swift et

al.,1976;
Carpenter et al., 1978, 1980) are

dealing with the now well established

technology
which utilizes separated-fed

coal and limestone, thus maintaining for

most stages
of the process the qualities of

each
ingredient.

TP&rF ELEMENTS IN ISRAELI OIL SHALE

The data concerning trace elements

content and residence in the Rotem Deposit

shales are based on a study reported by

Shirav et al. (1986). The range of trace

elements content along the oil shale

sequence is presented in Table 1.

Table 1: Ranges of Trace Elements Content -

Corehole T. , Rotem D

Element Range (ppm)

As 22 - 50

Ba 42 - 66

Be <1 - 1.5

Cd 0.3 - 2

Co 3 - 10

Cr 90 - 315

Cu 70 - 140

Hg <0.2

Mn 20 - 65

Mo 15 - 37

Ni 40 - 175

Ti 550 - 2400

U 15 - 46

V 60 - 98

Y 30 - 50

Zn 180 - 440

Comparing trace elements contents of

Israeli shales from the Rotem Deposit to

those from the Mahogany Zone (Tuttle et

al., 1983) and black shales (Vine &

Tourtelot, 1970) indicates some higher

concentrations of Mo, As, U, Ni , Cr and Zn

in the Israeli shales, although the differ

ences are generally of less than one order

of magnitude. Eastern shales (Robl et al.,

1983; Leventhal et al., 1981) usually

contain higher concentrations of Zn, V, Mo

and Cd.

Based on geochemical considerations,

correlations between major and trace

elements and analyses of separeted

mineralogical phases, the following

residence for the trace elements (in desc

ending order of significance) is suggested

(Shirav et al. , 1986) :

Mn -

clays, pyrite;

Cu - organic matter, pyrite;

Cr -

clays, apatite, organic matter;
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Zn (+Cd)
- organic matter, apatite, pyrite;

V - clays, apatite, organic matter;

Mo - organic matter, pyrite, apatite;

Ni (+Co) -

pyrite, clays, organic matter;

U - apatite, organic matter;

As - pyrite, organic matter, apatite;

The influence of different mineralogical

residence of those trace elements in the

raw shale on their partition in combustion

products will be discussed later on.

MINERALOGY OF COMBUSTION PRODUCTS

Some aspects concerning the mineralogy

of Israeli oil shale combustion products

were reported in the past by Bentor, 1980

and Nathan et al., 1981. Chemical, X-Ray

and SEM-EDS analyses, as well as theore

tical considerations based on phase-

diagrams used in the study of cement (Lea,

1970) led to the following conclusions

regarding the mineralogy of the combustion

products:

The CaO/SiO, ratio in the raw shales

(~3/l) calls for the formation of
di-

calcium silicate (C2S; 2CaO"Si02) under

fluidized-bed conditions. At lower tempe

ratures (<725C) yC2S will be formed while

at higer temperatures a C2S is formed. The

phase which is stabilized (by a minor

content of metallic oxides) after cooling

down is (3C?S - belite. The low content of

Fe-O, (located mainly in pyrite and to a

lesser extent in clay minerals) results in

the formation of C-F (
2CaO'

Fe-O, ) . Feed

particles with an initial content of pyrite

can be recognized in the waste material by

their C2F composition (Fig. 2). Nathan et

al. (1981) report the presence of some

calcium-alumo-ferrite (C.AF) which was not

traced in this study. Most of the alumina

|IIII|IIII|IIII|IIII|IIII|IIM

0.8

IIII 1 1 Mill lljllll

11.1

Fig. 2: SEM Dif f ractogram of a Cyclone-

Catch Particle with a C^F Composition.

content of the shales is incorporated after

combustion in gehlenite
-

2CaO"Al203
'

Si02

(C2AS) of the melilite group.

The content of anhydrite which is

produced as a result of a reaction between

sulfur (mainly organically-bound) and CaO

(decomposition product of calcite) is

dramatically changing in the combustion

products: from 15wt% in spent bed up to

33wt% in the fine fraction of the cyclone

catch (Table 2; Fig. 3). This phenomenon is

attributed to the higher amount of CaO

freed from calcite in the fine particles

(due to higher temperatures) and the

availibility of sulfur in the freeboard's

atmosphere. Using heat balance equations

(Broughton & Howard, 1983; Katz, 1980;

Botterill, 1983 and others) a difference

of up to 300C between the free-board

temperature and the
self-temperatures of

the fine particles was calculated. Hence,

in combustion tests in which the freeboard

temperature exceeded 900C, partial melting
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Fig. 3: Anhydrite Content in the Waste

Materials .

(at about 1250C, according to the raw

material mineralogy) could be encountered

in very fine particles (Fig. 4). However,

such spheroid-shaped particles are a

minority amongst particles initiated by

fluidized-bed combustion (Carpenter et al.,

1978) .

Fig. 4: SEM Photo of a Cyclone - Catch

Particle.

Table 2 presents the calculated minera

logical
composition of one spent bed sample

and three cyclone catch samples, based on

chemical and X-Ray analyses. The data

demonstrate that in spite of the

feedstock's homogeneity, the final composi

tion of the waste material is mainly a

function of combustion temperature, feed

grain size and the location within the

combustor (bed vs. freeboard).

Table 2: Mineralogical Composition (wt%) of

Waste Material.

Type Spent Cycl. Cycl. Cycl.

istion

868 930 970

Combustion

Temp. (C) 870

Calcite 7.5 8.5 6.9 5.6

Anhydrite 15.5 20.5 30.5 32.9

Apatite 7.3 6.8 8.4 8.4

c2s 34.8 24.4 26.6 28.6
Gehlenite* 26.8 28.1 21.2 17.9

CaO 2.2 3.5 1.9 3.6

Quartz 3.4 4.2 2.7 1.3

"Calculated as if all Al203 is incorporated

only in this mineral.

POTENTIAL VOLATILITY OF TRACE ELEMENTS IN

OIL SHALES

The volatization of trace elements in

coals (Ruch et al., 1974; Ray & Parker,

1977) is the basis for the theories concer

ning concentrations of trace elements on

fine fly-ash particles (initiated during

coal combustion) due to volatization and

surface precipitation after cooling

(Natusch et al., 1974; Kaakinen et al.,

1975). Since there is not any published

information on the potential volatility of

trace elements in oil shales, three types

of shales were studied, representing the

three major groups of shales as classified

by Prien, 1976: Israeli oil shale from the

Rotem deposit - carbonatic shales; New

Albany shale (Bullitt County, Kentucky)* -

alumo-silicate shales; Mahogany Zone shale

* -

Courtesy of the Kentucky Center for

Energy Research Laboratory, Lexington,

Kentucky and the Casali Institute,
Hebrew University, Jerusalem, Israel.
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(Colony mine, Parachute Creek)* - carbona-

tic shales with alumo-silicates .

The samples were homogenized, ground to a

minus 230 mesh fraction and ashed in a lab-

oven for 20 minutes. The ashing was carried

out in used crucibles in the following

temperatures (C): 700, 800, 900, and 1000,

representing the temperature range reco-

rdered during fluidized-bed combustion.

Trace elements content was determined (by

an Atomic Absorption system) in the raw and

combusted shales. The results of these

analyses are presented in table 3, as

initial trace elements concentrations in

the raw shales and recovery percentage of

the elements in the combusted material.

Table 3: Trace Elements Content (ppm) in

Raw Shales and Wt% Recovery in

Combusted Shales.

Cr Cu Mn Ni Zn Mo

Israel ,

Raw (ppm) 285 130 48 145 260 N.A

Wt% Recov.

700C 107 110 106 104 101

800 104 103 98 96 97

900 100 106 98 97 92

1000 109 106 100 100 82

Mahogany,
Raw (ppm) 31 43 238 21 64 N.A

Wt% Recov.

800 C 119 137* 89 100 95

900 120 158* 88 85 106

1000 80 86 54 57 67

New Albany,

Raw (ppm) 45 84 163 114 236 156

Wt% Recov.

700C 35 50 85 50 97 96

800 18 36 50 32 91 74

900 13 12 32 25 47 67

1000 11 9 16 11 7 50

lower temperatures. In the Mahogany Zone

oil shale, some volatization can be seen at

high temperatures (>900 C), whereas in

Israeli shales all elements are generally

fully recovered in the combustion products

(except for Zn at 1000C). There is a clear

reversed correlation between volatization

intensity and carbonate content of the

shales - less than lwt% in the New Albany;

about 40wt% in the Mahogany Zone and about

65wt% in the Israeli shales. Since this may

indicate a substential role of the

carbonate in
"trapping"

or fixation of

trace elements, the same ashing procedure

was applied on a 50/50 mixture of the New

Albany shale and a standard carbonate. The

standard carbonate was a marble calcite

(GFS-401) which is almost (except for

lOOppm of Mn) barren of trace elements

(Thompson et al . , 1970). The near full

recovery of trace elments in the 700-1000 C

combustion products of this mixture is

demonstrated in table 4.

Table 4: Trace Elements Content (ppm) in a

50/50 Mixture of New Albany shale

with a Standard Carbonate and Wt%

Recovery in it's Combustion

Products .

Cr Cu Mn Ni Zn Mo

Mixture ,

ppm 23 45 132 59 122 78

Wt% Recov.

700C 87 96 98 98 106 101

800 96 89 84 86 98 97

900 96 104 91 93 118 95

1000 91 64 80 75 71 100

N.A - Not Analyzed.

* -

May be due to contamination.

From the data presented in table 3 it is

evident that a massive volatization of

trace elements occurs in the New Albany

shale at temperatures higher than 700C;

some elements tend to volatize even in

On the basis of these data and X-Ray

dif f ractograms which clearly indicate the

presence of melilite-group minerals in the

combustion products of Israeli and Mahogany

-zone shales as well as in the New Albany-
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/carbonate
mixture, it is suggested that

fixation in new-formed minerals is the main

mechanism which governs the pathway of

trace elements during combustion of oil

shale, on condition that there is enough

carbonate for the mineral synthesis. The

mineral which was identified to be formed

during combustion of the Israeli and New

Albany/carbonate mixture is gehlenite

whereas mainly akermanite (with some

merwinite) is formed in the case of the

Mahogany Zone shale (due to the dolomite

content which supplies MgO to the system).

A phase which is identified only in the

Israeli shales combusted material is

beleite - C2S. The melilite-group minerals

which are formed in relatively low tempera

tures (they are already present in the

700 C products) permit intensive cation

replacement, thus enabling the incorpora

tion of trace elements within their

structure .

TRACE ELEMENTS PARTITION IN FLUIDIZED-BED

WASTES

The samples used for the study of trace

elements partition in the solid waste

material of the fluidized-bed combuster

were originated in tests in which the bed

temperature ranged between 740-870 C and

that of the freeboard - 788-970C. The

cyclone catch material was sieved into

three fractions, in order to examine grain

size influence, if exists, on trace

elements partition
(see legend of Fig. 2

for details on the sieved fractions). SEM

examination of the -400 mesh fraction

revealed that the average grain diameter of

this fraction is about 10 micrometer, thus

representing particles which might be

inhaled and deposited in the respiratory

system ( Loh et al., 1974).

The content of As, Ni , V, Cr, Zn, Mo and Cu

in spent-bed and cyclone-catch materials is

presented in Fig. 5, as a function of com

bustion temperature and grain size. Cd

content in the waste material was 3ppm and

that of Se - 20ppm. Zn, Cu and to some

extent Ni and As, are more concentrated in

the fine particles of higher temperature

tests. V and Cr tend to be more

concentrated in coarse material, with lower

concentrations at elevated temperatures.

The concentrations of Zn, Cu, Ni and As in

the fine fraction of the cyclone-catch

material can be attributed to the higher

content of organic matter and pyrite in the

fine fraction of the raw material. Analyses

of organic matter content in the raw shale

bulk material and sieved fractions show

that the -325 mesh fraction usually con

tains up to 10Wt% more organic matter and

associated pyrite, hence these elements

which originally reside in the organic

matter and pyrite will be enriched in the

fine fraction. Nevertheless, one can not

reject the possibility that some of the

enrichment is due to partial volatization

and precipitation on the particles surface.

Out of the four mineralogical phases in

which trace elements reside in the raw oil

shale (organic matter, pyrite, apatite &

clays), only apatite, with associated trace

elements, remains unchanged during the

combustion process. Pyrite framboids de

compose and react with CaO, resulting in

grains with a C2F composition, in which

some of the original pyritic trace

154



450

425

^
400- -

tt 375

N 350

325

300

'"

D --

700 750 800 850 900 950 1000

Combustion Temperature (C)

750 800 850 900 950

Combustion Temperature (C)

I6U-1

150-

H

- A

1 1 1

Aft-

-H

140-

A
-

130 -

120

D

1

110- 1- 1 1 1 -1

700 750 800 850 900 950 1000

Combustion Temperature (C)

30-

28-

1- h- 1 1 1

2tS-

24-
D

22- A ? -

20- A
h- 1

A

1 1
1

X
ft.

Ol

O

X

28

26-

24-

22-

20--

18

-I 1 1 1-

D

A D

A

A A

H I 1 h
700 750 800 850 900 950 1000

Combustion Temperature (C)

230

220

210

200

190

180

170

h 1 1 1 H

-- a"
..

A
D --

-- -

1-

A

1 1 1

A

H
700 750 800 850 900 950 1000

Combustion Temperature (C)

400

300+

z

o-

,=? 200+

100

H 1 1 1 H

-r A A

\ 1 1 1 H

700 750 800 850 900 950 1000

Combustion Temperature (C)

A Cyclone Catch, Av. Diameter:

~50 micrometer

D Cyclone Catch, Av. Diameter:

~40 micrometer

Cyclone Catch, Av. Diameter:
~ 1 0 micrometer

A Spent Bed
700 750 800 850 900 950 1000

Combustion Temperature (C)

Fig. 5: Trace Elements Content in Spent-Bed and Cyclone-

Catch as a Function of Combustion Temperature and

Particle Size.

elements, especially Ni , can be detected

(Fig. 2).

The new formed beleite (C-S) which

builds up to 35Wt% of the waste material

was dissolved by maleic acid, according to

a procedure described by Tabikh and Whet,

1971. The treatment with maleic acid

results in the full consuming of the C2S

phase without changing any other component

(Fig. 6). Since direct determinations of

trace elements in the solution were

problematic (apparently due to the organic
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Fig. 6: X-Ray Dif f ractogram of Spent - Bed

Material Before (a) and After (b)

Treatment With Maleic Acid.

acid environment), the insoluble residues

were analayzed. The results illustrated in

Fig. 7 indicate that 50-60Wt% of the V

content and 25-35Wt% of the Cr content are

incorporated within the C2S phase. The

stabilization of C2S by vanadium and

chromium, as well as by some other metals,

is a well known phenomenon (Nurse, 1954;

Ghosh et al., 1979). The stabilization is

usually
performed by the substitution of

SiO

4~
groups by V04

~

with an addition of

ca lcium
ions to the lattice. The partial

incorporation of V and Cr into the C2S

phase
explains their higher concentrations

in lower temperature, coarse material (Fig.

Z
a.

500 -r

400- -

300

200

100--

A B

Cyclone Catch

A B

Spent Bed

A - Original Material

B - After Maleic Acid Treatment

Fig. 7: Trace Elements Content in Spent -

Bed and Cyclone-Catch Before and After

Treatment With Maleic Acid.

5) since the relative content of C2S in

those materials is higher (Table 2).

A leaching procedure proposed by the

American Society of Testing Materials

(ASTM, 1980) was applied on cyclone and bed

material, enabling the study of trace

elements which might be associated with the

anhydrite or CaO (the only two potentially

soluble phases in the waste material) as

well as other qualities of the leachate.

Elements release into the leachate as a

percentage of their content in the original

solid material were calculated and divided

into four categories:

Release of <0.1% -

Zn, V, Ni, Cr(bed), Cu.

0.1-1.0% -

Mn, Cr(cyclone).

1.0-5.0% - Cd, As.

>5.0% -

Mo, Se.

It is clear that the most volatile elements

are released more easily from the solid

into the leachate, thus suggesting that

they are either partly concentrated on

particles surfaces or associated with the
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highly reactive CaO or anhydrite. Although

not of high significance, the correlation of

As with SO, in the waste material (r=0.61)

may indicate the association of the arsenic

with the anhydrite rather than with the

CaO.

The low content of Zn, Cu and Ni in the

leachates suggests that the concentration

of these elements in the fine fraction of

the cyclone-catch material is due to

initial higher concentrations in the fine

fraction of the raw shale. Volatization and

precipitation while cooling down would

result in relatively higher concentrations

of these elements on the particles surfaces

leading to higher content in the leachates.

Summary: The partition of trace elements

among combustion products differs from the

one which is encountered in the raw shale

due to new minerals synthesis enhanced by

the intimate association of the initial

ingrediants. Only apatite maintains its

chemical identity and trace elements

content during the combustion. Part of the

vanadium and chromium are incorporated into

the C2S phase, highly volatile metals are

associated with the anhydrite (and CaO) and

the originally pyritic trace metals reside

in the newly formed C2F phase. These

considerations combined with the fact that

melilite group minerals are formed whenever

carbonate is available and trace elements

volatization is suppressed, indicate that

the larger part of trace elements (which

originally reside in the clays and organic

matter) is incorporated within the readily

cation-replaced melilite-group minerals.

A model which summarizes trace elements

pathway during fluidized-bed combustion of

Israeli (or other high carbonate) oil shale

is presented in Fig. 8.

ENVIRONMENTAL SIGNIFICANCE

Considering trace elements release into

the environment, introducing carbonate oil

shales to high temperatures will result in

the incorporation of the larger part of the

trace elements into new-formed, generally

insoluble minerals. Only part of the most

volatile elements (As, Se, Mo) will be

mobilized into retorting products (Fox et

al., 1979) or will be associated with the

soluble phase of the wastes in case of

fluidized-bed combustion. Preliminary
mass-

balances carried out in the course of the

recent study indicate that about 30Wt% of

the arsenic and molibdenum content of the

raw shale may be released into the

atmosphere via very fine airborne particles

and/or lost into the gase phase.

In the case of the New Albany shale (or any

other carbonate-barren shale) there is a

potential for massive volatization of trace

elements even if the shale is subjected to

relatively low temperatures. This may

result in higher amounts of these metals

entering into retorting products as well as

into the non-condensable gas phase.

It is suggested that trace elements

concentrations in leachates of Eastern oil

shale retorting/combusting products (raw >

retorted > combusted; Cisler & Koppenaal,

1982) may reflect higher volatility of

trace elements at higher temperatures, thus

resulting in products with a lower content

of trace elements and higher contribution of

these metals to the atmosphere.
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Trace Elements Residence In Raw Oil Shales

I I Mineralogical Considerations; Process Parameters

v ) Raw Shales and Combustion Products

Fig. 8: A Model for the Pathway of Trace Elements During

Fluidized Bed Combustion of Israeli Oil Shales.

CONCLUSION

Laboratory studies of samples which

represent the most common types of oil

shales (Mahogany Zone - clay+carbonate

matrix; New Albany
-

clayey matrix and

Israeli
- highly carbonate) have shown that

volatization of trace elements occur within

fluidized-bed combustion temperature range.

In carbonate oil shale volatization is

suppressed due to fixation of the trace

elements
within new-formed minerals

(calcium-silicate and calcium-alumo

silicates of the melilite group). The

amount and the relative content of the new-

formed minerals is a function of combustion

temperature, grain size, grain composition

and location within the combustor. The

initial residence of trace elements within

the raw oil shale in conjunction with the

final mineralogical composition dictate the

partition of these elements within the

waste material of fluidized-bed combustion.

When processed, the lack of carbonates in

the New Albany shale may cause the intro

duction of higher amounts of potentially

toxic trace elements into the environment.
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DECOMMISSIONING OF THE U.S. DEPARTMENT OF ENERGY

ANVIL POINTS OIL SHALE RESEARCH FACILITY

Joseph E. Virgona

U.S. Department of Energy

Naval Petroleum and Oil Shale Reserves

Grand Junction, Colorado

ABSTRACT

After almost AO years of pioneering oil-shale mining,

processing, and environmental research and develop

ment by government and industry, the Anvil Points Oil

Shale Research Facility (APF) near Rifle, Colorado,

is being decommissioned. In the spring of 1984, with

the Facility no longer needed for oil-shale research,

the U.S. Department of Energy decided to begin the $3

million decommissioning of the industrial (research)

and housing structures.

Decommissioning of the APF began in the summer of

1984 with the initiation of an environmental audit

and subsequent hazard cleanup. The audit included

sampling and analysis of all transformers, ponds,

tanks, drums, and other containers; investigation of

known and suspected spill areas; and an asbestos

hazard survey. After the known and potential

environmental hazards were identified, cleanup and

disposal followed.

Once the initial environmental hazard identification

and cleanup were completed, a contract for asbestos

removal and demolition and reclamation of the indus

trial plant and housing area was awarded in the

summer of 1985. The oil-shale mine, raw and retorted

shale piles, and water treatment plant were not

included. Asbestos removal and demolition are now

completed, and reclamation is nearing completion.

INTRODUCTION

The Anvil Points Oil Shale Facility (APF) was con

structed on Naval Oil Shale Reserves (NOSRs) 1 and 3

in Garfield County, Colorado, approximately 8 miles

(13 kilometers) west of the City of Rifle. NOSRs 1

and 3 were created in 1916 and 1924, respectively, by

Executive Orders that withdrew land from the public

domain for the exclusive benefit and use of the

Department of the Navy. NOSR 1 contains approx

imately 2.3 billion barrels (365 billion liters) of

shale oil within an 80-foot (24-meter) bed of the

Mahogany Zone oil shale at a depth of over 500 feet

(150 meters) beneath 40,760 acres (16,500 hectares)

of rugged highland country. NOSR 3, which adjoins

NOSR 1 on the east, south, and west, and encompasses

14,130 acres (5,700 hectares), was created for three

reasons: to afford working space, to provide land for

disposal of retorted shale, and to access the

Colorado River water supply to the south during the

development and operation of NOSR 1.

Under provisions of the Synthetic Liquid Fuels Act of

1944 and with the written consent of the Acting

Secretary of the Navy, the Secretary of the Interior

directed the construction and operation of a demon

stration plant and the opening of an oil-shale mine

at Anvil Points (Figure 1). Ground was broken on

August 25, 1945, and the fir6t oil run was made on

May 8, 1947.

The APF (Figure 2) was operated by the U.S. Bureau of

Mines, Petroleum and Oil Shale Experimental Station,

located in Laramie, Wyoming, from 1944 to 1956 (East

and Gardner. 1964; Guthrie, 1964; Matzick and others,

1955; and U.S. Department of the Interior, 1947 and

1954). Shortly before the expiration of his

authority under the Synthetic Liquid Fuels Act to

operate a demonstration facility, the Secretary of

the Interior decided to close the plant in 1956.
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Figure 1. Proposed Anvil Points Oil Shale Demonstration Site, 1945
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Figure 2. Anvil Points Oil Shale Demonstration Plant, 1950

In 1958, the Attorney General rendered an opinion

that neither the Secretary of the Navy nor the

Secretary of the Interior had the authority to lease

the experimental facility at Anvil Points. In view

of the jurisdictional void. Public Law 87-796 was

enacted in 1962 and included the following provi

sions: (1) granted the Secretary of the Interior,

subject to the approval of the President, the

authority to encourage use of the APF for research,

development, test, evaluation, and demonstration

through contract, lease, or otherwise; (2) provided

that the mining and removal of any oil shale would be

subject to consultation with the Committees on Armed

Services of the Senate and House of Representatives

by the Secretary of the Navy; and (3) granted the

Secretary of the Navy the same authority over the

NOSRs as he had over the Naval Petroleum Reserves.

As a result of this legislation, the APF was leased

to the Colorado School of Mines Research Foundation,

Inc. (CSMRFI) from 1964 to 1968. Mobil and five

other companies (Continental, Humble, Pan American

Petroleum, Phillips, and Sinclair Research
- ARCO)

contracted with CSMRFI to conduct research on new

mining and retorting techniques (Ruark and others,

1969 and 1971). During this period, the consortium

conducted research, which had begun in the 1950s, on

the Bureau of Mines Gas Combustion Retort, forerunner

of many of today's high-capacity continuous feed

retorts.
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n May 1972. following a solicitation by the

Secretary of the interior and two years of

intermittent
negotiations. Development Engineering.

Inc. (DEI), a wholly owned subsidiary of Paraho

Development Corporation, was awarded a 5-year lease,

with a 5-year option period (U.S. Department of the

Interior. 1972). i conjunction with up to 17

corporate sponsors. DEI constructed and operated

Pilot and semiworks retorts (Figure 3) during a
10-

year period ending May 11. 1982 (Jones and Heistand,

1979; Robinson, 1979). That research provided the

design baseline for the commercial-scale Paraho

Retort which was being considered by the U.S.

Synthetic Fuels Corporation under the Paraho-Ute

project application. Another part of the research.

sponsored by the Department of Defense. Office of

Naval Research, involved production of over 100.000

barrels (16 million liters) of shale oil which were

later upgraded to military fuels.

In 1976. Public Law 94-258 transferred the Anvil

Points authorities of the Secretary of the Interior

to the Administrator of the Energy Research and

Development Administration (ERDA). Thereafter, as a

result of the Department of Energy Organization Act,

the functions vested by law in ERDA and the Secretary

of the Navy were transferred to the Secretary of

Energy in 1977. Responsibility for the APF remained

with the newly renamed Laramie Energy Technology

Center (LETC).

Figure 3. Anvil Points Oil Shale Research Facility. 1980
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From 1981 to 1984, a consortium of oil companies

(Cities Service, Getty Oil, Mobil Research and

Development, Phillips, Sohio Shale, and Sunoco Energy

Development) , Science Applications, Inc. ,
and two DOE

national laboratories (Sandia and Los Alamos)

conducted rock fragmentation research (Dick and

others, 1984; Fourney and Dick, 1985; and Parrish,

1986). The scope of this research effort included

single and multiple borehole blasting to determine

rubble induced as a function of explosive type,

spacing, sequencing, and depth of burial. These data

have been used to develop fracture and fragment

motion predictive models essential to in-situ

retorting of oil shale.

Because a programmatic basis no longer existed for

any of the buildings, equipment, or facilities once

the rock fragmentation program was completed in early

1984, a consensus evolved that the APF should be

closed down. The U.S. Department of Energy (DOE)

decided to pursue decommissioning and demolition of

the industrial (research) and housing portions of the

APF, a plan for which was approved by the Secretary

of Energy on December 29, 1983. The mine would

remain in a nonpermanent closure mode, and the

potable water treatment plant and its associated

water distribution and storage system would remain

until the water rights litigation was resolved and

future water requirements were determined.

In anticipation of the expiration of the Paraho

lease, a public meeting was held in early 1982 to

elicit comments on how best to use the Facility to

further oil-shale development, and to identify areas

of concern regarding suggested provisions for a

solicitation to obtain a new contractual agreement.

Subsequently, on May 3, 1982, a competitive solicita

tion for Cooperative Agreement proposals to continue

oil-shale research at the APF was issued. (Exxon

announced the termination of its Colony Project on

May 2.) Despite interest expressed at the public

meeting and a subsequent pre-proposal conference,

only one proposal was received under the solicita

tion. Following preliminary negotiations with the

offeror, the proposal was withdrawn on January 5,

1983. Meanwhile, Paraho removed personal property

and phased out of the APF through 1983. Sub

sequently, Paraho constructed a new pilot experi

mental facility on private land adjacent to the APF.

Concurrently with the decision to decommission the

APF, responsibility for the APF was transferred from

the LETC to the custodian of the NOSRs, the DOE

Office of Naval Petroleum and Oil Shale Reserves in

Colorado, Utah, and Wyoming (NPOSR-CUW) located in

Casper, Wyoming. The actual responsibility for

management of the decommissioning project was

delegated to the NPOSR-CUW satellite office in Grand

Junction, Colorado.

During the 40 years of periodic activity at the APF,

numerous government, educational, and private organi

zations participated in pioneering oil-shale mining,

processing, and environmental research and develop

ment, applications of which have been transferred to

many potentially viable commercial retorting

processes. Also, many practices that were acceptable

when the APF was first constructed and operated do

not comply with today's environmental standards.

In 1983, because of an absence of private-sector

interest in sharing the expenses of maintaining the

APF for research under a Cooperative Agreement, a

decision was made to place the APF in a standby mode.

The approximately 50,000 barrels (8 million liters)

of shale oil produced as part of the Oil Shale R&D

Cooperative Agreements with Occidental Oil Shale

(40,000 barrels) and Geokinetics (10,000 barrels)

were shipped to the Caribou Four Corners Refinery

near Salt Lake City, Utah, as part of a Defense

Department Shale Oil Refining Contract (Memmott,

1984) . At the completion of the rock fragmentation

program, the mine was secured and closed on a non-

permanent basis.

DECOMMISSIONING

The decommissioning of the APF was divided into two

phases. Phase I began in the summer of 1984 with the

initiation of an environmental audit and subsequent

hazard cleanup. The second phase began in the summer

of 1985 when a contract for asbestos removal and

demolition and reclamation of the industrial plant

and housing area was awarded. Also during that

summer, coordination meetings were held with County,

State, and Federal regulatory agencies, and a site

inspection for regulatory personnel was conducted.

Every effort was made to investigate all the known
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environmental concerns, and any suspected or poten

tial concerns. State-of-the-art cleanup methods were

used to reduce the
possibility that areas identified

as being of minimal or no concern would not pose

significant environmental impacts in the future.

PHASE I: ENVIRONMENTAL AUDIT AND HAZARD CLEANUP

In early 1984. an action plan addressing environ

mental concerns was formulated for the decommis

sioning of the APF. During that summer, several

contracts were awarded to determine more precisely

the type and amount of environmental hazards that

existed at the APF industrial plant, housing area,

mine bench, and water treatment plant.

Results of the initial work indicated the presence of

polychlorinated biphenyls (PCBs) and a significant

amount of asbestos throughout the APF. All the

transformers were sampled and analyzed for PCBs, and

a survey was made to estimate the quantity of

asbestos. Five transformers were found to be PCB

contaminated (50 to 500 parts per million) , and one

was contaminated with PCBs (greater than 500 parts

per million) . Approximately 300 cubic yards (225

cubic meters) of asbestos-containing materials were

identified, but the actual amount discovered and

removed during demolition was much greater than the

amounts estimated. This large quantity of asbestos

was anticipated because the APF was constructed

during the period when asbestos was very readily used

as an insulator and a fire-retardant construction

material. Improvements made at a later date were

usually
asbestos-free.

In September 1984, a contract was awarded to Anvil

Points Associates (APA) of Grand Junction, Colorado

(a joint venture between Technology Management, Inc.,

and Rainbow Mountain Mobil Wash), to further

determine the environmental impacts of 40 years of

periodic
operation and to mitigate many of these

impacts (Anvil Points Associates. 1984). (Concur

rently, the Statement of Work for the demolition was

being prepared.)
Anvil Points Associates

inventoried, inspected, sampled, and analyzed

approximately
75 tanks. 1.100 55-gallon drums, and

1,600 smaller containers
(Figure 4); all of these

numbers were
greater than previous estimates had

indicated. APA also prepared a Spill Prevention.

Contingency, and Counter Measure Plan, a Health and

Safety Plan, and a Sampling and Testing Plan.

The contents of the above containers were raw and

retorted shale, shale oil and associated petroleum

products, gasoline and other refined products, and

other miscellaneous liquid and solid products. The

raw shale was used as road gravel within the plant,

and the retorted shale was placed on the large

retorted shale pile. All containers having shale oil

or a mixture of shale oil and water were consolidated

in one of the easily accessible tanks in the tank

farm. Many barrels of light 6hale-oil products (gas,

oil, diesel fuel, kerosene, and naphtha) were used to

clean problem drums and then transferred to the con

solidation tank. Many of the shale-oil containers

required substantial heating with either a hot water

bath or by circulating the contents through a hot oil

truck prior to successful transfer. Approximately

500 barrels (80,000 liters) of shale oil and 100

barrels (16,000 liters) of water were consolidated.

All the now empty drums were cleaned to Environmental

Protection Agency (EPA) and Department of Transporta

tion (DOT) specifications, and relocated to onsite

collection areas.

Approximately 285 drums of tarry shale (oil, shale,

and soil mixture) apparently resulting from spill

cleanup, 12 drums of a
gilsonite-like material, and

21 drums of petroleum coke were also discovered.

These drums were consolidated and relocated to

another onsite collection area in preparation for

future disposal.

The hazardous materials that were discovered on site

were repackaged and consolidated according to classi

fication. Approximately 30 drums of consolidated

hazardous materials were removed from the APF and

disposed of properly by a hazardous waste disposal

contractor. Also, approximately 125 containers of

usable materials, which would be classified hazardous

if disposed, were given to nearby City and County

agencies and a nearby college. The disposal cost for

these usable but potentially hazardous materials was

many times greater than their value as a usable

nonhazardous material. Chain-of-custody documents

and manifests were originated and maintained for all

hazardous and potentially hazardous materials that
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Figure 4. Sample Collection at the Anvil Points Facility, 1984

were removed from the APF. (In late 1982, approxi

mately 90 drums of known hazardous materials were

removed from the APF and properly disposed of by a

contractor. )

Anvil Points Associates also inventoried, inspected,

analyzed, and sampled the contents of the evaporation

ponds, septic tanks, and approximately 75 surface and

subsurface storage tanks ranging in size from

approximately 5 to 10,000 barrels (800 to 1.6 million

liters) . The contents of many of the storage tanks,

primarily petroleum products, were removed and

consolidated in designated tanks in the tank farm, or

used to clean drums. Also analyzed were soil samples

from known and suspected spill areas, areas
down-

gradient from the spill areas, leach fields, and

other locations of concern. Results proved that all

the soil samples were nontoxic and nonhazardous.
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Approximately 700 barrels (110.000 liters) of
float-

e oil were removed from the evaporation pond and

transferred to tanks. Unsuccessful attempts were
made to remove the oily sludge from the bottom of the

lined evaporation pond. The sludge was nontoxic and

nonhazardous. and consisted primarily of soil washed

from the
surrounding area. In addition, several

"oil"
sumps in the industrial area were sampled.

analyzed, and cleaned.

PHASE II; ASBESTOS REMOVAL. DEMOLITION. & RECLAMATION

Tank Cleaning Plan

Reclamation Plan

The Progress Plan established the work zones to be

utilized by the contractor as a means of ensuring

that major tasks would be properly interfaced and

completed in a timely, safe, and efficient manner.

Weekly and monthly progress reports were required

throughout the project, and a final report was re

quired at the completion of each major task.

Conferences were held prior to initiation of Phase

II, and periodically thereafter.

In January 1985, the Request for Proposal (RFP) for

asbestos removal and demolition and reclamation of

the industrial plant and housing area was released,

and a public meeting and site inspection were held in

Grand Junction and Anvil Points, respectively. The

oil-shale mine, raw and retorted shale piles, and

water treatment plant (except for removal of a small

amount of asbestos and other miscellaneous materials)

were not included in the RFP. Proposals were re

ceived and evaluated in February. Additional evalua

tions were made in April, after which a contractor

was selected and negotiations were initiated. A 12-

month contract was awarded on July 24, 1985, to

Mountain Region Corporation (MRC) of Grand Junction,

Colorado. The contract called for asbestos removal

and demolition to be completed within 6 months and

reclamation to be completed within the 12-month total

contract period of performance. Mountain Region

Corporation and its three Colorado subcontractors,

Synfuels Engineering and Development in Parachute, A

& B Asbestos Abatement in Grand Junction, and Brown's

Environmental Construction of Littleton, were given

the Notice to Proceed on August 16, 1985.

The following deliverables were required prior to

initiation of the project:

Progress Plan

Spill Prevention, Contingency, and Counter Measure

Plan

Permits

Notifications

Safety. Environmental, and Health Review

Dismantling
Guidelines

Asbestos Plan

Disposal Plan

Asbestos Removal

The APF contained very large quantities of both

friable and nonfriable asbestos because of the common

usage of asbestos as an insulator and building

material when the APF was first constructed in the

1940s. The initial asbestos survey conducted as part

of the environmental audit vastly underestimated the

amount of asbestos eventually discovered and removed.

Large quantities were found underneath debris.

floors, crawl spaces, and other originally inacces

sible areas. Asbestos was found in almost every

building and scattered throughout the onsite boneyard

(junkyard) .

The asbestos-removal task was slow and tedious. The

first step involved formulation of an asbestos plan

that complied with applicable Colorado Department of

Health (CDH) , Occupational Safety and Health Adminis

tration (OSHA) , and EPA regulations. The plan

detailed the work procedures to be used in the

removal and demolition of materials containing

asbestos. The local health department, CDH, EPA, and

OSHA were notified prior to initiation of asbestos

removal. A thorough hazard survey was initiated

immediately, and numerous bulk samples were collected

to confirm the presence of asbestos. Ambient air

monitoring was also initiated immediately to deter

mine the airborne asbestos background levels. When

high levels or gross debris were encountered in any

of the work zones, the asbestos contamination was

removed from the area prior to mobilization of the

demolition crews in order to ensure a safe work

environment. Frequently, the demolition crews were

temporarily excluded from an area or building until

163



the asbestos contamination could be removed. Gross

asbestos debris removal and/or High Efficiency

Particulate Air (HEPA) vacuuming were required prior

to removal of any materials contaminated by asbestos.

Considerable time was required to prepare an area for

asbestos removal. The asbestos-removal area was

secured, and warning signs posted to prevent

unauthorized access. The specific work area was

isolated using visqueen barriers to contain all

debris, and occasionally a HEPA negative air system

was used to further contain any release of asbestos

fibers. All persons entering the work area were

required to wear protective clothing, a respirator,

safety glasses and boots, and gloves. Most of the

workers performing the actual removal (Figure 5) used

Type C Airline Respirators (supplied air). Those

removal workers performing such tasks as drum

handling and decontamination, that do not involve

exposure to the potentially high asbestos levels,

wore Power Air Purifying Respirators (PAPRs) or Air

Purifying Respirators.

All
asbestos-

removal workers and the DOE Project

Manager received instruction in respirator usage and

fit, decontamination procedures, the dangers of

asbestos exposure, and applicable CDH, EPA, OSHA, and

DOT regulations. All removal workers underwent

physical examinations, and were screened prior to

employment. All other onsite workers were trained in

asbestos identification, and the coordination and

status of the removal activities were discussed at

the weekly safety meetings.

Prior to entering the APF, all persons were required

to sign a release, and visitor access to the removal

areas was severely limited for health and safety

reasons. Anyone entering the removal area was

required to take the precautions outlined above and

undergo a respirator fit test. Upon leaving the

area, all personnel were required to decontaminate

themselves in the onsite decontamination trailer.

This process consisted of discarding all protective

clothing and showering thoroughly, prior to donning

street clothes.

Figure 5. Asbestos Removal by a Worker Wearing a Supplied Air Respirator, 1985

169



Friable and nonfriable asbestos were removed using

amended water (water containing a wetting agent or

surfactant) to reduce the emissions of airborne

fibers. After removal and initial cleanup, the area

was wet-wiped and allowed to dry. A HEPA vacuum was

then used to collect any remaining asbestos fibers.

The Certified Industrial Hygienist (CIH) would then

inspect the area, and certify that it was
asbestos-

free. If any debris or fibers were found, the area

would be recleaned and rechecked by the CIH. In many

instances, the remaining equipment, materials, and/or

buildings were sprayed with an EPA-approved lockdown

material to eliminate any potential fiber release, if

any fibers remained prior to demolition. The

asbestos-free certifications were submitted to the

DOE Project Manager and to the demolition contractor

prior to permitting work-crew access to the cleaned

area.

were temporarily stockpiled in the designated onsite

collection area and later shipped to the EPA-approved

Arapaho Landfill near Denver, Colorado. (A landfill

closer to the APF could only accept asbestos in

quantities much smaller than those removed from the

APF.) The drums and pallets were never reused.

Chain-of-custody documents and disposal manifests

were received from the landfill for all the disposed

asbestos.

Despite a 3-week period of inclement weather which

severely hampered asbestos-removal efforts, this part

of Phase II was completed 2 weeks ahead of the

subcontractor's projections and 2-1/2 months ahead of

the contractual completion date. Several OSHA

inspections and inquiries were made, and no viola

tions were reported nor citations received.

Ambient air monitoring was conducted on a daily basis

before, during, and after removal, both within and

downwind of the work area. Personal monitoring of

each worker was also conducted on a rotational basis.

Analytical results were usually available within 18

hours. (Of the 400 samples collected over the life

of the project, all but one were below and usually

well below the maximum concentration of 2 total

fibers per cubic centimeter. The exception was

collected from a worker who was using a supplied-air

respirator while cutting wood to gain access to the

asbestos materials. Most or all of the fibers

detected were believed to be cellulous.) Moreover,

when the negative air system was in operation,

differential pressure monitors were used to determine

if the system's integrity was ever compromised, and

the monitoring
results were submitted to the DOE

Project Manager.

Asbestos pipe and space insulation, shingles, floor

tiles,
impregnated tar paper, and other miscellaneous

asbestos products were placed in 55-gallon drums

doubly lined with 6-mil (1.5 x
10"A

meter) visqueen

plastic bags, and the drums were then sealed.

Transite siding was wrapped in two layers of 6-mil

visqueen and placed on pallets. The visqueen

barriers, together with
contaminated protective

clothing,
used disposable respirator filters, and

miscellaneous

contaminated materials, were also

placed in the lined drums. The pallets and drums

Demolition

Concurrently with the asbestos-removal portion of the

decommissioning, salvage and demolition began in

August 1985. The demolition contractor was required

to remove and properly dispose of all materials at

the APF, except as discussed previously and specified

in the Statement of Work. The demolition task

included the following activities:

Removal of all buildings, concrete slabs and

foundations, and roads.

Cleaning and removal of all surface and subsurface

storage tanks and associated interconnecting

pipes.

Removal of all transformers, including those

containing PCBs.

Removal of the aboveground power distribution

system, manholes, fences, fire hydrants, signs,

and other man-made structures.

Removal of all property, equipment, and other

salvageable and unsalvageable materials.

[Approximately 2,000 tons (1.6 million kilograms)

of iron were identified, but the actual amount

removed was much greater.]
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Proper disposal of all biodegradable, toxic, and

hazardous materials off site. (Nonbiodegradable,

nontoxic, and nonhazardous construction materials

could be buried on site.)

Acquisition of all permits and assurance of

compliance with all applicable County, State, EPA,

OSHA, DOT, and other regulations.

asbestos debris cleanup. Once these efforts were

completed, demolition began in earnest (Figure 6),

but always in coordination with the asbestos-removal

crews to ensure that workers would not be exposed to

asbestos fibers. Concurrently, permit acquisition,

notifications, and preparation of the various plans

required as deliverables (see earlier listing) were

under way.

Assurance that all work is conducted in a manner

that minimizes disturbance to the environment and

existing vegetation.

As the work plan, schedule, and milestones were being

prepared, two weather-dependent critical paths were

identified. Demolition of the semiworks area and the

removal of oil, cleaning of tanks, and purging of

lines would have to be completed as soon as possible

in order to take advantage of the warmer weather.

Two crews were established, one to inventory and

salvage all materials and equipment, the other to

demolish the APF. These two crews coordinated their

efforts with the asbestos-removal crews such that

work generally progressed from north to south, i.e.,

downhill through the plant. Occasionally these

parallel activities were modified in response to

certain variable conditions, primarily the weather.

During one high activity period, for example,

approximately 65 employees were working on site in

several different zones and on two shifts.

Removal of salvageable property began immediately and

continued throughout the life of the project.

Hazardous and/or toxic materials were usually conso

lidated and periodically removed from the APF. The

PCB-contaminated transformers were handled by a dis

posal contractor from the Denver area and, as

previously stated, the asbestos was removed to the

Arapaho Landfill.

Materials generated during tank cleaning were ana

lyzed and determined to be nonhazardous and nontoxic

except for flammability. Approval was received from

the Colorado Department of Health to dispose of these

materials at the Black Mountain Petroleum Waste

Disposal Site near Mesa, Colorado. The approximately

300 drums containing soil and oil shale mixed with

shale oil were tested and determined to be nonhazard

ous and nontoxic, and can therefore be disposed of at

any CDH-approved landfill accepting domestic and

construction wastes. Disposal arrangements are being

made.

Most of the work progressed according to the initial

progress plan. The only significant problem area

arose in association with oil removal and subsequent

tank cleaning. The originally proposed "hot removal

techniques" had to be abandoned when cold, inclement

weather arrived earlier than anticipated. The oil

"set up"

and the steam cleaners were unable to keep

up with the enormous heat load required. "Cold

removal
techniques"

were substituted, but they

required additional time and temporarily delayed tank

removal. On the other hand, use of the cold removal

techniques drastically decreased the confined-space

safety hazard because the tanks were partially

dismantled prior to oil removal and cleaning.

The task which combined inventorying and salvaging

was conducted in coordination with the initial

asbestos hazard survey, monitoring, and gross

The nonbiodegradable, nontoxic, and nonhazardous

construction materials were disposed of on site. An

existing pit was enlarged to contain the primarily

concrete construction debris. The remaining houses

and other wooden structures were demolished and

burned. A burn permit for two burns was obtained

from the Colorado Department of Health, subject to

acceptable air-quality conditions and the approval of

the CDH District Engineer. Both burns were conducted

successfully.

Based on an agreement with the U.S. General Services

Administration, all the APF buildings, equipment,

vehicles, tank contents, scrap metal, and other

materials became the property of the demolition

contractor upon award of the contract. Credit for

this property was given to the Department of Energy

in the Cost Proposal. The contractor disposed of the
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Figure 6. Removal of the Paraho Retort at Anvil Points, 1985

property
through sales, donations, and transfer to

temporary
storage until it could be sold. Attempts

were made to sell all the buildings and houses. Many

of the steel
buildings were sold after the Transite

and other
asbestos materials were removed. Many of

the wood
buildings were also sold, but only three of

the houses were
removed because of the oversupply of

housing in the area. Most of the shale oil removed

from the tanks was sold as boiler fuel.

The demolition portion of Phase II was completed 1

week ahead of the contractor's projected schedule and

almost 4 weeks ahead of the contractual completion

date, despite 3 weeks of inclement weather. OSHA

inspections were made, and no violations were

reported nor citations received.
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Reclamation

Upon completion of the asbestos-removal and demoli

tion activities, the contractor in early February

began restoring the approximately 45 acres (18

hectares) of disturbed surface area (resulting from

the 40 years of operations) to rangeland compatible

with the adjacent rangeland. The major objective of

the revegetation was to restore the disturbed areas

to a diverse, effective, and long-lasting vegetative

cover capable of
self-

revegetation. Each portion of

the disturbed areas was seeded and/or planted, as

appropriate, with a mixture of perennial native

grasses, forbs, legumes, and shrubs adaptable to the

climate of the region. The revegetation management

and maintenance practices included such procedures as

planned final leveling and ripping; topsoil redistri

bution and replacement: protection of reconstructed

surfaces from erosion; careful selection of seeding

practices, planting methods, and material; and appli

cation in adequate amounts of soil amendments, mulch,

and irrigation water if necessary.

A reclamation plan for the APF was developed after

consultation with industry and government reclamation

specialists who had previous experience on projects

in the area. As a result of these consultations,

some modifications were made to the initial proposed

plan. All the disturbed areas within the industrial

plant and housing area, except for several designated

roads and the staging area for the NOSR Gas Drilling

Program, were reclaimed.

The regrading portion of the reclamation was per

formed by the demolition contractor as work zones

became available. The regrading was completed in

January because of the very mild early winter

weather. Revegetation was initiated in early

February, and was scheduled to take approximately 8

weeks, depending on the weather. A large amount of

the preexisting vegetation throughout the industrial

and housing areas was saved, and has enhanced the

natural appearance of the area (Figure 7) .

Figure 7. Reclaimed Anvil Points Oil Shale Research Facility, 1986
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All concrete pads, walkways, and steps, together with

asphaltic
material, were removed. The resulting

affected areas plus any previously disturbed areas

were then ripped, followed by backfilling, grading.

contouring, and topsoil redistribution and replace

ment. Topsoil was not removed from the 4-acre desig
nated topsoil area because sufficient soil was avail

able from within the already-disturbed plant and

housing areas. (The lack of need for soil from the

designated area prevented the disturbance of trees

and other natural vegetation in that area, and elimi

nated the need to revegetate an additional area.)

and virtually no lost-time accidents. Shortly after

startup, OSHA was requested to visit the APF to

perform a hazard inspection, and subsequent formal

inspections were also made. No violations were noted

and no citations given. The OSHA representative also

attended and participated in some of the weekly

safety meetings. Furthermore, as previously noted,

worker protection was given a very high priority

during the asbestos-removal phase.

SOCIOECONOMIC CONSIDERATIONS

After regrading, the soil was further prepared for

revegetation by the addition of fertilizer. The

seeds and tublings were planted, and each area was

then mulched and crimped. Recommended species of

seeds and shrubs, and application rates for seeds,

tublings, and fertilizer, were listed in the State

ment of Work, although occasional modifications were

made as a result of consultations with area experts.

Irrigation is not planned because the contractor

determined that it would be more cost-effective to

reseed, if necessary, than to irrigate. Moreover,

prior to planting and watering, the tubling roots

were dipped into a humectant, a substance which

promotes water retention. This same process had been

used at the nearby Glenwood Canyon Interstate Highway

Reclamation Project in order to increase the survival

rate of the tublings. Finally, approximately 1

percent of the tublings were planted in experimental

visqueen-lined catch basins to further enhance

moisture retention.

The contractor will use preventive and/or chemical

weed-control measures to permit the establishment of

desired plant species. An inspection of the

revegetated areas will be conducted by the Department

of Energy or its designated representative in late

summer or early fall to confirm the existence of

acceptable plant growth of desired species prior to

final acceptance.
Areas failing to exhibit

acceptable plant growth will be reseeded.

The health, safety,
and accident record for the pro

ject was
excellent. There were no serious accidents

The Department of Energy has expended approximately

$3,000,000 to date on the decommissioning of the APF.

These funds have been awarded through the competitive

solicitation process, to contractors and subcontrac

tors located primarily in Garfield and Mesa counties.

These two counties, along with several other Western

Colorado counties, are economically depressed and are

classified as labor-surplus areas. The companies

have hired almost exclusively from the local job

market. The number of employees on site ranged from

as few as 2, to as many as approximately 65 during

the concurrent
asbestos-

removal and demolition

phases. The majority of the equipment and materials,

when available, were purchased or rented from local

suppliers.

All the decommissioning-associated contracts were

awarded by the Department of Energy to small busines

ses. Three of the businesses that participated in

the decommissioning Mountain Region Corporation and

A & B Asbestos Abatement during Phase II, and Rainbow

Mountain Mobil Wash during Phases I and II were

woman-

owned.

Some of the property and materials from the APF were

donated to local government agencies and educational

institutions. The APF plaque and flagpole were pre

sented to the City of Rifle for display and histori

cal purposes. Books and scientific reports were

donated to local city and college libraries, and some

laboratory materials were given to another local

college. In addition, Garfield County received its

share of the sales tax on all property sold by the

contractor, and was able to temporarily reduce its

unemployment-compensation and social-benefit

programs.

174



RELATED ACTIVITIES

As part of the APF decommissioning, the electric

transmission line and associated substation that

provided power to the APF and the County television

translator, together with the associated land ease

ments, were sold to the local utility, Public Service

Company of Colorado (PSC). This sale eliminated the

Federal Government's responsibility for line and

equipment maintenance, and provided PSC the opportun

ity to continue service to the County and begin to

allow other customers to access the transmission sys

tem. Service would be available to DOE in the future

without the excessive present-day cost of operating

and maintaining an obsolete and inefficient system.

The Garfield County Commissioners negotiated an

agreement with the Department of Energy to use the

main valley access road for access to the sanitary

landfill located on Bureau of Land Management (BLM)

land approximately one-half mile (1 kilometer) from

the APF. In exchange, Garfield County maintained the

road, and the Department of Energy received permis

sion to dispose of nonhazardous and nontoxic domestic

and construction waste at the landfill.

A second agreement negotiated between the Garfield

County Commissioners and the Department of Energy

involved county installation of a television transla

tor on the mine bench, and use of the mine access

road to maintain the translator. The County agreed

to perform only minor maintenance on the road. How

ever, access to the bench has been limited recently

to helicopters only because of major landslides on

the mine access road. Because of these landslides

and the lack of DOE funds for maintaining the road,

Mobil Oil Company terminated its agreement for access

to its mine using the APF mine access road.

The two EPA-retorted shale study plots located at or

adjacent to the APF were not disturbed during the

decommissioning. The fence around the TOSCO/U. S.

Bureau of Mines plot in the housing area was removed,

and the lysimeters filled with rock for safety

reasons. The access road was reclaimed, but the plot

itself will be allowed to vegetate naturally without

protection from wildlife or humans. The access road

to the Paraho plot on the adjacent BLM land will

remain, but will not be maintained.

In 1983, a plan was formulated and submitted to

Congress to prevent natural gas underlying NOSR 3

from migrating into the commercially developed por

tion of the adjacent Rulison Gas Field (U.S. Depart

ment of Energy, 1983). The plan proposed drilling a

combination of wells on government and communitized

tracts of land along the NOSR 3 boundary. The plan

was approved in 1984 by the House and Senate Armed

Services Committees, and the first well in the pro

posed 14-well program was drilled in late 1984. One

additional well has been drilled, and three more are

tentatively planned for the remainder of 1986. Plans

for completing the balance of the initial 14-well

program and the potential expansion to 28 wells are

presently very tentative and dependent on energy

prices and adoption of a deficit reduction budget.

The implementation of a gas sales agreement and con

struction of a pipeline are scheduled for 1986 (U.S.

Department of Energy, 1985). As a result of this

drilling program, one building and an associated

access road remain at the APF. The building and

adjacent staging area will be used to store and

stockpile drilling and production materials.

FUTURE ACTIVITIES

The total decommissioning of the APF will take

several more years because a few tasks still remain

to be completed. At present, there is no specific

schedule for completion because of unknown funding

levels and studies and reports which are not yet

finalized. Areas that have been or may need to be

addressed are briefly described below.

1. Plans are being formulated for implementation of

a new groundwater monitoring program in the

vicinity of the raw and retorted shale piles and

the two lined evaporation ponds that collect

runoff from the piles. This program would

supplement the previous groundwater monitoring

program.

2. The mine is nonpermanently closed, and at

present, there are no plans to reopen it or

repair the access road. Most of the mine equip

ment and vehicles remain in the mine.
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3- The buildings, equipment, and miscellaneous

materials on the mine bench have not been

removed. The buildings contain large quantities

of Transite siding and asbestos insulation, and

will be
properly addressed in the future. None

of the transformers located on the mine bench are

PCB-contaminated. and there are no plans to

remove them at this time. Reclamation of the

mine bench and access road will also be addressed

if a decision is made to permanently close the

mine.

4. Removal of the water treatment plant and asso

ciated tanks and lines is contingent on disposi

tion of the water rights litigation and determi

nation of the water requirements for developing

the oil-shale reserves. At this time, there are

no plans to develop the reserves.
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The research described in this article has been funded wholly
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through contract 68-03-1969 to J & A Associates, Inc. It has

been subjected to Agency review and is approved for publication.

A. BACKGROUND

Control of sulfur emissions constitutes a major

portion of the environmental control cost for oil

shale facilities. For example, the Denver Research

Institute estimated costs (in 1980 dollars) in the

range of $1 to $3 per barrel of shale oil

produced^ ,2,3,)# These substantial sulfur control

costs have encouraged developers to seek less costly

but equally or more effective methods for limiting

sulfur emissions. Recently, a strong industry trend

has been to look toward the potential for combusting

carbonaceous retorted shale to recover its energy

value (a plus in terms of economics and resource

conservation), while exploring the possibility of

absorbing the sulfur gases produced during retorting

onto the calcined carbonate material present after

combustion of retorted western oil shale.

EPA awarded a contract to J & A Associates to

investigate the environmental advantages/

disadvantages of absorbing SO2 onto combusted

retorted oil shale. The objective of this program

was to obtain more information in support of its PSD

(Prevention of Significant Deterioration) permitting

decisions on sulfur control and to investigate

whether emission of other pollutants such as nitrogen

oxides (N0X) and trace elements might be

significantly increased in the process. The program

was done in two phases. Phase I developed an

engineering assessment and costs for application of

this sulfur absorption process to selected leading

retorting processes. In Phase II, experimental work

in an integrated oil shale pilot plant defined

operability and proof of principle and defined trace

element emissions.

B. THE ASSP CONCEPT

The ability of combusted carbonate-containing spent

shale to absorb SO2 gives rise to a novel concept for

controlling sulfur emissions in oil shale plants.

This concept will be referred to as ASSP which stands

for Absorption on Spent Shale Process.
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The ASSP concept has several potential advantages

over conventional sulfur removal technologies:

The sorbent is cheap and inherently

abundant in oil shale plants.

The process requires combustion of the

spent shale which is already incorporated

into several of the retorting technologies

or which would be a useful add-on to

recover residual carbon values.

Since non-H2S compounds are converted to

SO2 by combustion, ASSP could represent a

more efficient removal relative to gas

sweetening processes which only remove H2S.

The ASSP concept uses a fluidized transport system to

combust either raw or retorted shale, thereby

providing the vehicle for converting sulfur compounds

to SO2 and absorbing the SO2 in the shale matrix.

The concept envisions either a conventional

dense-phase fluidized bed or a dilute-phase contactor

(lift pipe). Key elements of the process are shown

in Figure 1.

C. PHASE I: CONCEPTUAL DESIGN AND ECONOMICS

For evaluation purposes, specific projects were

chosen as representative of the three retort types:

Direct heated - Modified In-S1tu (MIS) with

Unishale C - Cathedral Bluffs

Indirect heated - Unishale B - Union 011

Integral Combustor - Lurgi - Rio Blanco
- Unishale C - Union Oil

This study assumed that MDEA (Methyl diethanol amine)

absorption is used to remove acid gases from indirect

heated retort gases and that regenerated acid gases

are burned in the ASSP combustor. MIS gases were

assumed to be processed in the ASSP combustor without

pretreatment.

For comparison purposes, conventional sulfur removal

processes were evaluated:

Direct heated - Case A: Unisulf +

Flue Gas

Desulfurization on MIS

gases

Case B: Unisulf +

Stretford on MIS gases

Indirect heated - Unisulf

Integral Combustor - DEA + Stretford on

Lurgi

- Unisulf on Unishale C

TABLE 1. COST COMPARISON FOR ASSP

Retort Type

Retorting Process

ASSP Incremental

Capital Cost,
$106

ASSP Incremental Annual

Operating Cost, $106/yr.

Plant Capacity TPSD

(kg/sec)

Direct Heated

Case A, Case B

Indirect

Heated

Integral

Combustor

MI S/Uni shale C Unishale R Lurgi Unishale C

-71.2 63.2 +90.2 -13.0 -32.1

+10.83

36,200

(380)

+12.07 -19.21

13,600 27,200

(143) (286)

-2.29 -1.56

119,000 27,200

(1251)

(286)

Source: Reference (4).

TPSD: Tons Per Stream Day.
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Major equipment costs were taken from EPA Pollution

Control Technical Manuals (PCTMs)d
.2). ASSP

equipment was sized and costs factored from in-house

The test facility used 1n Phase II was a pilot plant

built by Tosco Corporation to develop their

Hydrocarbon Solids Process (HSP) ^5) . The pilot plant

ata and PCTMs. Costs were factored to first quarter has a nominal capacity of 6 tons per day (63 g/sec)

1985.

A discussion of the Phase I work is given in more

detail in a previous paper. (4)

of oil shale and contains a fluidized bed combustor

which is 18 in. (0.46m) in diameter. Figure 2 is a

process flow diagram of the plant. A description of

the process is given below.

Results of the cost study showed changes in

incremental capital and operating costs for ASSP

relative to conventional processing in Table 1.

These cost comparisons show that the best potential

for application of ASSP are those processes which

already have a spent shale combustor integrated into

the retorting process (e.g., Lurgi, Unishale C,

Chevron STB, and Tosco HSP). Capital and operating

cost savings for Unishale C and Lurgi are primarily a

result of deleting the Unisulf and Stretford plants.

Economics for the indirect and direct heated retorts

are good to marginal. Factors which will affect the

economics are:

How effectively combustor heat can be

utilized (simple steam raising is the least

desirable) .

The value of steam.

The use of fast or circulating fluid beds

to reduce investment in combustor equipment.

D# PHASE II: PILOT PLANT TESTING

Raw oil shale, crushed to minus 1/4-in. (0. 0064m) and

smaller, is pneumatically lifted to the shale feed

weigh hopper system from which shale is metered into

the retort at a constant rate. The raw shale from

the weigh hopper is preheated up to 300 to 500F

(421-533K). The retort is an inclined rotating

cylinder in which oil shale and hot heat carrier

solids (from the fluid bed combustor) are mixed. The

mixture of heat carrier and oil shale is conveyed

concurrently through the retort to the retort

accumulator. The feed rates of raw oil shale and

heat carrier are adjusted to maintain the desired

temperature in the retort, approximately 900F (755K).

The mixture of spent shale and heat carrier from the

retort, called retorted solids, is pneumatically

conveyed from the accumulator discharge screw into

the fluid bed combustor using superheated steam. The

fuel residue on the spent shale (primarily organic

carbon and hydrogen) is combusted to provide part or

all of the heat required to pyrolyze the oil shale.

Combusted solids, which consititute the heat carrier,

are drawn off from the fluid bed combustor and are

recycled to the retort.

T Description of the Pilot Plant
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The conbustor is an atmospheric, dense-phase,

bubbling, fluidized bed. The spent shale fuel is

supplemented as needed by Injection of natural gas or

^tort gas into the bed. Solid fuels such as raw oil

shale can also be used. The bed is fluidized by air

and/or hot flue gases from an external burner. Flow

rates of air and flue gas are adjusted to maintain

bed fluidization, bed temperature, and oxygen

concentration in the combustor flue gas.

Flue gas and entrained shale ash from the combustor

are cooled in a heat exchanger, and the ash is

separated from the flue gas in a baghouse. From the

baghouse weigh bin the ash flows to a moisturizer

where it is mixed with water prior to disposal. The

clean flue gas flow is measured with an orifice meter

prior to being vented to the atmosphere.

How effective is ASSP In controlling sulfur

emissions?

W111 ASSP produce large quantities of NOx?
What are the most favorable operating
conditions to achieve maximum sulfur

control while holding N0X emissions to a

minimum?

Will retorted or raw oil shale combustion

produce significant emissions of trace

elements such as mercury or cadmium?

Experimental Procedure

Parachute Creek oil shale obtained from the Colony

mine was used in the pilot plant program. This shale

was crushed to minus 1/4-in. (0.0064m) particle size

and had a nominal richness of 34-37 gal. per ton

(142-154 L/Tonne) . The shale used is similar to the

shale being processed by the Union Oil commercial

plant. This shale has significant amounts of calcium

and magnesium carbonates, which (when decomposed to

the oxides) are available for sulfur absorption.

Pyrolysis vapors from the retort are cooled and the

oil and water condensed in a quench tower and

overhead condenser. The non-condensed retort vapors

are either metered and sent to a flare or are

diverted to the fluid bed combustor through a blower

used to overcome the pressure in the bed. For the

majority of the pilot plant tests, retort gas was

burned in the fluid bed to supply the H2S and non-H2S

sulfur compounds. In addition, H2S and COS from

pressurized cylinders were used to
"spike"

the retort

gas to allow significantly higher sulfur

concentrations in the injected retort gas than would

have been possible with only retort gas.

2. Test Objectives

Key questions
addressed in the Phase II test program

included:

The pilot plant was operated for 10 days between

October 14 and 24, 1985. A total of 44
"tests"

were

conducted during which plant operating data were

recorded.

Some of the key process variables evaluated in the

pilot plant program were:

Bed temperature

Solids residence time (bed depth and solids

circulation rate)

Gas residence time (superficial velocity)

Ca/S mole ratio

Flue gas oxygen concentration

Raw shale/ spent shale ratio

Single stage and two stage combustion

During single stage combustion tests, all combustion

air flowed through the fluid bed and superheated

steam was used to pneumatically convey retorted

solids to the combustor via the transfer line. In

this mode, the bed was normally oxygen-rich.
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During two stage combustion tests, combustion air to

the bed was reduced until the flue gas oxygen

concentration fell to zero. Then, overfire air was

added to the retorted solids transfer line while

simultaneously reducing superheated steam flow until

the desired flue gas O2 level was achieved. Since

the transfer line does not enter the fluid bed,

overfire air and superheated steam do not pass

through the bed. Thus overfire air can combust CO

and trace hydrocarbons in only the freeboard portion

of the combustor.

4. Discussion of Results

The range of key operating conditions for the 44

tests performed are summarized in Table 2.

Over this range of conditions, flue gas composition

and organic carbon combustion efficiency ranged as

shown in Tabl e 3.

To increase the sulfur concentration in the retort

gas, H2S and COS from pressurized cylinders were

injected into the retort gas upstream of the sampling

point. This increased the H2S concentration from an

initial concentration of about 0.4 - 0.5 vol % to 2 -

4 vol % and in some tests, nearly 10 vol %. The

retort gas was spiked with H2S and COS in 33 of the

44 tests.

5. Process Variable Correlations

Correlations of emissions (S^, N0X, CO, trace HC)

TABLE 2. RANGE OF OPERATING CONDITIONS AND PROCESS VARIABLES

Red Temperature, F (K)
Freeboard Temperature, F (K)
Retorted Solids to Combustor, lb/hr (g/sec)
Raw Shale to Combustor, lb/hr (g/sec)
Retort Gas to Combustor, scfm (Nm^/sec)
H2S in Retort Gas, vol %

Red Depth, ft (m)
Solids Residence Time, min.

Gas Superficial Velocity, ft/sec (m/sec)
Gas Residence Time, sec

Flue Gas Oxygen, vol %

Carbonate Decomposition, %

Ca/S Mole Ratio

1127-1558 (881-1121)
1273-1593 (962-1140)
2487-3615 (315-458)

0- 133 ( 0-17)

0-6.66 ( 0-11.3)
0.43-9.28

3.27-4.28 ( 1-1.3)

8.07-18.72

3.78-7.20 (1.15-2.19)
0.46-1.13

0-6.25

45.5-83.3

6.20-10.25

TABLE 3. RANGE OF FLUE GAS COMPOSITION AND ORGANIC CARBON

COMBUSTION EFFICIENCY

Flue Gas Composition Range

SO2, ppmv 1-38

N0X, ppmv 80-670

CO, vol % 0.05-1.80

Trace Hydrocarbons, ppmv 51-8465

Organic Carbon Combustion Efficiency, % 57.5-100.0
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with key process variables Indicated that the only

significant factor which affected emissions was flue

gas oxygen concentration. Smoothed curves of the

experimental data are shown in Figures 3 and 4. Note

that the N0X curve is presented as a band reflecting

substantial data scatter.

Key findings of the test program were:

SO2 emissions were easily controlled to low
levels at virtually all conditions tested,
probably as a result of the high Ca/S
ratios used.

Thus the inlet sulfur concentraion is

immaterial providing the Ca/S ratio is

adequate.

Reasonably good N0X control could be

obtained with flue gas oxygen

concentrations below about 3 vol %. The

lowest N0X concentrations were seen at O2
levels approaching zero but at the expense

of higher CO and trace hydrocarbon

emissions.

Good control of CO and trace hydrocarbon

emissions could be obtained at 02 levels

above about 2 vol %.

Emissions of N0X move in a direction opposite to SO2,

CO, and trace hydrocarbon emissions. Thus, finding a

set of operating conditions which minimize all four

represents a compromise. One test was run which

produced nearly optimum results. Conditions for this

test were:

Bed Temperature 1227*F (937K)

Solids Residence Time 9.4 min.

Gas Residence Time 0.9 sec

Gas Superficial Velocity 4.4 ft/sec (1.3 m/sec)

Flue Gas O2 2.6 vol*

Ca/S Mole Ratio 10.3

Raw Shale/Spent Shale Ratio 1:36

At these conditions the following results were

obtained:

SO2 11 PP

N0X 160 ppmv

CO 0.27 voU

Trace Hydrocarbon 388 ppmv

Combustion Efficiency 89%

6. Design Recommendations

Based on the pilot plant data obtained in this study,

fluid bed operating conditions are recommended to

optimize SO2 and N0X control. In general, conditions

that favor low SO2 emissions also favor low CO and

trace hydrocarbon emissions but do not favor low N0X

emissions. The general ranges of operating

conditions which produced reasonable results from

both an operating and emissions viewpoint are given

below. Conditions used in the Phase I conceptual

design work are shown for comparison in Table 4.

This comparison indicates that the conditions chosen

for the conceptual design are reasonable and in most

cases conservative.

TABLE 4. RECOMMENDED FLUID BED COMBUSTOR OPERATING CONDITIONS

Operating Conditions

Fluid Bed lemperature, F (K)

Solids Residence Time, min

Gas Residence Time, sec

Gas Superficial Velocity, ft/sec

(m/sec)

Flue Gas Oxygen, vol %

Carbonate Decomposition, %

Ca/S Mole Ratio

Raw Shale/Spent Shale Ratio

Recommended Conceptual Design

1150-1550 (897-1116) I35U (luUb)
11-14 14

0.5-1.0 1.0

7+ (2.1+) 5.0 ( 1.5)

2+ 3.0

45+ 60

6+ 23

3/97 7/93
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7* Trace Element Sampling and Analysis

Selected process streams were sampled and analyzed

for the following trace elements: arsenic, cadmium,

mercury, beryllium, lead and fluorine (as fluoride).

The streams sampled and analyzed were raw shale,

retorted solids, heat carrier, baghouse ash, retort

gas, and combustor flue gas. Oil and retort water

were not analyzed. The primary goal was to determine

the trace element concentration in the retort gas and

flue gas.

Previous investigators(6-12) measured trace element

concentrations in various process streams from

laboratory and simulated in-situ retorts. Mercury

concentrations of from less than 0.2 to 8,200 ug/m3

have been reported in retort gases. Cadmium

concentrations of from 1 to over 1000 ug/m3 have been

reported in retort gases. Arsenic concentrations

from 5 to 155 ug/m3 have been reported in gas streams

from oil shale retorts. No data have been reported

on lead, beryllium, and fluoride in oil shale

processing gas streams.

Retort gas and combustor flue gas were sampled during

three pilot plant tests: Tests 7, 12, and 19C.

Retorting and combustion temperatures were varied for

these three tests; average temperatures are given:

Test

Number
7

Average

Retorting
Temp, F (K)
TDT3 ToT9~)
930 (772)
860 (733)

Average

Combustion Temp,
(K)

1550 (1116)

12 930 (772) 1430 (1050)

19C 860 (733) 1240 ( 944)

During Test 12, an aqueous spike solution containing

3 g/L Hg and 3 g/L Cd (prepared from the nitrate

salts) was pumped into the bottom of the combustor to

determine their fate in the combustor. The amount of

mercury and cadmium fed in the spike represents about

4700 times and 170 times, respectively, of the

amounts of mercury and cadmium entering the system in

the raw shale during the 2-hour spike period.

A summary of analytical results is given in Table 5.

Table 6 gives the percentage of trace elements

present in the raw shale feed which was found in the

retort gas and flue gas. In Test 12 the amount of

mercury and cadmium added to the combustor is

included as part of the total. Note that, although

the trace elements were fed to the combustor,

significant amounts of mercury (106 micrograms/m3)

were found in the retort gas. Mercury and possibly

some cadmium were probably deposited on the heat

carrier in the combustor and recycled to the retort

where they were re-volatilized.

TABLE 5. TRACE ELEMENT ANALYTICAL RESULTS

Test Stream

Concentration, micrograms/m3

Hg Cd As Pb Be F

7 Retort Gas

Flue Gas

4

4

184

26

115,355

8

2,546

113

2

9

35

35

12 Retort Gas

Flue Gas

106

24,720

264

25

88,103

9

146

6

2

2

35

35

19C Retort Gas

Flue Gas

4

22

2

15

49

9

9

9

2

2

35

35
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TABLE 6. PERCENTAGE OF TRACE ELEMENTS PRESENT IN RAW SHALE

FOUND IN RETORT GAS AND FLUE GAS

Test 7

Hg
Cd

As

Pb

Be

F

Test 12

Hg(a)

Cd(a)
As

Pb

Be

F

Test 19C

Hg
Cd

As

Pb

Be

F

% Found In % Found In

Retort Gas Flue Gas

ND ND

2 7

13.8 0.03

0.65 0.8

ND 2.7

ND ND

0.01 41.3

0.02 0.005

11.2 0.03

0.03 0.04

ND ND

ND ND

% Found In % Found In

Retort Gas Flue Gas

(b) (b)

(b) (b)
0.004 0.03

0.001 0.7

ND ND

ND ND

ND = Not detected

(a) = Includes metal spikes

(b) = Not applicable due to unknown amount of Hg and Cd still present from

the spiking of these metals in Test 12

Results of the trace element tests indicated some

relative trends with regard to emissions but because

of the short duration of the sampling, no hard

conclusions can be reached which would allow

extrapolation of results to long term steady-state

operations. Some of the key observations were:

Lead, beryllium and fluoride were found to

have low volatility. That is, of the

amounts present in raw shale, only very

small percentages were volatilized to the

gas streams.

Arsenic was found in significant

concentrations in the retort gas (100-400

ppmv), although the amount of arsenic

represented less than 15% of that in the

raw shale.

So little mercury was present in the raw

shale that mercury emissions could not be

characterized with high accuracy. Mercury

emissions were very low except during the

spike, indicating that mercury, if present

in higher concentrations in the raw shale,

could possibly pose emissions problems.
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Cadmium demonstrated moderate volatility at

higher retort and combustor temperatures

but emissions represented less than 10* of

cadmium present 1n raw shale.

There is some evidence that mercury and cadmium

introduced to the combustor during the spike test

condensed within the retort equipment and

revolatilized over time. However, because of the

limited number of samples taken, it would not be

prudent to draw any hard conclusions. Longer term

steady-state operations would have to be studied to

determine the fate of mercury and cadmium with more

certainty.
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ABSTRACT

Evaporation research is being conducted on oil

shale process wastewaters at Laramie, Wyoming using

Class-A evaporation pans. Evaporation rates from the

pans are measured at 30-minute to hourly intervals

throughout the evaporation season. In addition,

meteorological parameters are collected simultan

eously.

Based on the analysis of evaporation and meteo

rological data, it was found that Class-A pan water

temperatures were a good indicator of the relative

evaporation rates between process waters and that the

majority of pan evaporation occurred between noon and

midnight.

Actual evaporation of two oil shale process

wastewaters were found to evaporate 9.9 and 18.3

percent slower than freshwater on a daily basis.

Regression models for the oil shale wastewaters were

developed to predict hourly Class-A pan evaporation,

using those meteorological parameters found to have

the most significant effects on evaporation (air

temperature, relative humidity, solar radiation and

wind) .
Present studies are concerned with emission

rates of the evaporation process and its possible

pollution effect on the environment as well as evapo

ration rates of different oil shale process waters.

INTRODUCTION

A significant
environmental concern associated

with the development of an oil shale processing

industry relates to the handling, containment, and

disposal of aqueous solutions
associated with the

processing
methods used. Such effluents are generally

heavily
contaminated with organic and inorganic

constituents.
The published literature reveals that

there is an acute lack of research data pertaining to

containment and disposal of low-quality waste

effluents.

Environmental data
indicate that for each gallon

of shale
oil produced, approximately a gallon of

effluent
water is

generated (Fox, 1980). Disposal

Richard McQuisten

Laramie Project Office

U.S. Department of Energy

P.O. Box 1189

Laramie, WY 82070

Matthew J. Haass

Hydraulic Engineer

Ebasco Services, Inc.

Seattle, WA 98009

must, therefore, be managed in ways that minimize

the introduction of constituent contaminants into

the natural environment. The conventional procedure

for preventing polluted water from entering the

surface water and groundwater system in the arid

west is to contain the water in lined retention

ponds and allow it to evaporate. This procedure

requires precise data on evaporation rates, on a

local microclimate basis, to properly size the

retention system and evaluate the contaminated

waters for evaporative potential.

Past efforts at estimating evaporation rates

have met with only partial success. Oils present in

the water act as surfactants and high concentrations

of dissolved solids (i.e., salts) drastically reduce

vapor pressures, interfering with the natural

evaporative processes. Therefore, sizing wastewater

evaporation ponds becomes a guessing game without

reliable estimates of evaporation rates. Use of

evaporation rates obtained from present
state-of-

the-art fresh water evaporation models in pond

design could result in a potential overflow with the

release of toxic and undesirable substances into the

environment.

Another aspect of evaporation which has

received little attention in the past is the emis

sions being released during the evaporation process

from the evaporation ponds. A literature search

conducted on this item revealed that there is little

information available on this subject. It is con

ceivable that the release of emissions from evapo

ration ponds could possibly be a source of pollution

to the human and physical environment.

Research, therefore, is needed in both the

evaporation and emissions areas to accurately assess

the feasibility of using evaporation ponds or co-

disposal for the ultimate disposition of oil shale

process waters. If oil shale is to become a viable

alternative for diminishing petroleum supplies,

these problems should be addressed so that reliable
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techniques for disposal of the wastewaters can occur

with a minimum of environmental effects.

The research work reported on in the following

pages is an attempt to initially address some of these

critical questions. Future research has been planned

to utilize these types of data to develop an evapora

tion model more suitable to predict evaporation rates

from these waste effluents.

PURPOSE AND OBJECTIVES

The purpose of the research investigations which

are reported in this paper are to investigate evapora

tion rates of oil shale wastewaters in comparison to

fresh water. The comparisons were made on an hourly

basis to identify daily trends in evaporation rates

between the waters.

Specific objectives to achieve this purpose were:

1. Determine the effects of climatological para

meters on the evaporation rate of oil shale

process waters.

2. Determine the effect of chemical composition of

process waters on evaporation rate.

3. Develop an evaporation model based on the signi

ficant climatological parameters to predict oil

shale process water evaporation.

METHODOLOGY

A field research investigation site was estab

lished at Laramie, Wyoming which had climatological

instrumentation to collect all important climato

logical parameters (air temperature, relative

humidity, solar radiation, barometric pressure and

wind speed) on an hourly basis along with three

Class-A evaporation pans to measure evaporation rate

and amount. Evaporation rate and amount were mea

sured using Belfort water level recorders mounted on

filling reservoirs. A float valve system located in

the Class-A pans released water from the reservoirs

to meet evaporation demands of the pans. Figure 1

indicates the layout of the field research sites.

The two oil shale waste effluents used in this

project are termed: retort water and stripped water.

Retort water is produced directly from the retort

ing process and has high concentrations of oil,

grease and ammonia. Stripped water is retort water

which has been processed to decrease concentrations

of these elements.

The measured results of evaporation were deter

mined by a direct comparison of evaporation between

the two oil shale process waters and the fresh water.

Regression analysis was also used to verify the

analysis and to develop the hourly modeling equations.

RESULTS

The two oil shale wastewaters were found to

evaporate similarly to fresh water, but at a reduced

rate. Figure 2 shows a comparison of hourly Class-A

pan evaporation for fresh, stripped and retorted

waters. Data for Figure 2 was compiled by averaging

approximately seventy days of hourly pan evaporation

rates collected between June 1 and October 4, 1982

from the Laramie, Wyoming research site.
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Figure 1. Layout of Field Monitoring Station (Laramie, WY)
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Figure 2. Average Hourly Pan Evaporation

As a means of comparing evaporation rates, mass

curves were prepared by summing hourly evaporation

data. Data were eliminated from the curves unless

they existed simultaneously for all pans. The mass

curves depicted in Figure 3 show a linear relationship

between all three waters. Based on the slope of the

mass curves, the stripped water evaporation rate was

9.9 percent less than the fresh water, while the

retort water was 18.3 percent less. Table 1 lists

the regression equations between the mass curves in

Figure 3. To further analyze trends in evaporation,

Figure A was prepared to illustrate a percentage

breakdown of daily evaporation into six-hour periods.

Inspection of Figure 4 shows that there are

MASS CURVES
CLASS-fl PANS

o

cr:

cr.

o

n_

rr

to

0.0

FRESH PAN
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frE'iORT'Pft'N

45.0
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Figure 3. Mass Curves of Pan Evaporation
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COMPARISION OF PAN EVAPORATION

20
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HOURS

Y777> STRIPPED PAN

6:00PM

LXX1 RETORT PAN

Figure 4. Percentage Comparison of Pan Evaporation in Six-Hour Intervals

Table 1. Regression Analysis Between Pan Mass Curves,

Y (in) X (in) y
=

mx P b R*(%)

FRESH PAN

FRESH PAN

FRESH PAN

STRIPPED PAN

STRIPPED PAN

RETORT PAN

EVAPORIMETER

STRIPPED TANK

y
= 1.11 X -0.111 99.8

y
= 1.22 X +1.11 97.4

y
= 0.692 X +1.15 98.7

y
= 1.43 X +1.48 96.3

essentially no differences in the timing of rates

between evaporation periods for the three waters.

Further examination of Figure 4 also shows that the

bulk of daily evaporation occurs between noon and

midnight. Details on other similar evaporation

devices (large tank and evaporimeter) can be found in

Haass (1985).

A literature search of the main parameters

affecting the evaporation process was done. The main

parameters for evaluation on a microclimate basis were

found to be solar radiation, temperature (air to

water) -vapor pressure deficit, humidity, wind speed,

and chemical composition of the water.

The results of this literature search were used

along with the collected hourly data on evaporation

and climatological parameters to develop hourly

evaporation rate equations for each type of water.

The model evaporation rate equations were based on

four of the climatological parameters felt to be most

important: air temperature, relative humidity, solar

radiation and wind velocity. The model equations were

developed using multiple linear regression analysis

on the four climatological parameters. The model

equations use calibrated coefficients for the dif

ferent types of process waters.

The primary difficulty involved in developing

an hourly model is relating changes in evaporation

rates to meteorological parameters. More speci

fically, changes in evaporation rates generally lag

behind changes in meteorological conditions.

Further complicating the development of a model is

the fact that meteorological parameters have cyclic

trends which are not in phase on an hourly basis.

In developing the model equations, it was

important to determine the hourly interrelationships

of meteorological parameters. Approximately 90 days

and 50 days of hourly data were averaged and typical

plots of daily solar radiation and wind speed are

indicated in Figures 5 and 6, respectively.

Coefficients of determination (R2) , obtained

from linear regression analyses, were used to deter

mine lag time differences between meteorological

parameters. Table 2 shows a comparison of (R2) values

for various lag times between relative humidity and

air temperature. Likewise, Table 3 shows a typical

situation for the regression fit between air tempera

ture and solar radiation. The regression analysis

determined that air temperature and wind velocity lag

relative humidity by one hour while solar radiation
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Figure 5. Average Incident Solar Radiation (Laramie, WY)
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Figure 6. Average Hourly Wind Velocity (Laramie, WY)
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Table 2. Regression Analysis of Humidity Versus Air

Temperature*

TIME LAG

(hours) R2(/Q

REGRESSION EQUATION

y(RH)
= mx (temp - F) + b

0 95.9

1 98.8

2 86.1

y
=
-2.04 X +179

y
=
-2.07 X +181

y
=
-1.92 X +172

*Lagged Time Variable

Table 3. Regression Analysis of Air Temperature

Versus Solar Radiation

TIME LAG

(hours) R2(%)

REGRESSION EQUATION

y(temp
- F) = mx (solar - ly) + b

0 75.9 y
-
-22.1 X +51.2

1 89.6 y
=
-23.5 X +50.7

2 86.0 y
=
-23.0 X +50.9

*Lagged Time Variable

lags relative humidity by two hours. An almost

perfect inverse relationship exists between relative

humidity and air temperature even without a time lag.

After establishing relationships between the

meteorological parameters, it was necessary to deter

mine how evaporation rates lag meteorological para

meters. Arbitrarily choosing temperature as the test

parameter, regression analysis was used again to

determine the lag time differences between the fresh

pan and air temperature. Table 4 shows the best fit

occurs when air temperature is lagged four hours ahead

of pan evaporation.

Table 4. Regression Analysis of Fresh Pan Evaporation

Versus Air Temperature

TIME LAG

(hours) R2(%)

REGRESSION EQUATION

y(in)
= mx (temp - ly) + b

0 17.9

2 65.1

3 86.2

4 96.7

5 92.9

y
= 0.000416 X -.0142

y
= 0.000795 X -.0366

y
= 0.000914 X -.0436

y
= 0.000697 X -.0468

y
= 0.000949 X -.0457

Using the above determined lag times, a correla

tion matrix was calculated between the pans and four

meteorological parameters. This matrix depicted in

Table 5 shows an extremely high correlation between

all of its elements. Based on this finding, an

hourly evaporation model was calculated using

multiple regression analysis techniques.

A stepwise multiple regression was used to deter

mine the significance of each meteorological parameter

Table 5. Correlation Matrix Between Class-A Pans

and Lagged Meteorological Parameters

*F-PAN *S-PAN *R-PAN TEMP HUMID. SOLAR

S-PAN .967

R-PAN .973 .924

TEMP .983 .941 .982

HUMIDITY -

.976 -.981 -.945 -.979

SOLAR .962 .891 .958 .947 -.910

WIND .936 .958 .989 .936 -.964 .898

*F = FRESH *S = STRIPPED *R = RETORT

in the model. Table 6 shows the results of an ana

lysis for each pan. The regression analysis deter

mined that air temperature, humidity and solar

radiation were, respectively, the most significant

factors for the fresh pan and stripped pan models,

while temperature, solar radiation and wind were the

most significant factors for the retort pan model.

Table 7 shows the results of regression analysis

which uses all four climatological parameters. The

fresh pan regression equation from Tables 6 and 7

were both compared to measured evaporation from the

fresh Class-A pan. It was found that the hourly

four-variable evaporation models listed in Table 7

are an excellent prediction of hourly evaporation

rates. The fresh pan regression equation has a

coefficient of determination of 0.99. The residual

errors in the fresh pan equation were found to fall

within 1.8, which is considered acceptable. The

four-variable regression was the best prediction of

pan evaporation but over-predicted it by 11 percent.

The 11-percent error in the regression equation

appears to be linear throughout the study period and

hence can be corrected by introduction of a constant.

The three-variable equation over-predicted evapora

tion by 22 percent.

The average evaporation curves in Figure 2 show

an excellent linear relationship between the three

pans. Based on this finding, an equation was

Table 6. Stepwise Linear Regression Analysis of

Hourly Evaporation Model

REGRESSION EQUATION*

R2

EVAP(IN) A(IempF) + B(RH) + C(Solar-ly-hr) ? P(WIND-mph) +E

.98 FRESH PAN =
.0015(T)

+
.00038(RH)

+
.0063(S)

-

.02570

.98 STRIPPED PAN =
.00341(T)

+
.00112(RH)

-

.0053(S)

-
.25558

.98 RETORT PAN =
.00059(1)

+
.0045(S)

-
,0003A(W)

-
.02524

?Variables which do not significantly improve the accuracy of the

model have been eliminated.
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Table 7. Regression Model Based on Four Variables

REGRESSION EQUATION*

EVAP (IN) A(TempF) + B(RH) + C (Solar- ly-hr) + D(Wind-mph) + E

.99 FRESH PAN

.98 STRIPPED PAN

.97 RETORT PAN

.00453(T) +
.000182(RH)

+
.0110(S)

.00296(T) +
.00303(RH)

-

.00278(S)

00059KT) -

.00005(RH)
+ .000453(S)

-

. 00068 (W) -

.00309

-

. 000186 (W) + .0106

-
. 000318 (W) -

.0260

developed to estimate the evaporation rate of stripped

and retort water from more readily available fresh

water data. Haass (1985) found that there was a good

relationship between changes in pan water temperatures

and reducted evaporation rates. Based on this

finding, two assumptions can be made: 1) there is no

temperature gradient in the fresh pan and 2) the

amount of energy stored in the pan is totally dissi

pated by night. Based on these two assumptions, the

fresh pan is assumed to be in thermal equilibrium with

the environment, while the stripped and retort pans

are not.

Using water temperatures of the fresh pan to

represent equilibrium conditions, two equations were

developed to predict the relative evaporation rates of

other low quality waters. The first equation (1) is

for use when a low quality water reaches thermal

equilibrium with the environment at night. This

equation gives a percentage estimate (C) ,

C =
( SH F) Fresh Pan X 100 (1)

(T
SH

'F) Waste Water Pan

of how much slower the waste water pan evaporates in

comparison to the fresh water pan where TgH is the

surface high water temperature.

The second equation (2) is for use with a waste

water that does not reach thermal equilibrium with the

environment at night.

(TSH TBL) Fresh Pan

C =

(T T ) Waste Water Pan
v

SH
BL'

X 100 (2)

It was found that Equation (1) estimates that the

stripped pan will
evaporate 7.8 percent slower than

the fresh pan, while
measured results were found to be

9.9 percent.
Equation (2) estimates that the retort

pan will
evaporate 23 percent slower than the fresh

pan,
while

measured
results were found to be 18

percent.

A further study of evaporation rates, chemical

composition and emissions released from oil shale

wastewaters was started in 1985. Data from the

summer of 1985 was analyzed in some detail to deter

mine the effects of meteorological and chemical

effects on evaporation rates for fresh water and 3

different oil shale waters.

All possible subsets multiple regression, using

Mallows C and Adjusted
R2

criteria for model selec

tion, was used to identify significant meteorological

variables affecting the evaporation rates of the

waters. Results for oil shale wastewater #1 are

presented in Table 8. In general, relative humidity,

wind speed, and energy-type variables were found to

significantly affect evaporation rate for all waste

waters. These data confirm results of the literature

review indicating that these factors are significant.

It is interesting to note that for fresh water and

the $1 wastewater, a curvilinear relationship between

evaporation rate and relative humidity was signifi

cant. Analysis of coefficients for relative humidity

show increasing evaporation rate with a curvilinear

decrease in relative humidity. Water temperature

(measured at the base of the pan) showed significant

effects on the evaporation rate of fresh water and

the #1 wastewater. The energy-related effects,

however, were expressed as net radiation measured

from the process water and were significant for #2

and #3 process waters. It is believed that these

energy-type effects on evaporation rate are the same,

however, the variables identified (i.e., water tem

perature or net radiation) show more accurate predic

tive capability for the evaporation rates of the

process waters.

A one-way analysis of variance and Scheffe

multiple range tests were used for statistical com

parison between the evaporation rates of fresh water

and the three oil shale process waters from Class A

pans. Mean evaporation rates, standard deviations

and coefficients of variation for the means are

presented in Table 9. No significant difference
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Table 8. Meteorologic Variables Significantly Effecting Process Evaporation

Rate Results from All Possible Subsets Regression Analysis

PROCESS WATER ADJ.
R'

VARIABLE

REGRESSION

COEFFICIENT T-STATISTIC

#1 0.78 0.76 % RH

%
RH2

BASE HO TEMP

WIND SPEED (3 m)

WIND SPEED (2 m)

INTERCEPT

-0.001734

0.000014

0.000879

0.002430

-0.000569

0.049558

-3.54

2.69

1.54

5.04

-1.66

between mean evaporation rates could be determined

between fresh water, #1 and if 2 oil shale process

waters (P=.01). Mean evaporation rates for these

waters are 0.037, 0.036 and 0.041 cm/hr, respec

tively. The mean evaporation rate from the #3

process water (0.016 cm/hr) was significantly lower

than all other waters (P=.01), however, this mean

evaporation rate exhibits higher variation than the

other waste waters.

Table 9. Descriptive Statistics for Process Water

Evaporation Rates - Julian Day 218-166 1985

MEAN

SAMPLE EVAP RATE STANDARD COEFFICIENT

PROCESS WATER SIZE (cm/hr) /l DEVIATION OF VARIATION

FRESH WATER 87 0.037 a 0.027 0.73

#1 68 0.036 a 0.023 0.64

#2 61 0.041 a 0.038 0.93

#3 87 0.016 b 0.022 1.38

Mean concentrations (ppm), standard deviations,

and coefficients of variation for chemical constit

uents of the process waters progressively sampled for

the entire 1985 summer field season are presented in

Table 10. On several occasions, the automatic water-

level controllers allowed the evaporation pans to

completely drain and refill, resulting in a signifi

cant dilution of the process waters in the pans.

This factor has complicated analyses designed to test

for significant effects of increasing chemical con

centrations on evaporation rate.

Linear regression analysis was utilized to deter

mine chemical constituents showing significant coeffi

cients (trends) for increasing concentration for the

time period in which evaporation was obtained. It

was found that only total organic carbon, total

dissolved solids, total alkalinity, and sulfates were

significantly increasing over time for the #2 process

water. These effects can be explained by the fact

that problems with draining and refilling of the #2

process water did not occur for a significant portion

of the time period in which evaporation data was

obtained as it did with the other process waters.

Because of these results, statistical analyses to

analyze the effects of chemical concentration on

evaporation rate was only conducted for the #2

process water and for the chemical constituents show

ing significant increasing concentrations over time.

Multiple regression analysis for determination of

significant effects on the evaporation rate of the #2

process water caused by increasing concentration of

chemical constituents, however, indicated no signifi

cant effect. With future laboratory and field analy

ses in the 1986 season, however, it is expected that

chemical effects on evaporation rates will be deter

mined to be significant.

Studies on emissions from the process waters are

currently being initiated. It is hoped that types of

emissions and their rates can be determined.

SUMMARY

The results of work on evaporation rates and

modeling of oil shale process waters has indicated

that a linear relationship exists between the evapo

ration rates of oil shale wastewater and fresh water.

This linear relationship was quantified through

regression models to predict evaporation of stripped

and retort wastewaters from climatological para

meters. The important climatological parameters
were

found to be relative humidity, wind speed and
energy-

type variables (i.e., solar radiation and water

temperature) .

The results of this type of work will give new

insight into environmental problems
associated with

the ultimate disposal of oil shale waste effluents.

Based on these findings, further research may be

needed to determine acceptable limits for emissions
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Table 10. Descriptive Statistics for Chemical Concentrations of Oil Shale

Process Waters - Time Period: Julian Day 183-312 1985

PROCESS WATER
CHEMICAL

CONSTITUENT

SAMPLE

SIZE

MEAN

CONCENTRATION

(ppm)

STANDARD

DEVIATION

COEFFICIENT

OF VARIATION

Pi TOTAL ORG. CARB. 16 40.1 8.00 0.19

TOTAL DIS. SOLIDS 16 9145.6 1078.73 0.12

PH 16 7.4 0.19 0.02

TOTAL ALKALINITY 16 49.7 18.48 0.37

CL 16 51.5 10.35 0.20

SO.
4

16 9061.2 1699.10 0.19

ill TOTAL ORG. CARB. 14 12167.1 3094.89 0.25

TOTAL DIS. SOLIDS 14 23320.7 5715.61 0.25

pH 14 6.7 0.15 0.02

TOTAL ALKALINITY 14 3149.6 585.16 0.19

14 1581.2 446.02 0.28

SO.
4

14 7207.9 1602.43 0.22

#3 TOTAL ORG. CARB. 12 3615.5 657.36 0.18

TOTAL DIS. SOLIDS 12 26822.5 6154.30 0.23

PH 12 8.9 0.17 0.02

TOTAL ALKALINITY 12 15760.3 1813.23 0.12

12 3517.2 1074.07 0.31

4
12 4900.8 1418.76 0.29

evaporation rates from oil shale evaporation REFERENCES

ponds. Research may also be needed to determine new

processing methods to curb the release of emissions

from oil shale process waters.

The use of this research may be an initial step

in striving to answer some of the water balance ques

tions which will be associated with codisposal of

spent oil shale and process waters. Evaporation from

spent shale piles and evapotranspiration from these

same piles are keys to water balance and redistribu

tion. Although this research should start to answer

some of the water balance questions associated with

codisposal, continued research will be required on

evaporation and evapotranspiration from spent shale

piles and the associated concept of codisposal.

Fox, J.P. 1980. "Water Related Impacts of In-Situ

Oil Shale
Processing,"

Lawrence Berkeley
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CA.

Haass, M.J. 1985. "Evaporation of Oil Shale Waste
Water,"
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ABSTRACT

The elevated temperature of an oil-shale codisposal

process will enhance the atmospheric emission of volatile

components. Important among the organic compounds are

the nitrogen heterocycles and aromatic primary amines,

which are characterized by malodor and low odor thresholds

and by resistance to biotreatment. Atmospheric lifetimes are

determined by various transport (e.g., dispersion, washout)

and transformation phenomena. Photochemical alteration

will be the major transformation process. Those compounds

that degrade quickly may increase the atmospheric NOx

concentration, giving the potential for photochemical smog

formation. Those with longer lifetimes may present health

and aesthetic problems. The broad spectrum of compound

types and isomers present in process-water headspace samples

may result in a range of atmospheric lifetimes.

The work reported here is the first investigation of

vapor-phase atmospheric photoreactions leading to

degradation of organonitrogen compounds emitted from

process waters. Only direct photochemical reactions were

studied. Headspace samples (65C) were generated in an

inert atmosphere (N2 gas) and exposed to atmospheric

radiation in Tedlar gas-sampling bags. Headspace

composition was monitored by capillary gas chromatography

with flame thermionic or flame ionization detection.

Time-course headspace analyses compared exposed and

unexposed samples, and individual compounds were

monitored to determine the degree of individual photo

chemical losses. Under these conditions, the alkylpyridines

did not photodegrade, in contrast to other nitrogen

heterocycles (e.g., pyrrole) and aromatic primary amines.

This is significant because alkylpyridines comprise the

largest portion of organonitrogen compounds emitted from

process waters. It is anticipated that indirect photoreactions

(e.g., radical-mediated) will be more extensive and important;

this will be the subject of another investigation.

INTRODUCTION

Oil shale developers anticipate the use of minimal

upgrading of retort process wastewaters prior to disposal or

reuse (Frankel and Drabkin 1985). Some disposal and reuse

schemes will probably involve temporary storage of these

waters in open-air ponds. For some above-ground retorts,

process waters will be used to quench hot, retorted shale;

steam and codistilled organic compounds would presumably

be condensed, but fugitive evaporative emissions are possible.

Codisposal of the retort waters and condensates together

with retorted shale would take place at elevated tempera

tures (>65 C) (Fox et al. 1984). During these various stages

of pond storage, quenching, and codisposal, the major

transport process that will determine the immediate,

short-term environmental disposition of organic solutes will

be volatilization. The major chemical transformation

processes that will determine the short-term fate of these

volatilized compounds would be vapor-phase,
sunlight-

mediated reactions.

Volatile Emissions during Codisposal

Volatile emissions from codisposal could be substantial

(Hawthorne, Sievers, and Barkley 1985) and are a function

of diffusion rates through the codisposal pile as well as

sorption to the retorted shale surface (Persoff, Hunter, and

Daughton 1984). In a laboratory simulation of codisposal

over a temperature range of 80-450C, the major classes of

organic compounds emitted were N-heterocycles (NHCs),

ketones, phenols, nitriles, and aromatic primary amines (Fig.

1) (Hawthorne 1984). Organonitrogen compounds (ONCs)

compose a major portion of these organic emissions. These

compounds are of particular interest for the following

reasons (Daughton 1986): (1) they crosscut the spectrum of

compounds produced by most synfuel conversion
processes

(e.g., oil shale, tar sands, coal conversion), (2) unlike
most of

the non-nitrogenous emissions, they do not occur commonly

in nature, nor are they emitted to the environment in
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LR-CN

NH2

6-

N-heterocycles

ketones nitrites

phenols
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Figure 1. Predicted mass emissions from a codisposal

operation (80C) as a function of major chemical class; data

from Laramie 150-Ton retort (run 20) gas condensate and

retort water (Hawthorne 1984).

substantial amounts from anthropogenic activities (esp.

petroleum processing), (3) since they are particularly

refractory to removal by conventional biotreatment (Healy,

Jr., Langlois, and Daughton 1985) and cannot be completely

removed by steam stripping, they are likely to show high

persistence and undergo uncontrolled emissions, (4)

phototransformation presents the possibility of formation of

atmospheric NOx, a known precursor to photochemical smog,

(5) most of these compounds are not currently regulated,

mainly because they would be unique to the emerging

synfuels industry, and little is currently known about their

environmental fates, and (6) they have low odor thresholds

and most are malodorous (they are the primary cause of the

characteristic odor of retort water). With regard to the last

point, nuisance
odor could be a major problem, especially

since many areas of the U.S. (e.g., Colorado) have provisions

for regulation of air emissions based on smell.

The EPA is supporting research to determine the

potential effects of oil shale activities on the atmosphere.

Although much of this work concerns new and innovative

control technologies for gaseous emissions from oil shale

retorting, SOx and NOx emissions have been the major

concern (Bates 1985). The federal government regulates air

emissions through the Clean Air Act, which sets limits for

only six
atmospheric

pollutants: particulates, Pb, 03, N02,

SO? and CO. The individual state governments are

responsible
for establishing

regulations for pollutants not

covered by the Act.

The subject of this report is gas-phase phototransforma

tion of the malodorous, low-molecular-weight alkylated

NHCs (e.g., pyridines and pyrroles) and aromatic primary

amines (e.g., anilines). It should be emphasized that although

these compounds reside in the polar-basic fraction of retort

waters and shale oils (where most of the toxicity, especially

mutagenicity, resides), they arc of little toxicological

significance in comparison with the highly mutagenic

primary amine derivatives of the fused-ring aromatics and

their thia and aza heterocyclic analogs (see references in

Daughton 1986). These polycyclic aminatcd derivatives arc

not sufficiently volatile to exist in the gas phase; they arc

probably associated with the particulate phase and are

therefore of interest only with respect to surface-phase

phototransformation.

Phototransformation

A compound can undergo (direct) phototransformation

only if it is capable of absorbing available radiation.

Absorption of radiation yields an electronically excited state.

The excess energy can be released in several ways (Cowan

and Drisko 1976): (1) emission of light at wavelength(s) with

energy less than or equal to that of the absorbed radiation

(fluorescence or phosphorescence, depending on the excited

state), (2) transformation to another, lower energy, electronic

state via bimolecular collision (vibrational relaxation), or (3)

scission of a covalent bond (with bond energy less than or

equal to the absorbed energy) to form stucturally altered

reaction products. The latter is referred to as direct

photoreaction. Phototransformations can take place in the

solid, liquid, and gas phases, but the mechanisms often

differ. In the solid and liquid (condensed) phases,

vibrational relaxation is more important than in the gas

phase because the higher molecular density promotes rapid

intermolecular transmission of absorbed light energy. The

photoreaction rate therefore depends on the composition of

the condensed phase. If photosensitizers (compounds that

transfer absorbed light energy to other molecules through

bimolecular collision) are present, organic compounds that

cannot absorb light of sufficient energy to react can be

electronically excited and subsequently degrade (Ross and

Crosby 1985). For these reasons, results from photochemical

studies of condensed phases are not generally applicable to

the gas phase. The possible importance of condensed-phase

(i.e., liquid phase) photochemistry at oil shale processing sites

has been noted (Sakaji et al. 1982).

In the gas phase, collisional frequencies are low relative

to those in condensed phases because of lower molecular

density. This low frequency, coupled with a low concentra

tion of reactants, means that for bimolecular collisions, only

those having a high probability of subsequent reaction will

show significant reaction rates. For some reactive species
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(e.g., atomic oxygen), nearly 100% of the collisions with

organic species will result in reaction (Johnston 1985).

Light exhibits properties of both waves and particles.

The energy associated with the smallest unit of light energy

(photon or quantum) is a function of its wavelength ( X. )

(Turro 1978) and is commonly expressed in einsteins, E, the

energy of one mole of photons of wavelength \, (Fig. 2):

E = Nhj/, v = c/X, where

N = Avogadro's number,

h = Planck's constant,

V - frequency, and

c = speed of light (Castellan 1983).

For bond scission to occur, a photon with energy at least

as great as the bond energy must be absorbed. The minimum

energy required for electronic excitation of organic

molecules is 30-40 kcal/mol, and the maximum (which is

commonly used in laboratory photochemical work) is

approximately 140 kcal/mol. This corresponds to light with

wavelengths falling in the visible and ultraviolet ranges.

Artificial sources of light (e.g., mercury arc lamps) are used

to investigate higher-energy organic photoreactions.

The spectrum of solar energy is a function of altitude,

latitude, time of day, time of year, and atmospheric

conditions. The first four factors determine the path length,

or mass of air, through which light must travel. As path

length increases, available energy decreases, due to

atmospheric attenuation (by absorption and reflection). The

atmospheric composition, especially the concentrations of

H2O, CO2, O3, and particulates, is always changing. Each of

these components attenuates light in different areas of the

sunlight spectrum. Therefore, as their concentrations

Wavelength (nm)

Figure 2. Upper Curve: Light energy as a function of

wavelength (left axis). Lower Curve: Solar spectral

irradiance for noon summer sunlight at Chicago, Illinois

(Atlas 1974).

change, so will the spectrum of incident sunlight. A

"typical"

noon summer sunlight spectrum at Chicago, Illinois

(elev. 200 m) is shown in Figure 2. The tropospheric (below

the stratosphere) sunlight spectrum is generally cut off below

295 nm. This lower limit is primarily determined by

stratospheric absorption of the shorter wavelengths by O3.

An important factor in analyzing rate data determined at sea

level is that photochemical reaction rates may increase with

altitude. An experimental investigation of the photodegra-

dation rates of three compounds revealed that one of the

three photodegraded faster with increasing altitude (Miller,

Mendoza, and Gohre 1985); the affect of lower temperature

at the higher elevation was not accounted for and may have

been a factor in preventing an increase in the photodegrada-

tion rates of the other two compounds. Altitude could play

an important role in photochemical reactions at oil shale

development sites in the western U.S., where most facilities

are planned for semiarid areas above 2000 meters elevation.

Atmospheric Photochemistry

Several models have been proposed to predict the

ultimate fate of pollutants emitted to the atmosphere

(MacCracken et al. 1978; Carmichael, Peters, and Kitada

1986). These models are based on the diffusion equation

with appropriate source, transport, and reaction terms

included. For oil shale facilities, source terms should

describe all possible volatile emissions (e.g., codisposal, pond

storage, fugitive emissions). Transport terms should describe

mass transfer between physical states (e.g., aerosol

formation). Reaction terms need to include important

photochemical and bimolecular reactions. Many of the

bimolecular reactions involve radicals or other excited

species, which are themselves photoreaction products. These

are called indirect photoreactions. Naturally occurring

reactants include the free radicals HO", HOo", and N03", as

well as the excited species of various oxygenated gases,

ozone (O3), NOx (primarily NO and NO2), atomic oxygen

(O^D] and 0[3P]), and molecular oxygen (02[1AgD- It is

important to note that these indirect photoreactions do not

require concurrent light energy and can therefore take place

at night. For some organic compounds, nighttime reactions

with radicals can be the dominant reaction mechanism

(Atkinson et al. 1985). For many organic compounds,

reaction with
HO"

represents the primary gas-phase sink

(Atkinson et al. 1979). Stable photoreaction products often

have lower vapor pressures or higher water solubilities than

the parent molecule. They therefore tend to aerosol

formation (Yokouchi and Ambe 1985) and are more

amenable to atmospheric washout.

The term
"smog"

was first used to describe the

combination of smoke and fog that plagued London in the

early 1900's. Smog is now used to describe any smoky or
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hazy pollution of the atmosphere. It is usually qualified as
London"

(classical) or "Los Angeles"

(photochemical) (Wayne
985). Photochemical smog is a characteristic common to

large metropolitan areas. Its formation requires hydro

carbons (HCs), NOx, and sunlight. Through a series of

Photochemical reactions, NOx interacts with 02 and sunlight

to oxidize available HCs. These oxidized forms, including
aldehydes, ketones, and peroxyacylnitrates (PAN), along with

the ozone formed in the same process, cause eye irritation,
Plant damage, and visibility reduction. Biogenic HC

emissions (esp. terpenes) result in the formation of
"natural"

photochemical smog via these same reactions (Yokouchi and

Ambe 1985; Isidorov, Zenkevich, and Ioffe 1985).

A large body of literature exists describing these

atmospheric processes. Compounds characteristic of

photochemical smog have been studied extensively in

single-compound experiments and in complex mixtures.

Kinetic and mechanistic data are available for a large

number of the reactions known to be important to

photochemical smog (Atkinson et al. 1979; Leone and

Seinfeld 1985; Atkinson and Lloyd 1984). Terpene emissions

have also been studied in terms of emission rates and

atmospheric fate. For the most part, however, NHCs and

aromatic amines have not been investigated, largely because

they are not an air pollution problem of current anthropo

genic activities.

To determine the fate of these compounds in the

atmosphere, the dominant reaction mechanism(s) leading to

chemical alteration must be determined. These reaction

mechanisms must be investigated stepwise with experiments

designed to: (1) determine the importance of direct

photochemical reactions (i.e., delineate reactions in an inert

atmosphere, e.g., N2 gas), (2) determine the importance of

interactions with O2 (delineate reactions in air or O2), (3)

show the effects of O3 (e.g., impact on visibility), and (4)

establish the relative importance of reactions with other

reactive species.

Only photochemical reactions of oil shale process water

ONCs in an inert atmosphere (direct photoreaction) will be

discussed here. This is only a first step toward an

understanding of the photochemistry relevant to oil shale

processing. With a thorough understanding, atmospheric

lifetimes could be predicted and management practices

designed (e.g., nighttime versus daytime shale codisposal) to

minimize associated hazards (e.g., production of toxic or

nuisance
photochemical products). Alternatively, advantage

could be made of reactions that
serve to degrade compounds

that may
otherwise be hazardous. It is noteworthy that the

native air quality
in the western U.S. oil shale region is high.

Any
anthropogenic

introduction of pollutants to the

atmosphere
could be significant. Compounds with

sufficiently long lifetimes could be used as tracers or

indicators of pollution resulting from oil shale operations

since their ambient, baseline concentrations are essentially

zero.

Properties of Organonitrogen Compounds

Aromatic amines and NHCs comprise the compounds

investigated in this study. The NHCs arc characterized by

low odor thresholds and malodor; they are primarily

responsible for the smell associated with retort waters

(Daughton 1986). Odor thresholds for several process water

headspace components are illustrated in Figure 3

(Verschueren 1983). Note that the thresholds of the NHCs

and aromatic amines listed are bounded by those of three

familiar compounds with strong odors: ammonia, ethanethiol

(the odorant in natural gas), and hydrogen sulfide.

The concentration of each compound in the retort water

headspace is a function of its aqueous concentration and

Henry's constant. The aqueous concentration is a function

of solubility, which is partially determined by the structure

of the compound (both nuclear and electronic). The

electronic structure will also determine the relative

reactivity of each compound.

Heterocycles can be classified according to their

aromatic electron density relative to benzene (Newkome and

Paudler 1982). Compounds are termed 7T -excessive if their

aromatic (IT) electron density is greater than that of benzene.

Since these compounds are relatively electron-rich, they more

readily undergo electrophilic substitutions and oxidation

(relative to benzene). Pyrrole and substituted pyrroles are

the
71"

-excessive compounds among those studied here; they

have six 7T electrons distributed over five atoms, exceeding

compound

Phenol

Ammonia

2-Methylaniline

Aniline

2-Methylpyridine

Quinoiine

Pyridine

Ethanethiol

Hydrogen Sulfide

(mg/m3)

IO"4 IO-3 IO-2 IO"1 10 101

10

| 1

I I

I

I
-I

I--I

I 1

| 1

I

Figure 3. Recognition threshold odor concentrations for oil

shale process water headspace components. Values shown are

50% and 100% recognition threshold values (i.e., half or all

of an odor panel defined the odor as being representative of

odorant at concentration shown) (Verschueren 1983).
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the 7Telectron density of benzene. Their reactivity is

probably one of the reasons for their relative scarcity in

retort waters and headspaces, especially in old samples

(Daughton 1986).

Nitrogen is more electronegative than carbon, and

therefore decreases the 7T electron density of six-membered

NHCs relative to benzene. These compounds are referred to

as 7T -deficient. Their low electron density makes them less

likely to undergo electrophilic attack or oxidation than more

electron-rich compounds. Pyridine and alkyl-pyridines

comprise the 7T-def icient compounds studied here.

The relative ability of a compound to oxidize or undergo

electrophilic substitution is important in determining its

atmospheric lifetime because these two reaction types are

primarily responsible for degradation of organic compounds

in the troposphere. Reaction with
HO"

determines the

atmospheric lifetimes of many organic compounds. Since

radicals are electrophilic, they react faster with electron-rich

compounds.

The atmospheric chemistry of NHCs and aromatic

amines is largely unknown because these compounds are not

natural products and they currently are not significant

emissions of other industries. Photochemical data have been

reported for a few individual compounds. Comparison of

the reaction rates of pyrrole with NO3*, OH", and O3

suggests that the gas-phase lifetime of pyrrole in the

atmosphere might be determined by the
NO3"

reaction rate

(Atkinson et al. 1985). Aqueous pyridine photochemistry has

been investigated using ultraviolet light (\=256 nm), and the

primary reaction product was an aminopenta nal

(Joussot-Dubien and Houdard 1967). This work cannot be

applied to the atmospheric chemistry of pyridine, however,

because it is aqueous phase and the wavelength is not

relevant to the tropospheric sunlight spectrum. Some work

has been done concerning the homogeneous, gas-phase

atmospheric reactions of several ONCs. Bimolecular

reactions of pyridine and aniline with HO", O3, and HNO3
were investigated and found to yield atmospheric lifetimes

of 23 days and 1.2 hours, respectively, in a "moderately

polluted
atmosphere"

(Atkinson 1986).

METHODS, MATERIALS, AND EXPERIMENTAL DESIGN

Photoreactors

Gas-sampling bags made from Tedlar (E. I. DuPont de

Nemours & Co., Wilmington, DE) were used as photoreactors

to contain headspace samples during sunlight irradiation.

Tedlar is a polyvinylfluoridc film that is relatively inert and

chemically similar to Teflon. Bags were made by folding a

25-cm X 60-cm piece of Tedlar film in half (25-cm fold) and

sealing the three unconnected sides with a rotary-band heat

sealer (Ralph Chaffee Co., Burlingame, CA). The heat sealer

was set at 290C with a band speed to yield equal heating

and cooling times of approximately 5 s. The resulting bags

had a capacity of approximately 2 L. Each bag was

equipped with a black polypropylene purge-fill valve and a

Teflon septum-valve for sample withdrawal using a gas-tight

syringe.

Tedlar has properties well suited for headspace

containment during photoreaction studies. Tedlar transmits

tropospheric radiant energy well (see Fig. 4). This is

especially important in the near ultraviolet range since these

wavelengths represent the most energetic portion of the

sunlight spectrum (see Fig. 2). The permeability of Tedlar to

most gases is low relative to other gas-sampling bag materials

(see Table I). Low permeability minimizes the permeation

losses of headspace components and the contamination of the

headspace by atmospheric components. High moisture vapor

transmission and low moisture absorption capacities allow

for the selective escape of water prior to irradiation. This is

important for preventing interaction of headspace

components with water vapor and for preventing compounds

from being scrubbed from the gas phase by liquid water,

thereby minimizing condensed-phase reactions. The physical

and chemical inertness of Tedlar (Du Pont 1984) makes it

capable of withstanding extended immersions in many types

of solvents and makes it resistant to aging in air; the bags

can therefore be easily cleaned and reused. Finally, since

Tedlar can be heat sealed, bags can be custom-designed.

Generation of Headspace Samples

Process waters were obtained from two above-ground

retorting processes (Paraho and TOSCO), as well as an MIS

50

-

. H H

-

l-C-C-ln
H F

-

Polyvinylfluoridc

-

. ;

\l .^troposphericcutoff

1 1 1 1 _J 1
0

100 300 500 700

wavelength (nm)

Figure 4. Transmittance of Tedlar (200SG40TR) film

(polyvinylfluoride) as a function of wavelength (from

Hoefling 1985).
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Table I.

gas

Gas Permeabilities'
of Gas-Sampling Bag

Materials

bag mntfrialcj

Teflon^
Tedlar3

02 750 25 3.2

N2

C02

320

1670

10

110

0.25

11.1

He
4500 1100 150

'expressed in cc/(100 in2)(24 hrs)(atm)(mil); ^Alltech

1984; ^Du Pont 1984.

process (Oxy-6 gas condensate) (see Langlois et al. 1984).

Process-water headspace samples were generated in an inert

atmosphere, created by using N2 to displace water from an

inverted 5-gal glass carboy submerged in a water bath; the

neck was stoppered before removing the carboy from the

bath. A 400-mL sample of basified process water (pH 11)

was then added to the carboy through a pinch-clamp valve

in the stopper. The carboy was then placed in an

environmental chamber (model TTB-4-C-1-T, Conrad Inc.,

Holland, MI) and allowed to equilibrate at 65C for one

hour. Samples were displaced from the carboy by filling an

internal bladder (also made of Tedlar) with tap water; the

displacement water was preheated to 65C inside the

chamber to prevent condensation of headspace components

on the bladder exterior. The displaced headspace passed

through a drying tube containing granular anhydrous

Na2S04 (AR grade) before filling the 2-L evacuated Tedlar

gas-sampling bags. Although some water vapor passed

through the drying tube, Tedlar acts as a drying membrane,

and the headspace samples became dry after overnight

storage in a dark, dry room.

To facilitate headspace analysis, the concentrations of

ONCs in the headspace were maximized. To increase the

volatility of these components, retort waters were basified

with anhydrous NaOH pellets, and the retort water and its

headspace were heated in the environmental chamber.

Basification was necessary because aromatic amines and

NHCs are weak bases in aqueous solution; increasing the

solution pH increases the concentration of deprotonated

(volatile) forms and therefore the headspace concentrations

as well. Heating increases the vapor pressures of the

compounds;
65C was chosen as a conservative representation

of what is to be expected in codisposal operations.

Hr-adsnace irradiation

The
photoreactors

were numbered in their order of

filling. Six bags were filled
with headspace samples for each

rocess
water. From these, three controls and three samples

were randomly selected by use of a table of random digits.

Controls were wrapped in aluminum foil to prevent

irradiation while allowing exposure to a similar temperature

regime as the irradiated samples. Samples and controls were

placed on the roof of Building 112 at the University of

California's Richmond Field Station (sea level), and were

constrained with bird netting, which kept the bags in place

without inhibiting irradiation.

Headspace Analvsis

Time-course headspace analyses by capillary gas

chromatography, with flame thermionic or flame ionization

detection, used a Shimadzu GC-9A gas chromatograph with a

30-m fused-silica, KOH-deactivated, Carbowax 20M column

(J & W Scientific, Rancho Cordova, CA), which was

programmed from 30C-220C at 4C/min. Chromatographic

data were compiled using a Shimadzu C-R3A computing

integrator.

Samples and controls were removed from the roof daily

in late afternoon to ensure that all bags received maximum

solar exposure and that all bags received the same exposure

between analyses. Following analysis of all six headspaces,

the bags were placed back on the roof for the next day of

exposure. Bags were always analyzed in numerical order.

RESULTS AND DISCUSSION

Results from sunlight-exposed samples and unexposed

controls were compared for each of three process waters to

determine the extent of the direct photoreactions at sea level.

Losses of individual compounds from the sample and control

bags as a result of sorption and leakage were

approximately the same for most of the NHCs. These

non-reactive losses were not large enough to prevent

detection of photochemical losses. Losses that could be

ascribed to phototransformations were evident for only 3 of

the 60 major ONCs: pyrrole, aniline (aminobenzene), and

o-toluidine (2-methylaminobenzene). Reactive components

were identified using retention index matching (Hunter et al.

1985). No significant photochemical losses were evident for

alkylpyridines (the principal headspace components; Hunter

et al. 1985).

A comparison of losses for pyrrole and pyridine is given

in Figure 5. All losses were assumed to be first order. The

total pyridine loss rates were approximately equal in the

irradiated sample and control, suggesting that exposure to

radiation did not cause pyridine losses. Total loss rates for

pyrrole were much faster in the irradiated samples than in

the controls, suggesting that irradiation increased the loss

rate. Note also that the loss rate for pyrrole was always

higher than that of pyridine, a reflection of the inherent

instability of pyrrole relative to pyridine.
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P 1.0 -

days

Figure 5. Losses of reactive and non-reactive components

from an oil shale process water (Paraho, bbl 36) headspace as

a function of time. Best fit line through data as plotted has

a slope directly proportional to 1st order rate constant (k).
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These results suggest that direct photodegradation of

alkylpyridines will not be important and that the atmos

pheric lifetimes of these compounds will instead be

determined by their rates of reaction with atmospheric

species such as HO". Even the lifetimes of those compounds

that do undergo direct photodegradation may be determined

by these indirect photoreactions if the kinetics are sufficient

to dominate those of direct photodegradation.

In these experiments, it is possible that other compounds

were photodegraded, but they were not among the major

nitrogenous compounds. In particular, it is possible that

some or all of the alkylpyrroles, as well as the other two

toluidine isomers photodegraded, but their initial concentra

tions were too low. No attempt was made to identify

reaction products, but since no new component peaks

appeared in the chromatograms during the course of

irradiation, any products were either present at low

concentrations, did not contain nitrogen, or were not volatile.

Direct photodegradation is probably not an important

atmospheric sink for most organonitrogen species present in

retort water headspaces. The three compounds that did

photodegrade represent a small fraction of the total ONCs

present in the headspaces (see Fig. 6). Most of the larger

peaks (alkylpyridines) were unaffected by sunlight exposure.

The reactive components have high odor thresholds relative

to those of the alkylpyridines. Therefore, gas-phase direct

photoreactions are probably unimportant in altering the odor

associated with oil shale process waters.

These experiments were performed in an inert

atmosphere. Emissions under field conditions will be

exposed to a more reactive environment. The next step,

therefore, in investigating the atmospheric chemistry of

these volatile compounds, is to include oxygen in the

reaction mixture. Photodegradation experiments done in air

with pyridine, 2,4,6-trimethylpyridine, and quinoiine suggest

that oxygen may be important in the degradation of these

compounds (Blatchley III 1985). Losses of quinoiine and

2,4,6-trimethylpyridine were noticeably larger in an air

atmosphere when headspace samples were exposed to sunlight

than without irradiation; photodegradation of pyridine was

not detectable.

Figure 6. Time-course headspace chromatograms. Note

similarity between initial chromatograms (0 hours), as well

as between the time-course chromatograms (53 hours); attn =

relative electrometer attenuation.
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ABSTRACT

Oil shale process waters can contain high concentrations (1 to

30 g/L) of dissolved ammonia/ammonium ion, most of which

must be removed prior to discharge or codisposal. Nonosmotic

dissolved-gas dialysis (NOGD), a membrane separation process

that uses tubular, microporous hydrophobic polytetrafluoroethene

(PTFE) membranes, is being evaluated as an alternative to

conventional ammonia removal methods, such as steam stripping.

Unlike most conventional methods, NOGD is more selective for

ammonia, and it combines both removal and recovery of ammonia

in a single unit process. The PTFE membrane serves as a gaseous

barrier between two aqueous phases. Dissolved ammonia diffuses

from the wastewater through the gaseous interface to an acidic

absorption solution (dialysate), which serves to maintain the

concentration gradient of ammonia gas across the membrane wall.

This separation process has been described in a numeric model

based on the diffusive transport of ammonia. For an ammonium

hydroxide solution, correlation between the numeric model and

experimental results was greater than 90% using mass-transfer

coefficients as the basis of comparison; correlation between the

model and experimental data for waters from three oil shale

retorts (Occidental burn #6 [Oxy-6], Geokinetics-9, and Paraho)

was poorer. On the basis of hydraulic residence times (HRT), the

ammonia removals attained were 56% for Oxy-6 (0.92 min HRT),

55% for Geokinetics (0.87 min HRT), and 64% for Paraho (0.83

min HRT). These results from bench-scale experiments

demonstrate the potential of NOGD as a rapid ammonia removal

process.

INTRODUCTION

Ammoniac
industrial and domestic wastewaters contain an

equilibrium
mixture of free ammonia gas and nonvolatile,

protonated
ammonium ion. The relative concentrations of these

tw0 species
depends on the pH. The concentration of ammoniac-

nitrogen reported for any given wastewater does not distinguish

between the two forms. Wastewater ammoniac-N concentrations

can range over orders of magnitude: domestic sewage (typically

10 to 50 mg/L) (Metcalf and Eddy, Inc. 1979), oil refinery

wastewaters (as high as 7 000 mg/L) (American Petroleum

Institute 1969), and oil shale process waters (1 000 to 31 000

mg/L) (Daughton, Sakaji, and Langlois, in press).

Ammonia removal from refinery wastewaters typically depends

on a packed-bed process (e.g., steam stripping). Studies by the

American Petroleum Institute (API 1975) have shown, however,

that steam strippers do not always meet design specifications.

Removal of ammonia and carbonate alkalinity from oil shale

wastewaters, using EPA-approved treatment schemes that included

steam stripping, has been evaluated (Day, Desai, and Liberick, Jr.

1983). Another report on steam stripping of oil shale wastewaters

(Sakaji, Persoff, and Daughton 1984) summarizes the results of

pilot- and bench-scale steam strippers and concludes that this

treatment process is not always successful. These limitations,

coupled with the energy requirements for steam generation,

suggest that alternative technologies may be desirable. One such

alternative is the use of gas-permeable membrane separation

devices.

This report discusses nonosmotic dissolved-gas dialysis

(NOGD) as an alternative to conventional steam stripping. The

process uses dialysis (i.e., ammonia diffuses from a region of high

concentration to one of low concentration, the dialysate) without

the concomitant osmosis of liquid water. NOGD is similar to the

hollow-fiber gas membrane technology that has been used for the

selective separation of ammonia from aqueous solutions (Qi and

Cussler 1985), but NOGD uses a thicker and more porous, tubular

polytetrafluoroethene (PTFE) membrane. The combination of

hydrophobic and microporous membrane properties allows gases to

volatilize from the liquid phase and diffuse through the gas-filled

membrane pores while preventing the passage of liquid water; this
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prevents dilution by the wastewater and allows for collection of

highly concentrated dialysates. The transport of ammonia is

driven by a concentration gradient maintained across the

membrane by absorption of the ammonia permeate into a dilute,

nonvolatile acid solution, where it is protonated to form

ammonium ion; this effectively reduces the ammonia concentration

at the outer membrane wall to zero. An advantage of NOGD is

not only the selectivity of the process, but also the combining of

stripping and resource recovery into a single unit process; this

simplifies design and encourages recovery of a potentially valuable

resource.

The diffusive transport model of ammonia removal was

experimentally verified by NOGD treatment of an ammonium

hydroxide solution. To assess the feasibility of wastewater

treatment by NOGD, removals for waters containing a wide range

cf ammoniac concentrations were compared. Ammonia removals

from both domestic sewage and an ammonium hydroxide solution

were close to predicted values even though the ammonia

concentrations differed by orders of magnitude. Ammonia

removals from oil shale wastewaters were much poorer than

predicted, although the results were comparable to those achieved

by some bench- and pilot-scale steam strippers. The theory of

NOGD, a description of the numeric transport model, and

laboratory results are discussed in this report.

THEORY OF NONOSMOTIC DISSOLVED-GAS DIALYSIS

The use of PTFE membranes for dissolved-gas removal has

been almost exclusively confined to chemical-analysis

instrumentation. Microporous PTFE membranes have been used

in continuous-flow reactors for the quantitative analysis of

aqueous samples for volatile solutes such as chlorine (Aoki and

Munemori 1983) and ammonia (Aoki, Uemura, Munemori 1983).

One of the first uses of tubular, microporous PTFE membranes

was for the selective removal of ammonia from samples of oil

shale process water for the purpose of quantifying total nitrogen

in the dialyzed sample as a rapid estimate of organic nitrogen

(Daughton, Jones, and Sakaji 1985). From this work, it was

suggested (Daughton and Sakaji 1984) that these tubes could be

used in a continuous-flow process for ammonia removal, despite

the noted physical limitations of the membranes (Daughton 1984,

Chapter 2),

Previous studies of microporous membranes in continuous-

flow operations used models based on mass-transfer coefficients.

These models provide limited information on the mechanics of the

NOGD process because the approximations and ambiguities

inherent in this approach are concealed in a single coefficient

(Cussler 1984). That approach was used to describe a process

similar to NOGD that uses a microporous polypropylene

membrane (Qi and Cussler 1985). The resulting model was limited

to viewing the process as a series of resistances to mass transfer: in

the feed water, membrane, and dialysate (i.e., acid-capture

solution); the primary resistances were demonstrated to be in the

membrane and feed.

Rather than combining the separate processes of ammonia

transport into a single coefficient, a detailed numeric model could

be built from the equation of continuity; effects such as dispersion

and diffusion can be modeled as separate transport phenomena.

Such a model would improve the understanding of how ammonia

is transported through microporous PTFE membranes, and it

would also show the proper parameters to monitor for

experimental demonstration, engineering analysis, and economic

analysis.

For the continuous-flow NOGD process, an incompressible

fluid (wastewater) is pumped through the tubular membrane of

internal radius, rj, and external radius, rQ, with steady laminar

flow in a direction, z, parallel to the membrane wall (Fig. 1). The

velocity profile is fully established and is parabolic. Ammonia is

transported only by diffusion in the radial direction and by

convection in the z-direction (diffusion in the z-direction is

negligible in comparison). There is no chemical reaction that

consumes or produces ammonia while the wastewater is in the

PTFE membrane. The concentration profile of ammonia, in radial

coordinates [c(z, r)], is given by the equation:

_. .die iac . .

,,
r* dc

dl<7^ + 37 ) = 2vmo -

r2) iz"dr*
rdr

I-2'

dz
U)

The position from the tube centerline to the membrane wall is

given by the variable, r; r= is the inner radius of the tubing. The

Wastewater ptfe

Flow Z=0 Membrane Wall

1

t'

rl

1

<v=2vmG-L_2>

Figure 1. Tubular PTFE membrane with laminar flow. Flux of

ammonia through the microporous tubular PTFE membrane

starts at z=0.
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average velocity through the tube is given by vm. The diffusive

transport in the radial direction is described by Fick's Law, where
the diffusion coefficient, DL, is the liquid-phase diffusivity of

ammonia in water (assuming a dilute solution).

There are three boundary conditions required to solve this

equation. The first two are:

(2)
c =

cQ (at z=0, for all r)

and

dc
J7 = 0 (at r=0, for all z) (3)

The first boundary condition (eq. 2) states that the concentration

of ammonia in the wastewater is homogeneous and isotropic

before it enters the tubular membrane (z=0). The second

boundary condition (eq. 3) states that the concentration profile is

symmetric around the tube centerline.

The third boundary condition (see eq. 4) states that the flux of

ammonia through the gaseous, microporous membrane structure is

equal to the flux of ammonia from the liquid phase. Inherent in

this equation is an equilibrium condition at the gas-liquid

interface governed by Henry's Law. After the volatile ammonia

passes through the membrane it is absorbed by the acid dialysate

and immediately protonated, reducing the ammonia concentration

at the external membrane wall to zero. The absence of a

concentration gradient means there is no resistance to mass

transfer in the dialysate. Transport through the gaseous

microporous membrane structure is by diffusion, but the diffusion

path is tortuous. The diffusion coefficient is therefore modified

to an effective diffusivity to reflect the longer path length

through the membrane wall. The effective diffusivity is given by

the equation De
= DG1,5, where DG is the gas-phase

diffusivity, and e is the porosity of the membrane (Petersen

1965). The third boundary condition contains a gas-phase

concentration gradient or resistance to mass transfer and is given

by the equation:

^lr=rf(cr<Cr=r^mDe D^ln^)
(4)

The variables of equation 1 and the boundary conditions (eqs.

2-4) are made dimensionless by substituting the following

groupings into the equations:

9 = c./c0, 17
= r/rif 7

= DLz/<2vmri2)' and

K =

mDe/(DL
ln(r0/rj)).

In dimensionless form, eq. 1 and the boundary conditions (eqs. 2-

4) are:

tM
_

+i^ (5)

6(0, ti) = 1

0'(l, 0) = 0

th, l) + (l/K)(*'(/y, l))-0

Equation 5 is a form of Whittaker's equation, which belongs to a

group of confluent hypergeometric equations whose solution is a

confluent hypergeometric function of the second kind.

This set of dimensionless equations is identical to the

"extended
Graetz"

problem described by Bowen, Levine, and

Epstein (1976). Equation 5 is solved by using the separation-of-

variables technique and the boundary conditions. A form of the

general solution is assumed by splitting the radial-position (n) and

longitudinal-position variables into two solvable ordinary

differential equations whose solutions are
"particular."

One

particular solution is the exponential relationship between 6 and

7. When substituted into the general solution, the result is:

0(7, ij) - E BnYn(r;)e

n=l

(6)

Bowen et al. (1976) use a confluent hypergeometric function to

solve the eigenfunction, Yn(n), because the method of using a

conventional power series does not converge when n>7. In

addition, they found the number of An and Bn terms required to

calculate 6 to four significant figures varied with the value of 7.

For the values of 7 covered by the NOGD experiments, a

minimum of one hundred An and Bn terms are required, more

than can be obtained by the conventional power-series solution.

Use of the confluent hypergeometric function provides the last

particular solution to the general solution (eq. 6). Inserting the

general solution into the mean value theorem of calculus (Bennett

and Myers 1974) and integrating across the cross-sectional area of

the membrane gives the average ammonia concentration for any

length of tubing. The average concentration provides a means of

evaluating the accuracy of the numeric model. A disadvantage in

this approach is that changes in the average concentration, 6, over

a range of 7's does not follow a simple proportionality. It is

therefore necessary to normalize the data so that changes in 6

with respect to 7 do not affect the comparison of experimental

and predicted data. This can be accomplished by calculating

mass-transfer coefficients, k
t
and kcalc, from the experimental

or predicted average concentrations. These mass-transfer

coefficients can also be used for comparisons with other mass-

transfer processes, such as hollow-fiber gas membranes.

The mass-transfer coefficient, k, is calculated from the

equation:

k=
2riVm ln(c0/c.)

ez(r. + ^
(7)
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This equation is the result of writing two equations, one for a

mass balance on an incremental section of tubing and a second for

the flux of material through the liquid phase; the two equations

are then combined and integrated over the tube length to give

eq. 7. To calculate k
(
or k c, the experimental or predicted

fraction of ammonia remaining (6) is used in eq. 7.

METHODS AND MATERIALS

Computer Model

The computer model was written on a Fortune Systems 32:16

XP (UNIX operating system). The numeric solution to equation 5

followed the protocol used by Bowen et al. (1976) except that a

bisectional-root searching technique (Arfken 1985) replaced the

Newton-Raphson method.

NOGD Reactor

The tubular PTFE membranes were manufactured by W.L.

Gore and Associates, Inc. (Elkton, MD) by controlled stretching or

expanding of PTFE. These membranes had an internal diameter

of 1.0 mm, external diameter of 1.8 mm, a maximum pore size of

2.0 /*m, and a porosity of 0.50. The lengths of tubes used in this

study were 24.7, 25.0, and 50 cm.

The isothermal, countercurrent NOGD reactor used in this

study consisted of three concentric tubes: an inner, PTFE

membrane tube, a middle glass tube containing the acid dialysate,

and an outer glass tube that served as a constant temperature

water bath. Each end of the PTFE tube was connected to a short

length of 19-ga stainless-steel tubing by silicone caulk. The

stainless-steel tubing was inserted through a silicone stopper that

was used to seal off the middle tube and hold the acid dialysate

around the PTFE membrane. This assembly was held inside the

water jacket with a neoprene stopper, and the temperature of the

water in the water jacket was monitored continuously with

thermocouples.

Water Samples

The NOGD reactor was used to treat ammonium hydroxide

solutions, three oil shale process waters, and a sample of domestic

sewage. The ammonium hydroxide solutions were prepared by

diluting 5.72 mL of reagent-grade ammonium hydroxide to 1-L

with 0.1 N sodium hydroxide solution. These solutions yielded

700 to 800 mg-N/L, essentially all as dissolved ammonia. The oil

shale process waters (Daughton 1984, Appendix I) were Oxy-6

(Occidental burn #6), Geokinetics (burn #9), and Paraho. The

ammoniac-N concentrations for Paraho, Oxy-6, and Geokinetics

were 24 690, 1 127, and 1 905 mg-N/L, respectively.

These wastewaters were selected because they represented two

extremes in bicarbonate-carbonate buffering potential. Buffering

slows the reduction in pH that results from ammonia removal and

concomitant deprotonation of ammonium ion. The buffering

capacity was estimated as the ratio of ammonium ion to inorganic

carbon. A ratio greater than one would indicate that more protons

could be released than the buffering system could absorb; the

ratio for each water was 56.8 (Paraho), 0.66 (Oxy-6), and 0.55

(Geokinetics).

An additional sample of Oxy-6 retort water was stripped of

ammonia by raising the pH to 12.2 and sparging with air for

several hours at 50C The ammonia-free sample was then spiked

with ammonium hydroxide to give an ammonia concentration of

750 mg-N/L prior to NOGD treatment.

The domestic wastewater sample was collected from the

effluent of a primary clarifier (settled sewage) operated by

SEEHRL (Sanitary Engineering and Environmental Health

Research Laboratory, University of California, Richmond Field

Station). The pH of this sample was raised to 12.9 with 50%

aqueous sodium hydroxide prior to NOGD treatment.

Particulate matter in each wastewater was removed by

tangential-flow filtration (0.45 /*m) to minimize pore clogging

during NOGD treatment. The samples were then pumped to the

NOGD reactor with a peristaltic pump using short lengths of

silicone-rubber tubing. The solutions were delivered to the

reactor through Teflon and stainless-steel delivery lines,

minimizing loss of ammonia. The stainless steel delivery line was

submerged in a water bath to preheat the reactor influent to 30C

Sulfuric acid (1.0 N) was selected as the acid for the dialysate

because it is nonvolatile. This solution was preheated to 30C and

metered to the reactor by a Mariotte reservoir through silicone-

rubber tubing.

Analvsis

Samples from the ammonium hydroxide experiments were

immediately analyzed for total-N by the rapid method of

combustion/chemiluminesence (C/CL) (Jones and Daughton 1985).

These values were equivalent to ammoniac-N since ammonia was

the only nitrogenous compound present; this was confirmed with

the phenate colorimetric method (Daughton, Sakaji, and Langlois,

in press). The wastewaters were analyzed for ammonia by the

phenate colorimetric method. The samples were stored at 4C

prior to analysis.

Composites of the effluent samples were collected after the

NOGD reactor reached steady-state operation, which was verified

by monitoring total-N by C/CL. For all effluent samples, the

reactor was operated for 50 to 100 hydraulic residence volumes

before steady-state monitoring began. Since dissolved ammonia

gas rather than ammonium ion was the species of interest,

ammonia concentrations were calculated from the ammoniac-N

concentrations and sample pH using the pKa
of ammonium

(pKa
= 9.3 at 30C).
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RESULTS AND DISCUSSION

Numeric Mndei y^rifjgitjoj
The accuracy of the equations used in the numeric ammonia-

transport model were verified by evaluating 9 for a series of 7's

with K=1.0; selecting a value of 1.0 was identical to a condition

used by Bowen et al. (1976) for which 9 was evaluated over five

decades of 7. Results of 9 predicted by the computer model were

compared with the values of 6 calculated by Bowen et al. (1976)
to determine if the NOGD model produced equivalent results

(Table 1). The comparison shows an insignificant amount of

deviation, only in the fourth significant digit.

Ammonium Hydroxide Solution

Since the results of the NOGD numeric model matched those

of Bowen et al. (1976), the predicted values, using

De = 9.81 x
IO"2

and DL
= 2.75 x

IO"5

cm2/s at 30C, were

compared with experimental data obtained from treatment of the

aqueous ammonium hydroxide solutions, as shown in Fig. 2. (This

represented an ideal test case because the additional chemical and

physical interactions of organic compounds and particulates are

absent.) The results demonstrate that an increase in 7 gives a

decrease in 9. A higher 7 indicates either a lower velocity or

longer tube length, which permits more ammonia to diffuse

through the membrane. These results also demonstrate that the

relation between 9 and 7 is not a simple proportionality.

The relationship between the experimental results and

predicted values can be more clearly demonstrated (Fig. 3) by

plotting the experimental versus predicted fraction of ammonia

remaining. A perfect correlation between predicted and

experimental data would yield a line with a slope of unity and a

zero intercept (broken line, Fig. 3). Since the least-squares

regression line was above the ideal line, the experimental fraction

remaining was slightly higher than predicted, but since the ideal

line is within the 95% confidence limits of the regression line (also

shown on Fig. 3), the difference between the experimental and

predicted results is probably not significant.

Table 1. Comparison of Theta Values Obtained from

the Numeric Model with Published Results

numeric published

gamma

1.0

model

0.0663

model-

0.0663

0.1
0.7496 0.7498

0.01
0.9673 0.9674

0.001

0.0001

0.9964

0.9995

0.9964

0.9996

Gamma. Dimensionless Residence Time

Figure 2. Fraction of ammonia remaining (9) as a function of the

dimensionless tube length (7) for NOGD treatment of an

ammonium hydroxide solution at 30C The solid line

represents the fraction remaining predicted by the numeric

model.

1.0

0.5

Theta (predicted)

1.0

Figure 3. Regression analysis of the experimental fraction

remaining (6) versus the predicted fraction remaining after

NOGD treatment of an ammonium hydroxide solution with the

95% upper and lower confidence limits for the regression line.

I Bowen et al. (1976).
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Since regression does not indicate whether the difference

between the ideal line and the regression line is significant, the

data were analyzed by using the normalized experimental
mass-

transfer coefficients calculated from eq. 7 for the experimental

and predicted data, k
t
and kcalc, respectively. Each kexpt

value was normalized by dividing it by its respective kcajc. This

resulted in an range of values from 0.841 to 1.09 with an average

of 0.913, indicating that actual process performance was 8.7%

lower than predicted. This discrepancy may have resulted from

chemical analysis bias or from inaccurate values for certain

parameters used in the model (e.g, Henry's coefficient, membrane

porosity, or diffusion coefficient). The agreement between

predicted values and experimental results indicated that the

proposed mechanisms of ammonia transport in the numeric model

(i.e., radial diffusion, tortuous gas-phase diffusion through the

membrane, and longitudinal convection in laminar flow) accounted

for the major transport mechanisms during treatment of an

aqueous ammonium hydroxide solution.

The close correlation between the model and experimental

results also suggests similarities between NOGD and the hollow-

fiber gas membranes used by Qi and Cussler (1985). In both

processes, concentration gradients are associated with the

resistance to mass transfer, and because gradients exist only in the

wastewater and the membrane, the only resistance to mass transfer

would be encountered in those two phases. This in turn means no

resistance to mass transfer exists in the acid dialysate: hence, the

NOGD process is not dependent on the flow rate of the dialysate.

This is unlike steam stripping, whose physical operation is

dependent on the gas-to-liquid ratio.

On the basis of mass-transfer coefficients, the NOGD process

compares favorably with the hollow-fiber gas membrane and

steam stripping processes. A typical mass-transfer coefficient for

a packed-bed steam stripper, under identical conditions of flow

(Cussler 1984), is an order of magnitude higher than that found

herein for the NOGD reactor. The reported mass transfer

coefficient for the polypropylene hollow-fiber membrane process

(Qi and Cussler 1985) is an order of magnitude lower than that

found herein.

The enhanced performance of NOGD relative to the hollow-

fiber membrane process can probably be attributed to the greater

porosity of the PTFE membranes. For example, the Knudsen

number (ratio of mean free path to pore diameter) for the

polypropylene membranes is four. In other words, the ratio of the

mean free path for an ammonia molecule is four times longer than

the membrane pore diameter. This increases the likelihood that an

ammonia molecule would collide with the membrane pore wall,

restricting its diffusion through the membrane. In contrast, the

Knudsen number for the PTFE membranes is less than 1.0,

indicating the Knudsen-diffusion effects are less important.

One physical criterion used to compare the relative economies

of various stripping devices is the ratio of gas-liquid surface area

to empty-bed reactor volume. For a hypothetical NOGD reactor

containing 18 tubular membranes packed in a 1.5-cm internal-

diameter dialysate tube, this ratio would be 300
m2/m^

which

compares favorably well with the 550 to 820
m2/m3

reported for

polypropylene hollow-fiber gas membranes (Qi and Cussler 1985)

and the 62 to 984
m7mJ

reported for packed-bed reactors

(Treybal 1980).

Since the surface-area-to-volume ratios are within an order of

magnitude, the relative differences between the mass-transfer

rates will be determined by the mass-transfer coefficients. The

mass-transfer rate in the hollow-fiber gas membrane process will

be roughly two orders of magnitude below steam stripping or one

order of magnitude lower than NOGD. Consideration of NOGD

as an alternative to steam stripping, however, should also include

the lower operating temperatures required for NOGD as well as

enhanced resource recovery.

Wastewaters

Oil Shale Process Waters. Data obtained from the oil shale

retort water experiments correlated with predicted values

(indicated by regression analysis of the experimental 6 against the

predicted 6) (Fig. 4). The data deviated significantly, however,

from the ideal correlation (broken line, Fig. 4). It is significant to

note that the regression lines all lie above the ideal case, an

1.0

sz
r-

0.5

0.5

Theta (predicted)

1.0

Figure 4. Regression analysis of the experimental fraction

remaining (6) versus the predicted fraction remaining after

NOGD treatment: Oxy-6 (solid circles), Geokinetics (solid

squares), and Paraho (open circles) oil shale process waters;

domestic wastewater (solid triangles).
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poorer than predicted by the

indication that performance is

numeric model.

To determine if a significant difference between the data sets

existed, a one-way analysis of variance (ANOVA) was performed

on the normalized mass-transfer coefficients of the data sets. The

aqueous ammonium hydroxide experimental results were included

as one of the data sets. At the 99% confidence level there was a

significant difference between all the data sets, but the ANOVA is

not able to determine, on the basis of a paired-comparison, which

data sets produce the significant difference.

The Newman-Keuls test (Snedecor and Cochran 1980) was

used to determine which paired comparisons of the normalized

mass-transfer coefficients produced a significant difference. All

possible paired comparisons except that of Oxy-6 and Geokinetics

were significantly different, indicating that a single correlation

was not sufficient for describing NOGD performance on oil shale

wastewaters, and that NOGD treatment of oil shale process waters

is different from the treatment of an aqueous ammonium

hydroxide solution (ideal case). It was not surprising that the

mass-transfer coefficients indicated an increased resistance to mass

transfer; since the removals were less than predicted, the mass-

transfer coefficients calculated from the oil shale process water

data were an order of magnitude lower than those from the

ammonium hydroxide experiments. The increased resistance to

mass transfer was believed to be due to pH-dependent reactions

(resulting in the production or consumption of ammonia) or

physical barriers at the gas-liquid interface (e.g., surfactants).

Neither of these factors was included in the numeric model.

Increased resistance to mass transfer at the internal gas-

liquid interface could result from the presence of surfactants,

which can inhibit mass transfer by as much as 25% (Sherwood,

Pigford, and Wilke 1975). Oil shale retort waters often contain

large quantities of amphiphatic (surfactant-like) organic

compounds, a large percentage of which are fatty acids (Daughton

1986). In addition, the presence of pH-dependent reactions may

also affect the removal of ammonia.

Unlike the aqueous ammonium hydroxide experiments, where

the pH was four units greater than the pK of ammonia, the oil

shale process waters were treated at their native pH values to

determine if the wastewaters contained sufficient buffering to

obviate alkali addition. Ammonia-ammonium re-equilibration

during dialysis (the pH dropped 0.3 to 0.4 units after NOGD

treatment) violated one of the assumptions of the model that

ammonia was neither
consumed nor produced by chemical reaction

during NOGD treatment.

In an attempt to determine if poor performance could be

attributed to pH, an aqueous sodium hydroxide solution was mixed

with Oxy-6 retort water at the influent of the reactor. The

elevated pH (14) shifted the ammonia-ammonium equilibrium so

that no ammonium was present. The results are plotted together

with the data from the non-pH-adjusted Oxy-6 sample (Fig. 5).

Also included in this figure is the data set from NOGD treatment

of a stripped and spiked sample of Oxy-6 process water.

If these data and the results from the aqueous ammonium

hydroxide experiments are compared by a one-way ANOVA using

the normalized mass-transfer coefficients, a significant difference

is found between the data sets at the 99% confidence level. The

Newman-Keuls test indicates the results of the Oxy-6 and pH

adjusted Oxy-6 data sets are not significantly different at the 99%

confidence level, an indication that alkali addition did not

improve NOGD performance significantly. The Newman-Keuls

test also indicates that, at the 99% confidence level, the data from

the stripped and spiked Oxy-6 experiment were not significantly

different from the aqueous ammonium hydroxide experiments, an

indication that removal of ammonia introduced artificially into the

Oxy-6 process water is not affected by the presence of organic

solutes.

Despite the apparent deviation from the numeric model and

the results of the aqueous ammonium hydroxide solution, the

ammonia removals from Oxy-6, Paraho, and Geokinetics process

waters (56%, 64%, and 55%, respectively) were obtained at

hydraulic residence times of 0.92, 0.83, and 0.87 min, respectively.

The percentage of ammonia removed by NOGD is comparable

with that of some pilot- and bench-scale steam strippers (Sakaji,

Persoff, and Daughton 1984).

O ^

0.5

Theta (predicted)

1.0

Figure 5. Regression analysis of the experimental fraction

remaining (9) versus the predicted fraction remaining after

NOGD treatment: Oxy-6 (solid circles), Oxy-6 with sodium

hydroxide (solid squares), and Oxy-6 stripped and spiked

(solid triangles).
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Domestic Wastewater. Domestic wastewaters contain ammonia

concentrations that are usually about two orders of magnitude

lower than oil shale process waters. Despite these lower

concentrations, a maximum removal of 86% was achieved for a

domestic sewage sample (residence time of 0.97 min).

Regression of the experimental versus predicted fraction of

ammonia remaining (Fig. 4) shows a strong linear correlation. A

one-way ANOVA on the normalized mass-transfer coefficients

from the oil shale process waters, aqueous ammonium hydroxide,

and settled sewage data indicates a significant difference between

the data sets at the 99% confidence level. The average kex_t to

kcajc ratio for the settled sewage data set was 1.09, an indication

that ammonia removals were 9% better than predicted by the

model. Even though a significant difference between the average

ratios exists, as determined by the Newman-Keuls test, the settled

sewage results were closer to the ideal case than those data

obtained from the oil shale process water experiments: an

indication that the NOGD process can be used as an alternative

method for ammonia removal from domestic wastewaters and that

the numeric model can be used to predict NOGD process

performance on domestic wastewaters.

Nonosmotic dissolved-gas dialysis has potential as an

alternative to steam stripping. Like steam stripping, NOGD can

be used to treat both domestic wastewater and oil shale process

waters. Points of comparison of the two methods are summarized

in Table 2.
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LIST OF SYMBOLS

B a coefficient

c0 influent ammonia concentration

cl effluent ammonia concentration

DG gas phase diffusivity

DL liquid phase diffusivity

De effective gas phase diffusivity

r radial variable

ri internal membrane radius

ro external membrane radius

m Henry's coefficient

v,
m

average velocity

z tube length

membrane porosity

7 dimensionless residence time

A eigenvalue

n dimensionless radius

9 dimensionless concentration

Table 2. Comparison of Steam Stripping with NOGD

NOGDcriteria

steam

stripping

Surface Area

to Volume Ratio

(mVra3)

62-984

Mass-Transfer

Coefficient

(cm/s)

IO"2

Operating
Temperature (C) 100

Receiving
Phase steam

300

10"3

30

aqueous acid
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A COMPARISON OF INDIVIDUAL
PROJECT-RELATED WATER-QUALITY

IMPACTS OF PROCESSED-SHALE DISPOSAL, NORTHWESTERN COLORADO

Timothy D. Steele, Ph.D. and James R. Kunkel, Ph.D.

In-Situ, Inc., 7401 W. Mansfield Ave. #114,

Lakewood, Colorado 80235

ABSTRACT

Possible impacts of processed-shale disposal were

evaluated associated with five possible oil-shale

development projects in the Roan Creek-Parachute

Creek area of the Piceance Basin of northwestern

Colorado. Disposal-pile leachate and runoff were

estimated using an analytical model of the assumed

six-foot reclamation zone of each pile, and

considering differences in the processed-shale

characteristics, pile geometry and pile elevation

on precipitation. Five chemical constituents were

selected for characterizing the water quality of

leachate and runoff, based upon available

laboratory and field tests for shales from the

various retort processes proposed for use, ambient

data on impacted streams, and discussions with

regulatory agencies. Using average (2-year) and

extreme (100-year) annual precipitation inputs,

estimated long-term chemical loads due to shale

disposal from individual oil-shale development

projects ranged as high as about 26 tons/day

dissolved solids, 20 tons/day sulfate, 0.5 lbs/day

arsenic, 0.024 ton/day boron and 0.9 lbs/day

selenium. It should be noted that these estimates

assumed no attenuation or reduction of chemical

loads by physical, chemical, or biological

processes. An alternative impacts analysis used

long-term monthly precipitation inputs to assess

effects of a series of above-normal or below-

normal inputs compared to average conditions.

Localized water-quality impacts of these loads in

the nearly streams of Roan Creek and Parachute

Creek, as expected, were considerably greater than

in the Colorado River. Impacted concentrations in

the small streams occasionally increased by over

100 percent compared to pre-development ambient

levels. However, applicable stream standards for

impacted stream reaches in the State of Colorado

were not exceeded, using the assumptions of this

analysis. In the lower Colorado River, chemical

loads seldom increased by more than 1 to 2 percent

for the cumulative effects of the proposed

combined oil-shale development projects.

INTRODUCTION

This study was undertaken to provide a comparative

analysis of water- resources impacts of spent-shale

disposal for several oil-shale development

projects in the Piceance basin, northwestern

Colorado (Figure 1). Leachate and runoff

potential of the various proposed shale-disposal

piles were estimated using the best currently

available climatic and shale- technology informa

tion. These data were incorporated into an

analytical unsaturated flow model to assess

impacts of post-reclamation phases of processed-

shale disposal.

The general goal of the processed-shale disposal-

pile design for all projects considered in this

comparative study is to reduce contact of water

with shale and to minimize leachate production.

This will be accomplished during construction of a

given disposal pile by laying down lifts of

sufficient thickness (estimated to be in the order

of 50 feet) over the entire surface of the pile to

store any water infiltrating the pile while that

lift is exposed. As long as sufficient void space

is available in the shale to store infiltrating

water, any leachate generated during pile

construction would be minimal. During the post-

reclamation stage of pile disposal, leachate

production would be reduced through the proposed

use of a more highly compacted shale zone to

minimize infiltration prior to revegetation and a

vegetated topsoil cover to remove moisture by

evapotranspiration. These engineering concepts

have been built into the various shale pile
model-

simulation analyses used in studies summarized by

this paper.
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Figure 1. Locations of Selected Oil-Shale Development Projects in the Piceance Basin.

APPROACH

The
leachate- and

runoff-potential analyses for

each
disposal-pile

alternative used a risk-based

approach. Monthly
precipitation inputs were

assessed
probabilistically

on an annual basis for

input to the
hydrologic

(water-balance) model

(Kunkel and Murphy,
1983). Leachate and runoff

generation based on the probability of the wettest

year in 2, 5, 10, 20, 50, and 100 years was

estimated. The unsaturated flow modeling in terms

of runoff and leachate potential was performed for

both during-construction and post-reclamation

phases (Figure 2); however, only the long-term

post-rec lamation impacts are described in this

paper.
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Source: In-Situ, Inc. and

Woodward-Clyde Consultants (1985)
YEARS AFTER START OF PILE CONSTRUCTION
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Figure 2. Delineation of Impact Stages Used in Processed-Shale Analyses.

The hydrologic water-balance model accounts for

water movement predominantly under
unsaturated-

flow conditions in the so-called
"reclamation"

zone overlying the top of the pile (Figure 3). A

conceptualized 6-cell layered configuration

accounts for vertical movement of water in this

zone using monthly time-increment data inputs.

The physical materials (soil and/or shale) and

associated hydraulic characteristics of these

materials vary from project to project. In

general, the water balance consists of the follow

ing components:

Precipitation input

Runoff

Change in surface ponded-water storage (if

any)

Evapotranspiration

Change in soil-moisture storage

Percolation below the reclamation zone

Details regarding each of these components are

described by Kunkel and Murphy (1983). The model

development was derived from earlier research

reported by Fenn and others (1975) and Schroeder

and others (1984). In general, any water perco

lating beneath the root zone is assumed to pass

downward through the entire pile and serve

to generate leachate from the pile. Some of the

factors affecting leachate and runoff generation

from processed-shale disposal piles are given in

Table 1 .

The chemical characterization of leachate and

runoff was based, to the extent possible, on

available results of laboratory-column studies and

agronomic field plots. Among the factors affect

ing chemical characterization of leachate and

runoff are the particular retort and upgrade

processes and the quantities and chemistry of

comingled solids and liquids used to cool and

moisturize the disposed-of processed shale

(Table 1 ).

The quantity of leachate (D) and runoff (R)

computed by the water-balance model was used in
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junction WUh
^-Hty data to e8tinate

ranges in annual stream water-quality, ^
average annual impacted

concentrations of dissolv
ed solids (DS), sulfate (SO ,
,Hv

*au4>' arsenic (As), boron
*' ^ SSleniun <Se> were estimated in project-

related studies for designated nearby streams.

These five constituents were selected because they
occur at elevated concentrations in runoff and

leachate from retorted shales (In-Situ, Inc. and

Woodward-Clyde Consultants, 1985), because stream

standards by the State of Colorado have been set

on all of them except DS, and because they have

been the focus of a major government research

effort due to their known toxicity (As, B, and

Se). Also, they span the spectrum of anticipated

impacts, and ambient stream-quality data exist for

them. The process for selection of these indicat

ed chemical constituents was made through deliber

ations with the U.S. Environmental Protection

Agency (USEPA). The impacted concentrations of

these constituents were calculated at existing

available monitoring stations in the downstream

reaches of nearby stream segments.

The impacted concentrations of DS, SO^ As, B, and

Se in nearby stream segments following the release

of leachate and runoff to the stream were

estimated as follows:

D1CD + R1CR + Q*rA

Where:

'50

C^ = impacted stream concentration in

mg/L,

D-| = extreme-event (1 -percent chance

or wettest precipitation year in

100 years) post-reclamation deep

percolation (leachate) computed

by the water-balance model in

cfs,
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re 3
Generalized Schematic of a Processed-Shale Disposal Pile for Purposes of the

Water-Balance Modeling Analysis.
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TABLE 1. Factors Affecting Leachate and Runoff from

Processed Shale Disposal Piles and Associated Chemical Characterization

Retort/Upgrade Conditions

raw shale composition

atmosphere (pressure, temperature)

char-gasification technology

retort and upgrade processes

Comingling of Processed Shale with Wastewater Streams Used for Quenching

quantities and chemical composition of comingled solids and liquids

used to cool and moisturize shale

Climate

ambient temperature

wind speed and direction

freeze-thaw cycles

wet-dry cycles

precipitation volume, intensity, and timing

snow depths, duration of snow pack

chemical quality of precipitation

pile elevation

Pile Design

compactive effort

lift depths and timing

face and top slopes

drainage-control system

erosion-control measures

control of subsurface flows along pile-ground interface

control of flows from upstream contributing drainages

pile-surface ponding

Reclamation Procedures

plant life-form

plant cover

soil type and depth

depth-of -root zone

irrigation and/or leaching
sal t- tolerant , drought-resistant plant species

water balance in reclamation zone

crop-growth stage coefficients

Source: U.S. Army Corps of Engineers (1984); Adapted from Fox (1983)

Rl = extreme event (1 -percent chance

or wettest precipitation year in

100 years) post-rec lamation

runoff computed by water-balance

model in cfs,

Cd = concentration in deep

percolation (leachate) in mg/L,

C = concentration in runoff in
R

mg/L,

Q50= average annual streamflow in

cfs, and

c50= average annual ambient stream

concentrations in mg/L.

The same function was used to calculate average

(2-year) impacts of runoff and leachate.

Under worst-chance assumptions (1 chance in 100)

annual precipitation associated with generation of

runoff and leachate (if applicable) from each

disposal-pile alternative, localized water-quality

impacts in nearby streams and in the Colorado

River were assessed. The absolute change in

concentrations associated with the relative

(percent) anticipated changes provides a more

useful comparison. In a cumulative water-quality

impact analysis for the Colorado River in
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Colorado, currently applicable state standards for

the selected constituents were compared with

ambient as well as impacted concentrations,

assuming a set of worse-case assumptions regarding

the behavior of these selected water-quality

characteristics.

RESULTS

Because not all the impact analyses for the oil-

shale development projects included in this paper

are found in reports readily available to the

public, study results will be presented generical-

ly without specifying details for individual

projects (Steele, 1984). In particular, the

In-Situ, Inc.
, (1984a through d) documents are

proprietary reports describing much of the

project-specific results given in a final EIS

reports for the Getty/Cities Service projects

(U.S. Army Corps of Engineers, 1984) and the

Mobil-Pacific projects (U.S. Department of the

Interior, 1984). Results for the Cathedral Bluffs

project (In-Situ, Inc., 1985) have not yet been

formalized in a document for submittal to State or

Federal regulatory agencies. However, interim

draft analyses (Union Oil Company of California,

1985a) were performed in a consistent manner as

for the other projects. Hence, for purposes of

this paper, these earlier interim results were

used for the comparative impact analyses (Steele,

1984).

A comparison of selected relevant characteristics

of proposed processed-shale disposal piles in the

Piceance basin is given in Table 2. Indicated in

this summary are the processed-shale volumes,

average pile elevations, and pile
"footprint"

areas for the various oil-shale development

projects. In two instances, pile configurations

at high- and low-elevation sites are considered in

combination (project C) or as alternatives

(project E) .

A dominant hydrologic component affecting the

water balance of any given reclaimed disposal pile

is the amount of precipitation available to

vegetation growing on the top of pile. Within the

general region around the Piceance basin, a

generalized relationship can be observed between

annual precipitation and climatological-station

elevation (Figure 4). However, localized

departures from this generally observed increase

in annual precipitation with station elevation

have been observed (In-Situ, Inc. 1984d). This

general relationship then can be used to estimate

annual precipitation on top of a given pile.

Comparative hydrologic (water-balance) modeling

results for the various proposed processed-shale

piles are summarized for average (2-year) and

extreme (100-year) annual precipitation conditions

(Table 3). The interdependence of pile elevation

to annual precipitation at either assumed

TABLE 2. Comparison of Processed Shale Disposal Piles

Proj
ect1 ' A B C1 C2 D E1 E2 F

Volume

(Millions of tons )

1 300 1150E2) 220 460 684 688 688 1 46

Average Pile

Elevation 8650 7000 8600 7400 7725 6600 8200 6900

(ft MSL)

Pile Area

(acres ) 2000 690 760 702 676 730 1600 1 1 20

1) Generic project-identification codes.

2)
Estimated.
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probabilistic level is apparent. Variations in

evapotranspiration (ET) estimates for the various

projects are affected by such factors as a

pile-top elevation, soil/shale composition of the

reclamation zone, and anticipated vegetative

species growing after reclamation. In the case of

several projects or pile locations (projects B,

C2, and D), additional leachate contributions from

either springs or reconstructed top-of-pile stream

channels are considered in the impacts analyses.

In the case of project E1 , adjacent drainage areas

would cause additional surface flows to run onto

the pile. Also, an assumption was made in this

case that streamflows from the upstream watershed

would be routed around the pile (either through a

rock underdrain or a side-canyon tunnel) and that

this water diversion would be maintained in

perpetuity.

30

25

0)
Ul

X

u
z

7
z

o

I .
ft.

u
Ui

c
tt.

20

10

10

PRECIPITATION = 0.00481 x
ELEVATION- 14.08

R2=0.86

STD. ERROR' 12 X

4000 5000 6000 7000

STATION ELEVATION - FEET MSL

8000

Long-term shale-pile characteristics would vary

with a given project's retort process and

comingled solids and liquids (Table 1). Based

primarily on literature reviews, long-term water-

quality characteristics for the above-indicated

variables have been identified for shale-pile

runoff and shale-pile leachate (Table 4). Except

in the case of updated changes in some of the

selenium concentrations for one of the projects

(In-Situ, Inc. and Woodward-Clyde Consultants,

1985), the indicated water-quality characteristics

are consistent with those shown in the U.S. Army

Corps of Engineers (1984), U.S. Department of the

Interior (1984), and In-Situ, Inc. (1984d).

Based on the information and data contained in the

previous Tables 2 through 4, pile-generated

chemical loads can be compared for the several

oil-shale development projects. Considering the

extreme (1 chance in a 100) annual-precipitation

values, a comparison is summarized in Table 5 for

the water-quality variables of interest.

For each of the designated water-quality

constituents of interest, ambient versus pile-

impacted water-quality conditions in a nearby

stream can be compared (Table 6). For purposes of

this generic discussion, reference is made to 3

distinct impacted stream segments in the Piceance

Basin. For the comparisons given in this paper,

it has been assumed all generated runoff and

leachate amounts combined to contribute to stream

loadings at the point of comparison. In

contrasting pile-generated chemical loads with

ambient stream water-quality loads, consideration

should be given to the fact that the volumes of

leachate and runoff for a given project are quite

small relative to average streamflows. Hence,

impacted stream water-quality concentrations

seldom double in amount and commonly increase by

less than 10 percent over ambient (pre-

development) conditions (Table 6).

A preliminary cumulative water-quality impact

assessment was made on the Colorado River assuming

all the oil-shale development projects considered

in this analysis were implemented simutaneously.

Figure 4 Regional Relationship for Annual Precipitation Estimated water-quality loads from all but one

Versus Average
Disposal-Site Elevation.

proposed project would affect the Colorado River
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TABLE 3. Comparison of Long-Term, Post-Reclamation Pile Water Balances

Project1)
.

Precipitation (in)

Evapotranspiration (in)

Runoff (ac-ft)

Leachate (ac-ft)

Precipitation (in)

Evapotranspiration (in)

Runoff (ac-ft)

Leachate (ac-ft)

27.7 20.0

12.7 15.1

890 1 20

360 2603)

38.1 30.4

C1 C2 D E1

A. 2-Year (average)

27.8 21.8 22.6 20.0

15.8 14.0 14.1 14.3

360 180 190 1402)

100 803) 1103) 02)

B. 100-Year (extreme)

39.7 33.9 33.0 31.2

E2

24.0 15.8

1 7.8 20. 2

530 37

0 5

37.3 23.6

12.8 15.1 16.2 14.2 14.2 17.5 18.2 20. 2

1 860 390 800 520 470 450 1 470 180

1090 320# 400 420 400 32 320 60

1) Generic project-identification codes

2) Assumes a perpetual functioning diversion of flows from an upstream

contributing area.

3) Minor flow contributions of buried springs have been included.

TABLE 4. Long-Term Water-Quality Characterization

BCD

A. Shale-Pile Runoff

400 400 650 1 27 160 1 00 160

300 300 450 98 90 60 90

5 5 5 5 2 20 2

0.5 0.5 0.46 0 .14 0.4 0. 1 0. 4

2 2 1 .8 4 .7 0.4 2 0.4

Pro j ec
t1 '

Dissolved Solids (mg/L)

Sulfate (mg/L)

Arsenic (ug/L)

Boron (mg/L)

Selenium (ug/L)

Dissolved Solids (mg/L)

Sulfate (mg/L)

Arsenic (ug/L)

Boron (mg/L)

Selenium (ug/L)

D Generic
project-identification code.

2) Representing 2 distinct retorting processes (X and Y).

El (X) 2) E2( Y) 2)

B. Shale-Pile Leachate

5000 5000 7400 2500 2500 700 1760

3500 3500 5800 1 900 1 900 400 985

10 10 21 22 4 1 00 1 5

5 5 2.7 0.28 4 0.5 2

10 10 1 50 85 4 10 6
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TABLE 5. Pile-Generated Chemical Loads Associated with Extreme (1 in 100 chance)

Annual Precipitation

Proj
ect1 )

Dissolved Solids (tons)

Sulfate (tons)

Arsenic ( lbs )

Boron ( tons )

Selenium ( lbs )

A B C D El (X/Y) 2) E2 (X/Y) 2) F

8400 2370 9400 1 450 21 0/91 1 420/51 0 1 97

5950 1 670 7200 1110 1 40/55 1 01 0/296 1 1 0

55 1 4 65 30 2.8/33 1 2/1 70 3.6

8.7 2.4 3.8 0.2 0.4/0.08 5.8/0.07 <0. 2

40 1 1 340 99 0.8/3.3 5.1/17 1 . 2

1) Generic project-identification code.

2) Representing 2 distinct retorting processes (X and Y).

TABLE 6, Comparison of Ambient and Pile-Impacted

Water Quality of Nearby Streams

Proj ect
1 )

Stream 3 )

Ambient Load (tons)

Ambient Concentration (mg/L)

Impacted Concentration (mg/L)

Ambient Load (tons)

Ambient Concentration (mg/L)

Impacted Concentration (mg/L)

Ambient Load (lbs)

Ambient Concentration (ug/L)

Impacted Concentration (ug/L)

Ambient Load (tons)

Ambient Concentration (mg/L)

Impacted Concentration (mg/L)

Ambient Load (lbs)

Ambient Concentration (ug/L)

Impacted Concentration (ug/L)

97 97

850 850

1 050 91 2

37 37

323 323

466 366

1 .0

4.5

5.0

0.02 0,.02

0.20 0.,20

0.39 0..23

0.8

3.5

4.0

BCD

K L K

A. Constituent

71 97

859 850

1170 888

B. Constituent

27 37

328 323

565 352

C. Constituent

1.0 0.7 1.0

4.5 4.0 4.5

4.6 5.0 4.7

D. Constituent

0.01 0.02

0. 15 0.20

0.25 0.20

E. Constituent

0.8 0.5 0.8

3.5 3.0 3.5

3.6 8.0 4.7

E1 (X/Y)
2 > E2 (X/Y)

2 > F

L L M

Dissolved Solids

71 71 49

859 859 857

861 /859 901/871 853

Sulfate

27 27 1 6

328 328 275

329/328 354/335 276

Arsenic

0.7 0.7 0. 3

4.0 4.0 2.5

4.3/4.7 4.4/7.0 2.6

Boron

0.01 0.01 0.0

0.15 0.15 0.2

0. 16/0. 15 0.31 /0. 15 0.21

Selenium

0.5

3.0

3.0/3.1

0.5

3.0

3.1/3.3

0.1 2

1 . 1

1 . 1

1) Generic pro j
ect- identification code.

2) Representing 2 distinct retorting processes (X and Y).

3) Generic nearby stream monitoring locations.
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upstream from Cameo, Colorado. Effects from the

remaining project would pass through the White

River and Green River and potentially impact the

Colorado River below its confluence with the Green

River. The projected cumulative impacts are

summarized in Table 7. As would be expected, the

upstream most
monitoring station (Cameo) would

indicate the largest degree of cumulative impacts,

ranging from a 1.6 percent increase for average

arsenic concentrations to about a 11 percent

increase for boron concentrations. This can be

attributed to the relatively smaller flows of the

mainstem Colorado River relative to monitoring

stations located further downstream. For the

lower Colorado River where impacts are contributed

by all projects, chemical loads seldom increase by

more than 1 to 2 percent for the combined affects

of the proposed oil-shale development projects

considered in the analyses.

In summary, this impacts analysis was based on a

set of
"worse-case"

and
"not-so-worse-case"

assumptions (Table 8). Important assumptions

implicit in the above-described analysis are as

follows:

Extreme (100-year, or 1 chance in 100)

annual precipitation water-balance modeling

results were used for the impact analyses.

The water-quality analyses assume that these

meteorological conditions would repeat

themselves over a long period of time.

Mean annual streamflows were used in the

analyses. Actual streamflows that would

correspond to 1 -percent chance annual

precipitation would be considerably higher

than this.

TABLE 7. Cumulative Impacts of Pile-Generated

Chemical Loads - Colorado River
1 )

Cons ti tuent DS ( tons )

Project
Totals2' 23,450

Colorado River Station4'

Cameo

Cisco

Lee's Ferry

Imperial Dam

SO4 ( tons )

1 7,200

As( lbs)

371

B( tons )

21 .5

Se( lbs )

509

1 ,
,500,000 460,000 22,300 1 50 741 0

1 .8% 4.2% 1 .6% 1 1 % 7.0%

3,,600,000 1 ,620,000 22,600 _-3) 91 ,300

0.8% 1 .2% 1 .6% -- 0.6%

4,,020,000 1 ,940,000 73,700 590 44, 200

0.7% 1 .0% 0.5% 2.9% 1 .2%

7,,720,000 2,820,000 47,800 1 1 40 83,600

0.3% 0.7% 0.8% 1 .5% 0.6%

8,,580,000 3,330,000 85,800 1 930 42,700

0.3% 0.6% 0.4% 0.9% 1 .2%

See Figure 1 for project locations. Loadings from a total of 5 oil-shale

development projects
contribute to the upper reaches of the Colorado; a

sixth project contributes
to the White River and Green River, flows of

which reach the Colorado River downstream from Cisco, Utah.

see Table 5; higher load estimates were assumed in the case of project E

where
optional retort processes

were considered.

Little or no data for boron at this monitoring station.

! c*.=,t-inn locations are given in In-Situ, Inc. and Woodward-Clyde Consultants

(1985).

1 )

2)
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TABLE 8. Assumptions Regarding Water-Quality Impact Assessment of

Processed-Shale
Disposal1'

WORSE-CASE NOT SO WORSE-CASE

No Attenuation or Reduction

Extreme-Event Inputs

Simultaneous Loads to Strear

All Impacts

Long-Term Water-Quality Characterization

Successful Reclamation

No Pile Fracture Flow

No Underdrain or Diversion Failure

1) Modified from Steele (1984).

Combined chemical loads to streams from

extreme-event leachate and runoff were

assumed, even through the probability of

simultaneous occurrences of such an extreme

event for leachate and run-off is quite low.

This would be due to different lag times

associated with each. Runoff would reach

receiving waters within days; whereas,

leachate may take centuries to reach

impacted streams.

Leachate and runoff were assumed to be

directly discharged into receiving waters

with no attenuation or reduction in chemical

concentrations due to physical, chemical, or

biological processes. No attenuation was

assumed during subsurface and surface-water

transport due to such processes as ion

exchange, adsorption, precipitation,

oxidation, microbial decomposition, and

other mechanisms. No dilution was assumed

during subsurface transport.

Runoff and leachate are assumed to be

uniformly mixed and continuously discharged

at the stream monitoring stations used in

the analysis.

The staging of impacts and the time periods

involved are not known with certainty and

cannot be estimated directly from the

water-balance model results. They can only

be roughly approximated from the results of

other modeling studies using different

retorted shales and pile configurations.

Other studies have revealed that it could

take from 60 to over 200 years for

measurable quantities of leachate to be

discharged from a pile.
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ABSTRACT

Four laboratory leaching methods (the

Environmental Protection Agency LEPAJ extraction

procedure, ASTM method D3987, and two column tests)

were used to extract leachates from four low-void

retorted oil shales to 1) compare the leaching

procedures based on the chemical characterization of

leachates derived from each leaching method and 2)

establish the toxicity of each leachate relative to

published EPA water quality criteria.

The EPA extraction procedure extracted the

greatest concentration of trace elements of the

methods tested. None of the concentrations of the

seven metals (arsenic, barium, cadmium, chromium,

lead, selenium, and silver) selected from those

listed in the Resource Conservation and Recovery Act

(RCRA) exceeded the RCRA limits defining a hazardous

waste. On that basis, the low-void retorted oil

shales would not be classified as hazardous.

INTRODUCTION

One area of environmental concern in the

development of the oil shale industry is potential

contamination of ground and surface waters by

organic and inorganic species leached from retorted

oil shale. Whether the waste is disposed of on the

surface or remains in an underground chamber after

in situ retorting, the interaction between

percolating water and retorted oil shale is a

potential threat to water quality. A standard

laboratory leaching procedure that characterizes

retorted oil shale would be beneficial to solid

waste management planning.

Numerous leaching experiments have been applied

to retorted oil shales [1, ?., 3], but results of

such studies cannot be directly compared because of

varying test parameters (e.g., solid-to-liquid

ratios, leaching media, agitation methods, and

contact times). In only a few studies have the

leaching procedures been similar enough to allow

data comparison and interpretation. For these

reasons, two batch and two column laboratory

leaching methods were applied to four low-void

retorted oil shales to provide comparative data that

may be useful in the eventual formulation of a

standard laboratory leaching procedure for processed

oil shale.

The research objectives were to 1) compare the

batch and column leaching procedures based on the

chemical characteristics of oil shale leachates

derived from each leaching method, and 2) establish

the toxicity of each leachate relative to published

EPA water quality criteria. Each leachate was

analyzed for elements that are known to occur in
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retorted oil shale but whose mobilities are

questionable (beryllium, cobalt, lithium,

molybdenum, nickel, and vanadium) [4], and elements

for which Environmental Protection Agency [5,6]

water
quality criteria exist (antimony, arsenic,

barium, boron, cadmium, chromium, copper, iron,

lead, manganese, selenium, silver, and zinc).

EXPERIMENTAL

Oil Shale Samples

Retorted oil shale samples were obtained from

the Engineering Office of Western Research Institute

(WRI). The processed shales were produced in the

WRI low-void retort (LVR) using Green River

Formation oil shales from the Anvil Points mine,

Colorado. The shales were indirectly heated to

maximum average shale bed temperatures ranging from

450

to 580C. A vertical retort was used with hot

nitrogen gas. A continuous vertical pressure was

maintained on the oil shale to simulate conditions

in a commercial in situ retort [71. Average

retorting times were approximately eight days. The

four oil shales used in this study are designated by

their retort run number (LVR 24, 27, 28, and 29).

Following the retorting process, the oil shales were

crushed and riffled to obtain representative

samples. All samples passed through a 0.95-mm

standard sieve.

Oil Shale Analysis

Fischer assay values for the oil shales used in

this study were determined using procedure ASTM

039(14-80. These shales, which have Fischer assay

values in the 20-40 gal /ton range, ire generally

representative of the oil shale likely to be mined

commercially.
Elemental analysis of the LVR oil

-hales was
performed via sodium peroxide-sodium

hydroxide
fusions [8] dissolved in 20% HCI

solution,
The shales were analyzed by inductively

coupled plasma (ICP) emission spectroscopy for the

19 elements of interest (antimony, arsenic, barium,

beryllium, boron, cadmium, chromium, cobalt, copper,

iron, lead, lithium, manganese, molybdenum, nickel,

selenium, silver, vanadium, and zinc). To reduce

the impact of sample variability, 10 representative

samples of each oil shale were fused and analyzed.

Methods of Leaching

Four methods were used to generate leachates

from each processed oil shale sample. Two standard

batch leaching procedures were used: ASTM D3987 [9]

and EPA/RCRA extraction procedure (EP) [10]. The EP

procedure was designed by EPA to simulate the

leaching a waste will undergo if disposed of in an

improperly designed sanitary landfill [11]. It

requires a leaching medium of 0.1 N acetic acid

solution simulating the formation of organic acids

during anaerobic degradation at a disposal site. In

contrast, ASTM method D3987 uses deionized-distilled

water as the leaching medium. Two column methods

were also used. Column method 1 (CI) is a column

test designed to replicate the extraction medium,

solid-to-liquid ratio, and contact time of ASTM

method D3987. Column method 2 (C2) is a leaching

method previously used at WRI [12]. The same

extraction medium is used in both column methods,

but column method 1 has a lower solid-to-liquid

ratio, shorter contact time, and faster flow rate.

High-density polyethylene, wide-mouth bottles

were used as extraction vessels in the batch

tests. Precision borosilicate glass columns with

chemically inert
Teflon'"

components were used in

both column methods. Influent and effluent

solutions passed through 0.45-ym filters and

leachates were collected as single fractions.

Extraction temperatures ranged between 20-25C.

Experimental parameters for the four leaching

methods are given in Table 1.

230



Table 1. Experimental Parameters of Leaching Tests

Parameter ASTM EP Column-1 Column-?

Leaching medium Deionized- 0.1 N acetic Helium-purged Helium-purged

distilled H2O acid solution deionized- deionized-

distilled H20 distilled H20

Solid-to-liquid ratio 1:4 1:20 1:4 1:30

Agitation method Reciprocating

shaker, 70

strokes per min,

End-over-end

rotating extractor,

30 RPM

None None

Contact time (hrs) 48 24 48 24

Flow rate 0.14 ml/min

(upward)

1.0 ml/min

(upward)

Methods of Leachate Analysis

Environmental Protection Agency analytical

methods [13] were used to determine leachate pH,

conductivity, and alkalinity within 24 hours of

leachate generation. Leachate concentrations of

antimony, barium, beryllium, boron, chromium,

cobalt, copper, iron, lithium, manganese,

molybdenum, nickel, silver, vanadium, and zinc were

determined by ICP. Flame atomic absorption was used

to determine arsenic and cadmium levels and furnace

atomic absorption was used to analyze the leachates

for their concentrations of lead and selenium.

Quality Assurance

All leaching methods were performed in

duplicate on one shale sample (LVR 27). In

addition, ASTM and EP batch tests were performed in

duplicate for each shale. Results and conclusions

are based on averages of the duplicate values for

those leachates. To check instrument precision, one

sample in five was split and analyzed blindly.

RESULTS AND DISCUSSION

Leachate Characteristics

The pH, conductivity, and alkalinity differ

markedly between those oil shale leachates extracted

with distilled water and those extracted by acetic

acid solution. pH values of the leachates generated

by ASTM, CI, and C2 methods were all similar

(approximately 11), whereas EP extracts had lower pH

values ranging from 7 to 9 (Table 2). A linear

relationship was found to exist between conductivity

and alkalinity for the ASTM and column leachates

(Figure 1), indicating a single major ionic species

contributing to both. These leachates required very

small amounts of sulfuric acid to reach the 4.5

endpoint of the alkalinity test (Table 3), indica-
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Table 2. Leachate pH Values

SHALE

LVR 24

LVR 27

LVR 28

LVR 29

*
at

25

LEACHING pH*

METHOD

CI 11.4

C? 11.1

ASTM 11.4

EP 8.7

CI 11.5

C2 11.8

ASTM 12.1

EP 8.7

CI 11.0

C2 11.3

ASTM 11.4

EP 9.1

CI 11.3

C2 11.2

ASTM 11.3

EP 7.2

ting that bicarbonate and carbonate were of minor

ionic importance in the leachate solutions [14] . The

high pH values of the ASTM, CI, and C2 leachates

further suggest that the hydroxyl ion was the major

source of alkalinity and conductivity. The EP

leachates did not show a linear relationship between

conductivity
and alkalinity (Figure 1). These

leachates required little or no addition of sulfuric

acid to reach the 8.2 endpoint of the alkalinity

test because of the initial acidity of the

Table 3. Millimoles of Acid Required to Reach

Alkalinity Test Endpoints, pH 8.2 and 4.5

0.0245 N H2S0U

SHALE LEACHING MILLIMOLES MILLIMOLES

METHOD to pH 8.2 to pH 4.5

LVR 24 CI 0.212 0.017

C2 0.047 0.01

ASTM 0.134 0.015

EP 0.001 0.661

LVR 27 CI 0.284 0.012

C2 0.1? 0.01

ASTM 0.380 0.01

EP 0.0 0.525

LVR 28 CI 0.316 0.017

C2 0.167 0.01

ASTM 0.469 0.023

EP 0.0 0.542

LVR 29 CI 0.234 0.01

C2 0.11 0.01

ASTM 0.319 0.01

EP 0.0 0.567

extraction media (Table 2). However, relatively

large amounts of acid were required to reach the 4.5

endpoint. This suggests that the acetate ions

present in the leachates reacted with the sulfuric

acid (HAC ~ AC"+
H+

;
- log Ka (25C) 4.7) [15],

adding to the total alkalinity.

Trace Metal Extractability

Metals in the mineral phases of oil shale may

be 1) insoluble in the leaching medium, 2) solubil-

ized and in solution, 3) solubilized and then
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precipitated out of solution as a hydroxide or

oxide, or 4) solubilized and absorbed onto the

surface of an insoluble species and precipitated.

The extractability of a metal from oil shale depends

largely upon its mineralogical residence in the

shale, the effects of processing on those mineral

phases, the concentration of the metal present in

the shale, and the pH of the leaching medium.

Several metals (arsenic, beryllium, cadmium,

chromium, cobalt, copper, nickel, selenium, and

silver) were present in low concentrations in the

shales used in this study. As a result, their

leachate concentrations were also very low or below

instrumental detection limits (Table 4). These

metals would also most likely be precipitated from

the alkaline leachates as hydroxides or carbonates

(Table 5).

In Figures 2-12, the leaching
methods'

effectiveness in extracting trace metals can be

quantitatively compared. Data on arsenic,

beryllium, cadmium, cobalt, copper, lead,

selenium, and silver are not included because the

concentrations of these trace metals were below

instrumental detection limits in all leachates

(Table 6).

In two cases the shales contained a significant

amount of a trace metal but the leachates did not.

The LVR shales contained an average of 400yg of lead

per gram of shale, but the lead concentrations in

the leachates were below detection limit. Low

levels of lead in the leachates would be expected

because of the low solubility product constants for

lead hydroxide and lead carbonate (Table 5). The

processed shales also contained significant amounts

of iron (approximately 17,000ug/g); however, only

very low concentrations were detected in the EP

leachates (Figure 9). The solubility product

constants for iron hydroxides and iron carbonate

Element

Table 4. Elemental Concentrations in the Processed

Oil Shales and Oil Shale Leachates (ug/g)

LVR 24 LVR 27 LVR 28 LVR 29

(
Shale / Leachate Shale / Leachate Shale / Leachate Shale / Leachate

Ag x < 50 /
*

X
= 158 /

*
X < 50 /

*
X < 50 /

*

As X < 50 /
*

X = 195 /
*

X < 50 /
*

X < 50 /
*

Be X < 50 /
*

X < 50 /
*

X < 50 /
*

X < 50 /
*

Cd X < 50 /
*

X < 50 /
*

X < 50 /
*

X < 50 /
*

Co X < 50 /
*

X = 112 /
*

X < 50 /
*

X < 50 /
*

Cr X < 50 / 0.06-1.36 X = 99 / 0.98 (EP) X < 50 / 1.,24 (EP) X < 50 / 1.21 (EP)

Cu X = 91 /
*

X = 60 /
*

X = 60 /
*

X = 58 /
*

Ni X < 50 / 2.27 (EP) X = 54 / 1.46 (EP) X < 50 / 2,,18 (EP) X < 50 / 2.29 (EP)

Se X
= 313 /

i *
X < 50 / *

X = 421 /
*

X < 50 /
*

* Concentration below instrumental detection limit (Table 6) in ASTM, EP, CI, and C2 leachates.

(EP): detected in EP leachates only
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Table 5. Hydroxide and Carbonate Solubility

Product Constants, K [16,17]

Table 6. Instrumental Detection Limits

ICP Metal Oetection Limits

Compound

AgOH

Ag2C03

Be(0H)2

Cd(0H)2

CdC03

Co(0H)2

Co(0H)3

C0CO3

Cr(0H)3

Cu(0H)2

CuC03

Fe(0H)2

Fe(0H)3

FeC03

Ni(0H)2

NiC03

Pb(0H)2

PbC03

.^sp

2 x 10"8

8.2 x 10-12

1 x 10-!8

1.2 x 10-lt

2.5 x 10"ll

2 x 10-16

2.5 x 10"3

1.0 x 10-12

6.7 x 10-31

5.6 x 10-20

1.37 x 10"10

1.6 x IO"!**

1.36 x 10"7

2.8 x 10~16

1.5 x 10-13

(Table 5) indicate there would be limited iron

solubility at the leachate pH values.

The effect of pH on solubility is further

illustrated by the concentrations of manganese in

the leachates. In oil shale of the Green River

Ag

B

Ba

Be

Co

Cr

Cu

Fe

Li

Mn

Mo

Ni

Sb

V

Zn

0.02 ppm

0.02 ppm

0.02 ppm

0.02 ppm

0.02 ppm

0.02 ppm

0.02 ppm

0.02 ppm

0.02 ppm

0.01 ppm

0.02 ppm

0.02 ppm

0.2 ppm

0.02 ppm

0.02 ppm

AA Metal Detection Limits

7.9 x 10"15 As 0.01 ppm

1.1 X 10"36 Cd 0.003 ppm

2.11 x lO'ii Pb 0.01 ppm

Se 0.01 ppm

Formation, manganese has been associated with

carbonate phases (ferroan dolomite, siderite, and

magnesium-siderite) [18]. The major .carbonate

constituents of oil shale begin to decompose in the

range of 570-650C [19J. The maximum average bed

temperatures were at or below 580C when the shales

used in this study were retorted. Thus, it is

assumed that little carbonate decomposition occurred

during retorting and manganese in the retorted

shales remained associated with the carbonate

237



Phases. Manganese carbonate dissolves at a pH less

an 8.5 [20]. As a result, manganese was leachable

only in the acidic EP media (Figure 6).

The dependence of manganese solubility on pH is

further emphasized by the difference between the

manganese concentration in the LVR 29 leachate

(PH ~7) compared with the concentrations in the

other leachates (pH ~9). While the LVR 29 shale

contained slightly less manganese than the other

three shales, the LVR 29 leachate contained more

than 10 times as much manganese as the EP leachates

of the other oil shales. The very low

concentrations of manganese in the LVR 24, 27, and

28 EP leachates (approximately lyg/g) could be

attributed to their pH values being near the

borderline of Mn
2

solubility. Once
Mn+2

is

released into the aqueous solution it may be

hydrolyzed to manganese hydroxide, which

precipitates out of solution at a pH of about eight

[21]. In addition, the lower pH of the LVR 29

+ 2

leachate would reduce Mn adsorption and subsequent

coprecipitation that might occur. Hydrogen ions can

modify or compete for active sites on a sorbing

material and reduce metal binding [22]. The

sorption of Mn on precipitated manganese oxide

has been shown to decrease with pH because of

changes in the sorption sites [23].

Comparison of Leaching Methods

The EP extraction procedure was the most

powerful based on the number of micrograms of

antimony, barium, boron, chromium, iron, lithium,

manganese, molybdenum, nickel, vanadium, and zinc

extracted per gram of shale by each of the leaching

procedures
studied (Figures 2-12). In an earlier

tudy the EP procedure was also the more powerful

leaching method,
compared with the ASTM method, when

the more
aggressive

end-over-end rotating extractors

used for agitation in both tests [24]. Based

on the results of the earlier study and of this

study, the general capability of the EP procedure to

extract greater concentrations of trace metals than

the other methods studied can be attributed to the

acidic leaching medium rather than the method of

agitation.

No comparisons of the ASTM, CI, and C2 methods

could be made because many concentrations in their

leachates were below instrumental detection limits.

Hazard Evaluation

Trace metal concentrations generated by the EP

extraction procedure generally exceeded maximum

limits and recommended maximum limits of EPA water

quality criteria for domestic drinking water,

irrigation water, and livestock drinking water [5,

6], However, none of the concentrations of the

seven metals (arsenic, barium, cadmium, chromium,

lead, selenium, and silver) selected from those

listed in the Resource Conservation and Recovery Act

(RCRA) [11] exceeded the RCRA limits that define a

hazardous waste. On that basis, the low-void

retorted oil shales would not be classified as

hazardous.

CONCLUSIONS

The EPA extraction procedure was the most

aggressive of those tested in this study. This is

attributable to the presence of acetic acid in the

extraction media because mineral and elemental

solubility are dependent upon solution pH. Based on

the trace metal concentrations generated by the EPA

method, the LVR shales would not be classified as

hazardous.
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Development of oil shale production processes has

led to a variety of retort designs. Figure 1 shows the

total facility emissions as reported in the PSD permit

applications for seven potential shale oil recovery

plants. The actual facility emissions based on the

reported processes, in some cases, would be signifi

cantly higher if assumptions made by the developers

regarding low levels of organic sulfur and nitrogen

species in retort gases prove incorrect. The degree of

variation in total facility emissions is considerable

with complicating tradeoffs. For example, the Clear

Creek facility with a Chevron solids recycle retort has

very high NO and CO emissions. Conversely, the Union

facility with a gas recycle retort has much lower CO

and NO emissions but higher SO emissions.

The purpose of this analysis was to evaluate these

various processing schemes and determine the effect of

improved air pollution controls. The information pre

sented below will show that, with the proper selection

of air pollution control techniques, the air eaissions

for each of these processes can be held to essentially

equivalent values.

In developing the analysis for this process compar

ison, the EPA's Pollution Control Technical Manuals

(PCTMs) for various shale oil processes (References 1,

2, 3) and various PSD Permit Applications (References

4, 5, 6, 7, 8, 9, 10) were used. The PCTMs present a

comprehensive analysis of the heat and material flows

in a complete oil shale recovery process. The PSD

applications provide controlled air emissions for the

specific process considered by the developer. Thus,

the comparison presented in this paper is based on the

actual design conditions expected in a full-scale

operation.

SHALE OIL RECOVERY PLANT

A shale oil recovery plant is quite complex involv

ing many varied operations. The unit operations

required to recover the oil from the shale include:

-

mining

- below-ground

-

above-ground

-

retorting

-

product recovery

- removal of nitrogen (ammonia and organic

nitrogen gases) from the retort gas

-

removal of sulfur (hydrogen sulfide and

organic sulfur gases) from the retort gas

-

gas utilization (retort gas combustion)

-

end of pipe controls

-

upgrading

-

spent shale disposal

Within each of these unit operations there can be a

number of process alternatives. The shale can be mined

in an open pit mine or a room and pillar mine, or the
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oil can be recovered without mining with an in-situ

process. The retort heat can be provided by combustion

of the spent char within the retort or with a recycled

stream which can be either gas or solid. Each of these

variations can affect the emission rates. Conse

quently, consideration of all the potential processing

schemes can be quite complicated.

Figure 2 presents some possible processing combina

tions considered as viable alternatives for full scale

processing. The specific process combinations used for

this analysis are presented in Table 1.

Table 1. FIVE PROCESSES FOR ANALYSIS

Case No. Mining Retort

(a)1 Open pit direct combustion heat

(e.g., Paraho)

2 Room & pillar direct combustion heat -

circular grate

(e.g., Superior, Dravo,

Allis Chalmers)

3 Room & pillar indirect
combustion^ '

gas

recycle (e.g., Union)

4 Room & pillar indirect combustion solids

recycle

(e.g., Lurgi, Chevron)

5 Modified in-situ in-situ and indirect heat

gas recycle above ground

'a' Direct combustion heat - the heat for retorting is

provided by combustion of the spent char within the

retort.

'b' Indirect combustion heat - the heat for retorting

is provided by combustion of retort gas or spent

shale outside of the retort.

In this paper the methodology used to evaluate the

various processes will be presented first. Then an

evaluation of the sulfur and nitrogen gases produced by

the retort for the various processes will be presented

along with a discussion of the effect on the acid gas

removal processes and net facility emissions. Emis

sions from other facets of the shale oil recovery oper

ation (e.g., mining, solids handling, spent shale dis

posal) will
then be presented. This is followed by an

analysis of the emissions for five typical processes

being considered for full scale development.

For each analysis, a base case scenario representa

tive of the process
configuration proposed by the

developers is presented, and the criteria pollutant

emissions are determined. Then two alternative pro

cessing
schemes to reduce these emissions to their

lowest levels are considered.

METHODOLOGY

For this analysis,
the oil recovery facility was

divided into three basic categories: mining, retort,

grade. The emissions associated with mining and

solids handling (primarily particulates, carbon monox

ide, and
nitrogen oxides) are similar to other mining

?= The data provided in the PSD permit
appll-

operations.
i'

cations
were used to develop emission rates for each

type of unit operations (e.g., blasting, drilling,

vehicles, conveying, crushing). The emissions associ

ated with the upgrading process (hydrocarbons from

storage and fugitive sources), other than those from

the combustion of the retort gas, are similar to other

oil refining operations and, again, the PSD permit

applications were used to develop estimated emission

levels.

The combustion of the retort gas can be the princi

pal source of emissions from the facility and the

source most affected by the particular retort process

and gas cleanup scheme used.

The primary concern of this analysis is emissions

of nitrogen and sulfur oxides and particulates. Emis

sions of carbon monoxide and hydrocarbons are generally

consistent for all processes, with a few exceptions.

The combustion of the spent shale can produce very high

carbon monoxide emissions, and this will be discussed

below for that particular process. High hydrocarbon

emission rates can result from certain types of retort

processes (e.g.
,
Tosco II) that involve direct contact

heating of raw shale or a heat carrier with flue gas.

However, this process was not included in this

analysis.

To evaluate the many process variations and develop

the data necessary to estimate emission levels it was

first necessary to determine what process combinations

are feasible. The alternatives considered are shown in

Figure 1.

The basic design parameters that affect the pollu

tant emissions for each process were defined. These

design parameters are shown in Table 2.

Table 2. DESIGN PARAMETERS USED IN ANALYSIS

Unit Operation

Mining

Design Parameter

Type of Mining
open pit

room and pillar

in-situ
3 3

Retort . Retort Gas Produced, m /m of oil

. Heating Value of Retort Gas, kj/m

. Partitioning of sulfur and nitrogen

Product recv'ry
None- The product recovery process

has no significant effect on emiss.

NHo removal . NH, exit concentration, ppm

. Organic nitrogen content of retort

gas, %

H^S removal . ^S exit concentration, ppm

. Organic sulfur content of retort

gas, %

. Organic sulfur gas removal effic, %

Gas utilization . Boiler-dilution ratio (dry gas/fuel)

. Spent shale combustion exit concen

trations for N0X, S0X & CO, ppm

End-of-pipe controls

Particulate - Baghouse -

exit loading, g/m

. Sulfur - FGD -

exit S0X, ppm

. Nitrogen

Ammonia injection -

exit NO ,
ppm

Staged combus. -

exit NO & CO, ppm

For each of the unit operations, the design parame

ters were applied as indicated by either the retort
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process
conditions, performance of the pollution con

trol
equipment, or the reported emissions from the PSD

applications. The following discussion presents the

rationale for choosing the specific design parameters

used in the analysis.

MINING, SOLIDS HANDLING, AND UPGRADING EMISSIONS

The data provided in the PSD permit applications

were evaluated to determine typical emission rates for

the various unit operations. Figures 3 through 7 show

the emission rates from individual sources for the cri

teria pollutants. For this analysis, all emissions

associated with combustion of the retort gas (i.e.,

upgrade heater, retort heater) are considered as part

of the emissions from the retort operation.

The carbon monoxide emission sources (Figure 3) are

blasting, below ground vehicles, above ground vehicles,

and the combustion of the retort gas in the retort and

upgrading process. The hydrocarbon emission sources

(Figure 4) are primarily mining vehicles, storage, and

fugitive emissions in the upgrading and retort gas com

bustion. Nitrogen oxide emission sources (Figure 5)

are primarily from retort gas combustion and mining

vehicles. The only significant sulfur oxide emissions

source (Figure 6) is the combustion of the retort gas,

with mining and upgrading adding a relatively small

amount .

The particulate emission sources (Figure 7) are

those associated with below ground mining (drilling,

blasting, conveying, crushing, engines), above ground

mining (surface soils removal, second and third degree

crushing, conveying, storage, and spent shale dispos

al), retort gas combustion (steam generator, retort

heater, and upgrade heaters), above ground vehicles,

and fugitive emissions from truck traffic.

The values from the PSD permit applications pre

sented for mining and upgrading emissions were used in

the overall facility emission estimates presented

below. The emissions from retort gas combustion were

calculated as described below.

The choice of mining technique determines the emis

sion rates. The values used were developed from the

PSD analysis for room and pillar raining aud from the

literature for open pit mining (Reference 1). The

emission rates used are shown in Table 3.

Table 3. EMISSION RATES FOR MINING

(Above- and Below-Ground)

Type of Mining
Emissions ,

kg/1000
m^

of Oil

CO HC N0 S0 PM

Open pit

Room & pillar

Room & pillar
with

catalytic
converters

on
engines

370 50 470 40

150 20 350 20

410

180

RETORT GAS

The emissions from the combustion of the retort gas

are determined by:

volume and heating value of the retort gas

presence of sulfur in the gas

presence of nitrogen as ammonia or organic

nitrogen compounds

The retort gas flow rates for three types of

retorts are shown in Table 4.

Table 4. RETORT GAS PRODUCTION RATES

Type

Retort

Gas Produced
m3/m3

of Oil

Heating Value

g-cal/L

In-situ 7000

Direct combustion 1800

Indirect combustion 180

9000

9000

90,000

15 2 350 20 180

The in-situ process produces the highest retort gas

flow rate due to the combined effect of the higher

retort temperatures converting more of the kerogen to

gas and the higher dilution gas flow required to pro

vide adequate oxygen to burn the shale. The direct

combustion retort has similar conditions (i.e., high

temperatures and requirement for adequate oxygen for

combustion) but to a lesser degree than the in-situ

retort and, consequently, has lower retort gas flow

rates. The indirect combustion process has the lowest

retort gas flow rate due to the lower retort tempera

tures and low gas flow rate with no dilution required

to provide oxygen.

The heating value of the retort gas is determined

by the amount of dilution gas. In-situ and direct com

bustion retorts produce low heating value gas at

9000 g-cal/L (100 Btu/scf) and the indirect combustion

retort produces high heating value gas at 90000 g-cal/L

(1000 Btu/scf).

The retort gas flow and heating value determine the

net exhaust gas flow after combustion. As the perform

ance of the air pollution controls is often determined

by an exit concentration (ppm or g/m ), high gas flow

rates result in higher pollutant emissions.

Sulfur Gases

During the retorting, the sulfur in the raw shale

is partitioned to the spent shale (60 percent), oil

(10 percent), and retort gas (30 percent). The signif

icant variations in raw shale sulfur content, percent

age of sulfur partitioned to the gas phase, and chemi

cal structure of these sulfur gases result in the

sulfur gas cleanup strategy being quite difficult.

The sulfur emission problem can be solved either by

removing the sulfur prior to combustion or by adding a

flue gas desulfurization process after combustion. As

the combustion process dilutes the pollutant concentra-
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Figure 3.
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Figure 5.
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tions and increases the gas flow rate, the economically

preferred technique usually is sulfur removal prior to

combustion.

The form of the sulfur in the gas is extremely

important when
considering sulfur removal processes.

Sulfur
recovery processes that have been considered for

cleaning the retort gas prior to combustion are not

effective in removing organic sulfur compounds which

can amount to as much as 10-16 percent of the total

sulfur in the retort gas. Consequently, the effective

ness of these cleanup processes depends on the relative

amounts of organic sulfur to H2S. Even high efficien

cies of H2S removal (99 percent) are not sufficient to

reduce the sulfur emissions below the 850 kg/1000
m3

of

oil (0.3 lb/bbl) regulatory level for Colorado if there

are significant amounts of organic sulfur gases.

To avoid the costly alternative of adding an
end-

of-pipe flue gas desulfurization, two alternatives can

be considered. The first, the activated carbon-

hypochlorite H2S removal process, is an improvement on

the H2S scrubbing process which also removes organic

sulfur species (Reference 11). Therefore, this process

is effective for removing sulfur gases prior to combus

tion, eliminating the need for more expensive post com

bustion control. The activated carbon-hypochlorite

process reports removal of 99+ percent of the H2S and

90-98+ percent of the organic sulfur gases. This

results in a net sulfur removal efficiency of 99 per-

cent and sulfur emissions (S0X) of 500 kg/1000 m oil

(0.17 lb/bbl) even when the organic sulfur gases are

15 percent of the total sulfur.

The second alternative to the use of
post-

combustion SO control is the indirect combustion-

solids recycle retort process which limits sulfur gas

emissions by the chemistry of the retort and combustion

process. The sulfur contained in the retort gases from

the recycle solids process can be as low as 1 percent

of the total sulfur content in the feed with proper

design of the retort. [The remaining sulfur is parti

tioned to the oil (10 percent) and the spent shale

(89 percent)]. Therefore, the amount of organic sulfur

is minimal, and the H2S removal processes alone are

sufficient to reduce the sulfur emissions below the

regulatory
limit.

The design conditions used for the H2S removal pro

cess determine the residual H2S and organic sulfur in

the retort gas that eventually are emitted as sulfur

oxides. The processes considered are:

1. Direct or
indirect conversion of the sulfur

(e.g., Stretford, Lo-Cat, Unisulf, alkaline, or

amine scrubbing)

H S exit concentration
= 50 ppm

organic sulfur assumed at 5 percent

of total
sulfur in retort gas

- no removal

2. activated carbon-hypochlorite process

H2S exit concentration 10 ppm

organic sulfur
- 90 percent removal

Two process operations result in the direct emis

sion of sulfur oxides from the retort: the circular

grate direct heated retort and the fluidized bed com

bustion of the spent shale. The design conditions for

these two processes were taken from the literature

(References 8 and 9).

Circular Grate Retort -

S0X
= 175 ppm in retort gas

Fluidized Bed Spent Shale Combustor in Retort Gas -

S0X
= 20 ppm

Nitrogen Gases

The removal of nitrogen gases is also difficult to

predict due to the degree of variability of nitrogen

content in shale, partitioning between gas, oil, and

spent shale, and chemical form of the gaseous nitrogen

species.

Using the data reported in the PSD permit applica

tions and the Pollution Control Technical Manuals, the

partitioning of the nitrogen was estimated as shown in

Table 5.

Table 5. PARTITIONING OF NITROGEN IN RETORT

Process % of Raw Shale Nitrogen in Product

Spent Shale Oil Retort Gas

In-situ (MIS) 21 25 54

Solids Recycle (Lurgi) 5

(Chevron)

55
10(a)

Direct Combus'n (Paraho) 33 37 30

(a)v '

Remaining nitrogen content in the spent shale after

retorting is burned In the lift pipe or fluidized

combustor and exits with the flue gas.

The nitrogen content of the retort off-gas consists

primarily of ammonia with smaller amounts of other

nitrogen compounds. In a semi-quantitative investiga

tion of nitrogen-containing species from an in-situ and

above-ground retort process, hydrogen cyanide, various

nitriles, pyrrole, pyridine, methyl and diethyl ani

line, and other nitrogen gas species were identified

(Reference 12). The organic nitrogen content of the

retort gas was found to be as much as 1-2 percent of

the ammonia content.

The presence of organic nitrogen species presents

the same problem for limiting fuel-related NO emis

sions as that described above for the SO emissions;

namely that the removal processes generally considered

are not effective in reducing the organic nitrogen con

tent of the retort gas.

The primary nitrogen removal technique considered

is removal of ammonia from the retort gas by a water-

wash absorption tower followed by an ammonia recovery

stripper. The outlet ammonia concentration is deter-
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mined by the effectiveness of the ammonia absorber. At

atmospheric pressure the equilibrium exit partial pres

sure for ammonia at 50C is 0.5 mm Hg.

The nitrogen content of the treated retort gas, and

the subsequent NO emissions from combustion of the

retort gas, is determined by:

the exit gas ammonia concentration (660 ppm NHo)

the amount of retort gas produced by the retort

(Table 4)

. the amount of nitrogen partitioned to the retort

gas (Table 5)

the percentage of nitrogen present as organic

nitrogen compounds (2 percent)

The design conditions used to determine the NO

emissions from burning the retort gas are:

water wash
- NHo in exit gas based on

NHo partial pressure =0.5 mmHg

organic nitrogen based on 2% of

nitrogen in retort gas and no

removal with water wash

- thermal N0X from retort gas rate,

heating value and 0.2
lb/106

Btu

. acid wash
-

same as water wash except NH->

assumed = 10 ppm

The processes that utilize the combustion of
high-

nitrogen
content spent shale for energy recovery can

produce high NO emissions if proper staging of the

combustion is not used. For PSD permit applications,

NO emissions were based on a high estimate of 15 per

cent for the conversion of the nitrogen in the spent

shale to NO in the combustor. This level of conver

sion was also found by Lawrence Livermore Laboratory

investigators who did not attempt to stage the combus

tion (Reference 12).

The principle of NO reduction in a staged combustor

can be applied to reduce these high NO emissions to

approximately 3 percent nitrogen conversion to NO .

RETORT GAS COMBUSTION AND END-OF-PIPE

The end-of-pipe controls are those either added

after combustion of the retort gas to remove particu

late, NO
,
and SO ,

or incorporated as part of the com

bustion process as in staged combustion for NO

control.

Particulate

For particulate control, two alternatives were con

sidered. The first is the base case using a standard

baghouse. The second control technique is the combined

dry venturi-baghouse (Reference 13).

The dry venturi-baghouse combination provides for

particulate control that is somewhat independent of

type of particulate. The applicants for PSD permits

all considered a minimum particulate exit loading of

0.07 g/m (0.03 gr/scf) which was based on standard

technology within the limits of the unknowns associated

with oil shale particulate. By capturing the small

particles on larger target particles of specified phys

ical properties, the dry venturi eliminates the major

uncertainties in designing baghouses with respect to

particulate type and size.

Two design conditions based on the face velocity in

the baghouse of 0.5 and 1.5 m/sec were used (Refer

ence 14):

particulate loading face velocity

g/m3

m/sec

0.02 0.5

0.001 1.5

Sulfur Oxides

If the H2S (and organic sulfur) removal is not suf

ficient to reduce the sulfur emissions to an acceptable

level, a post-combustion flue gas desulfurization sys

tem must be added. This could be either a wet or dry

scrubber.

Another sulfur control technique is the use of a

spent shale combustor. The combustion of the spent

shale has two important advantages: 1) recovery of the

energy value of the char, and 2) reduction of the

sulfur oxide emissions due to the scrubbing nature of

the spent shale. However, spent shale combustion also

has two distinct disadvantages: 1) high emissions of

NO from the nitrogen in the spent shale, and 2) high

emissions of CO due to incomplete combustion. These

emissions (NO and CO) are discussed in the following

section.

The design conditions for SO emissions used in the

analysis are:

Flue Gas Desulfurization - 50 ppm SO exit con

centration

. Combustion of spent shale with retort gas

- 10 ppm S0X
- 300 ppm N0X
- 1000 ppm CO

Nitrogen Oxides

Two controls were considered for reducing
post-

combustion NO emissions. The first is ammonia injec

tion; this technique has been applied successfully in

utility boilers and could be used when the retort gas

is burned in a conventional boiler for steam and elec

trical generation.

The second NO control considered is staged combus

tion which has particular advantages for spent shale

combustion due to its ability to adequately control

fuel related N0X. The staged combustion could be

applied to either the conventional boiler or the spent

shale combustor.

Selective catalytic reduction (SCR) was not consid

ered due to its potential for poisoning the catalyst.
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The retort gas particulate contains a wide variety of

heavy metals which have a deleterious effect on cata

lyst life. in
addition, there are still a number of

unknown factors which can affect the long term catalyst

performance that have not been completely identified.

or
example, it had been assumed that the mercury asso

ciated with the retort gas was in the form of elemental

mercury and would be substantially removed prior to

combustion during the standard gas cleaning (ammonia

and hydrogen sulfide removal) processes. However, it

has been shown that the mercury is present primarily as

methyl mercury which is volatile and is present in the

retort gas during combustion (Reference 15). Conse

quently, any post-combustion control processes must be

capable of handling these emissions of elemental and

oxides of mercury. This is only one instance where

unknown factors could have a negative effect on cata

lyst performance. Consequently, due to the inherently

variable nature of the retort gas from an oil shale

retort and the known presence of many catalyst poisons,

the use of SCR was not considered.

There is a tradeoff between the N0X and CO emis

sions in the spent shale combustor. As indicated

above, the N0X and CO emissions are quite high (300 and

1000 ppm, respectively). Higher combustor temperatures

increase the N0X emissions but decrease the CO emis

sions. In the range of 600-800C the NO emissions can

range from 250 to over 600 ppm, while the CO emissions

can vary from 200 to over 1000 ppm at the lower temper

atures with low excess oxygen.

In addition, the staged combustion technique of

controlling fuel related NO depends on low excess

oxygen (perhaps sub-stoichioraetric combustion) which

would further increase the CO emissions.

The fluidized bed combustor has limitations in pro

cess control which result in its inability to provide

conditions that result in adequate staging for N0X con

trol. However, a cascading bed combustor may be

designed as a staged device (Reference 12). Conse

quently,
combustion conditions can be controlled at

each stage of the process, alternating between fuel

rich and fuel lean zones to reduce the NO formed to N2

and complete the combustion of the CO formed to C02.

There are as yet no specific test results of the

staged combustion with spent shale. However, the reac

tion kinetics of the reduction of NO to N2 with spent

shale have been investigated (Reference 12), and the

engineering
design of the cascading bed combustor is

ideal for a staged system with easy means for control

ling the process conditions.

The design conditions for post-combustion N0X con

trol are:

NH injection
- 20 ppm N0X exit concentration

Cascading bed combustor
- 50 ppm N0X
- 50 ppm CO

EMISSIONS FROM RETORT GAS COMBUSTION

The results for the emissions from the retort gas

combustion from the analysis for all five cases are

shown for particulates, sulfur oxides, and nitrogen

oxides in Tables 6, 7, and 8, respectively. The total

facility emissions for each of the five cases are shown

in Tables 9 through 13. The emissions from combustion

of the retort gas for particulates, nitrogen oxides,

and sulfur oxides, are also shown in Figures 8, 9, and

10, respectively.

These figures indicate that there is wide variation

In emission levels for the five processes based on the

present day technology (Base Case conditions). For

particulates, the emission levels vary from 200 to

800 kg/1000
m3

of oil; for nitrogen oxides the emission

levels vary from 1000 to 8000 kg/1000
m3

of oil; for

sulfur oxides the emission levels vary from 350 to

3000 kg/1000
m3

of oil.

The first alternative considered was the use of the

activated carbon enhanced H2S removal process, an acid

wash for improved ammonia removal, and the addition of

a dry venturi-baghouse for post-combustion particulate

control. Referring to Figures 8, 9, and 10, the emis

sion levels for alternate No. 1 show considerably less

variation, particularly for sulfur oxides (range from

100 to 250 kg/1000
m3

of oil) and particulates (range

from 50 to 200 kg/1000
m3

of oil). The variation of

nitrogen oxide emissions is still considerable, ranging

from 1000 to 4000 kg/1000
m3

of oil. Essentially, the

acid wash removes only the residual ammonia (without

affecting the organic nitrogen content) and has no

effect on the thermal N0X; therefore, there is rela

tively little improvement in the NO emission rate.

The second alternative considered was the use of

ammonia injection for NO control from boiler and/or

furnace combustion, the use of staged combustion for

control of NO emissions from the spent shale combus

tor, and the dry venturi-baghouse with an increased

space velocity which improves collection performance at

the expense of increased pressure drop. Again, refer

ring to Figures 8, 9, and 10, it is apparent that the

addition of these controls essentially levels the per

formance of all five processes.

Figures 11, 12, and 13 show the particulate, nitro

gen oxide, and sulfur oxide emission levels for alter

nate No. 2 conditions along with the total facility

emissions. The particulate emissions, Figure 11, still

show variation from 4 to 12 kg/1000
m3

of oil. How

ever, the absolute value is considerably less than par

ticulate emissions from the mining and solids handling

operations, and the total facility is essentially

equivalent for all five cases, ranging from 180 to

200 kg/1000
m3

of oil.

The nitrogen oxide emissions (Figure 12) range from

75 to 500 kg/1000
m3

of oil. While this is still a
sig-
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Table 13. TOTAL FACILITY EMISSION

Case 5 - Modified In-situ

Indirect Combustion Above-Ground

Emissions, kg/1000 nr of Oil

CO HC NO. SO. PM

Room & pillar 150 20 345 20 181

Retort gas in-situ 72 35 7342 2033 739

Above ground 53 369 968 74

Upgrade 25 150

Total 300 205 8056 3020 994

Alternate 1 N0X
-

NH3
S0X

- H2S

PM -

dry

removal
-

water & acid wasih

removal-activated carbon

venturi/baghouse

HC & CO -

vehicles

catalytic converter

CO

Room & pillar 15

Retort gas in-situ 72

Above ground 53

Upgrade 2

Total 142

Reduction 158

% Reduction 52

HC NO. SO.

2 345 20

35 2375 191

0 302 50

60

97 3022 261

108 5034 2760

53 62 91

PM

181

211

21

413

581

58

Alternate 2 N0X
-

ammonia injection

PM -

dry venturi/baghouse

CO HC NO. SO. PM

Room & pillar

Retort gas in-situ

Above ground

Upgrade

Total

15

72

53

2

142

2

35

0

60

97

345

254

25

624

20

191

50

261

181

11

1

193

Reduction 0 0 2398 0 221

% Reduction 0 0 79 0 53
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Figure 8.

PARTICULATE EMISSIONS FROM

RETORT GAS COMBUSTION FOR FIVE CASES
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Figure 9.

NITROGEN OXIDES EMISSIONS

SUMMARY FOR FIVE CASES
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Figure 11

PARTICULATE EMISSIONS FOR FIVE CASES
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Figure 12.

NITROGEN OXIDES

EMISSIONS FOR FIVE CASES
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nificant variation, again the absolute magnitude of the

values is such that the net variation in the total N0X
emissions for the five facilities is less than a factor

of 2, ranging from 400 to 800 kg/1000
m3

of oil.

The sulfur oxide emissions (Figure 13) range from

100 to 250 kg/ 1000
m3

of oil and are essentially the

same for the total facility as there are no other sig

nificant sources of sulfur emissions.

The basic conclusion derived from the above anal

ysis is that, although the air emission levels for the

different retort processes with controls considered to

be Best Available Control Technology (BACT) can vary

considerably, sometimes by as much as two orders of

magnitude, the application of control techniques that

are either improvements over existing technology or

more suitable for a specific application, results in

similar emission levels for all five processes consid

ered. This statement does need to be qualified by the

fact that some of the control techniques considered

have not been applied specifically to the oil shale

recovery process, and therefore cannot be considered as

BACT. However, these techniques have been proven at

the full scale level in various other difficult control

applications.
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