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FLUE GAS CLEANUP

1.0 INTRODUCTION

The objective of the Department of Energy’s (DOE) Flue Gas Cleanup
Program, under the direction of the Pittsburgh Energy Technology Center
(PETC), is to promote the widespread use of coal by providing the technology
necessary for utilization of coal in an environmentally and economically
acceptable manner. The program addresses the reduction of acid rain precursor
emissions as well as developing technologies with the potential to meet more
stringent emissions control requirements for SO,, NO,, and particulate matter.
Activities within the Energy and Environmental Research Center’s (EERC)
Cooperative Agreement Flue Gas Cleanup project have addressed control of all
three of these pollutants over the last six years.

Initially, the Cooperative Agreement included separate projects in fine
particulate emissions and simultaneous SO,/NO, control. The projects were
later combined into a single project called Flue Gas Cleanup, which included
work in NO, control and fine particulate control.

From April 1983 through March 1988, the focus of the Cooperative
Agreement SO,/NO, Control project was investigation of dry sorbent injection
for SO, control and methods of enhancing SO, sorbent reactivity/utilization.
The primary emphasis was furnace injection of calcium-based sorbents with some
experiments evaluating back-end humidification (1,2). In April 1988, the
emphasis of the project was changed to advanced NO, control to evaluate the
potential of a catalytic fabric filter for simultaneous NO, and particulate
control.

In June 1989, the project name was changed to Flue Gas Cleanup, and the
scope of project activities was expanded to include tasks supporting bench-
scale work in the fine particulate control area. Work in the fine particulate
control area was included as a separate project within the Cooperative
Agreement from April 1983 through March 1988 and was also funded as a result
or a competitive DOE award during the period May 1988 through December 1989.

In March 1990, the EERC at the University of North Dakota was notified
that a proposal entitled "Catalytic Fabric Filtration for Simultaneous NO, and
Particulate Control," which was submitted to DOE/PETC, was selected for
funding. Therefore, further catalytic fabric filter development activities
were discontinued under the Cooperative Agreement Flue Gas Cleanup project in
July 1991. A task was added in the Tast year of the Cooperative Agreement to
assess the effect of coal combustion on visibility impairment in the
atmosphere. Therefore, in the Tast year of the Cooperative Agreement the Flue
Gas Cleanup project focused on the visibility study and on bench-scale efforts
to investigate the relationships between fine particle emissions from fabric
filters and the cohesive properties of fly ash.

2.0 SIMULTANEOUS SO,/NO, CONTROL
Earlier pilot and field tests demonstrated the potential to control SO,
by direct furnace injection of calcium-based sorbents (3-12). However,

development of furnace injection of pressure-hydrated lime as a viable
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technique for SO, control required evaluation of several issues, including
optimization of sorbent reactivity and investigation of the potential for
additives and sorbent recycle to increase sorbent reactivity/utilization. In
addition, the effect of furnace sorbent injection and ash/sorbent interactions
on sorbent reactivity, rate of ash deposition, deposit strength, particulate
collection device performance, and boiler operability required further study.

2.1 Goals and Objectives

The overall objective of the SO,/NO, Control project was to expand the
scientific and engineering database necessary for the development of
innovative processes for the control of SO, emissions during coal combustion.
Dry sorbent injection for SO, control and methods of enhancing SO, sorbent
reactivity/utilization were investigated. The study addressed factors
impacting both sorbent reactivity and operability of the combustion system for
new and retrofit applications. Specific factors addressed included
1) sorbent properties, 2) sorbent processing conditions, 3) impact of sorbent
injection on boiler performance, and 4) operability of the particulate control
device.

The SO, /NO, Control project was organized into the following tasks to
meet the project objectives: Task A, Sorbent Evaluation; Task B, Enhanced

Sorbent Reactivity/Utilization; Task C, Combustion System Operability; Task D,
NO — NO, Conversion; and Task E, Process Economics. Detailed summaries of

the work completed under the SO,/NO, Control project were presented in the
Final Technical Reports for the periods April 1, 1986, through March 31, 1987,
and April 1, 1987, through March 31, 1988 (1,2).

2.2 Accomplishments

2.2.1 Task A. Sorbent Evaluation

The purpose of Task A was to identify and quantify the effects of
sorbent processing on the reactivity of commercial high-calcium sorbents.
Sorbent processing includes the calcination and hydration conditions that
result in a hydrated lime (calcium hydroxide) product. The sorbent reactivity
of pressure hydrates has been shown to equal or surpass that of commercial
slaked hydrates. Although processing conditions can lead to changes in the
physical properties of a sorbent, the final criterion for determining improved
reactivity is the actual performance of a sorbent in controlling SO,
emissions.

A literature review was conducted to address sorbent characteristics
with respect to flue gas desulfurization (FGD) processes with emphasis on
furnace injection technology. The literature review showed that Timestone
properties have been extensively characterized for fluid-bed combustion
applications as well as for conventional FGD processes. Comprehensive
information on 1ime and hydrated lime was limited with respect to furnace
sorbent injection technology and FGD processes in general.

Based on the results of the literature review, four commercial
limestones and their respective calcination and atmospheric hydration products
were selected for pilot-scale furnace injection tests. The four materials
were Marblehead limestone from the Marblehead Lime Company in I1linois;
Longview limestone from the Dravo Lime Company in Alabama; Round Rock
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limestone, from the Round Rock Division of the Dravo Lime Company in Titus
County, Texas; and Mercer limestone from the Mercer Lime Company in Michigan.
Sufficient quantities of the commercial preparations of limestone, 1ime, and
atmospheric hydrate were acquired from each supplier to perform calcination,
pressure-hydration, and sorbent-reactivity tests. Pilot-scale furnace
injection tests and chemical and physical analyses were performed to establish
baseline characteristics for the commercial sorbents. The commercial
sorbents, experimental calcines, pressure-hydrated calcines, and pressure
hydrates produced from the commercial limes were evaluated in the Particulate
Test Combustor (PTC) fired on natural gas with anhydrous SO, and ammonia
injected to produce ~1000-ppm SO, and 700-ppm NO, in the flue gas. The
sorbents were pneumatically injected into the combustor at a point where the
bulk gas temperature was 1825°F. Sorbent reactivity was determined by SO,
reduction and sorbent utilization.

Experimental results from the furnace injection tests showed that the
commercial hydrate resulted in better sorbent utilization than the Timestone
or lime for all the commercial sorbent materials. At Ca/SO, molar ratios of
1.0, utilization values for the Marblehead hydrate, limestone, and 1ime were
27%, 17%, and 12%, respectively. Pressure hydrates produced using the
Marblehead lime resulted in utilization values of about 35% at a Ca/SO, molar
ratio of 1.0. Results with the Longview materials were somewhat different.
Utilization values for the commercial hydrate and pressure hydrate were
similar, 27% at a Ca/SO, molar ratio of 1.0. Limestone and lime also
exhibited similar results with utilization values of 15% observed at a Ca/SO,
molar ratio of 1.0.

At a Ca/SO, molar ratio of 1.5, utilization values for the Round Rock
hydrate, limestone, and lime were 24%, 13%, and 11%, respectively. Pressure
hydrates produced using the Round Rock Time resulted in utilization values of
approximately 24% at a Ca/SO, molar ratio of 1.5. WUtilization values for the
Mercer commercial hydrate, limestone, and lime were 28%, 15%, and 15%,
respectively, at a Ca/SO, molar ratio of about 1.5. At a comparable Ca/SO,
molar ratio, the utilization values for the pressure hydrate prepared with the
Mercer lime ranged from 30% to 35%.

Pressure-hydrated limes produced in the bench-scale pressure hydrator
using Marblehead and Mercer limes were better sorbents for SO, reduction than
the commercial Marblehead and Mercer hydrates, respectively, and far better
than the corresponding limestones or Times. Utilization values for the
Marblehead pressure hydrate, commercial hydrate, limestone, and Time were 35%,
27%, 17%, and 12%, respectively, when injected into a pilot-scale combustor at
1825°F and a Ca/S0, molar ratio of 1.0. Utilization values for the Mercer
pressure hydrate, commercial hydrate, 1imestone, and Time were 33%, 28%, 15%,
and 15%, respectively, in pilot-scale furnace injection tests at a Ca/S0,
molar ratio of 1.5.

Pressure-hydrated limes produced in a bench-scale pressure hydrator
using Longview and Round Rock Times resulted in sorbent utilization values
similar to those observed with commercial Longview and Round Rock hydrates,
respectively. However, both the commercial and pressure-hydrated 1limes were
better sorbents for SO, reduction than the corresponding Timestones or limes.
Utilization values for the Longview hydrates, limestone, and lime were 27%,
14%, and 11%, respectively, in pilot-scale furnace injection tests at a Ca/SO,
molar ratio of 1.0. Utilization values for the Round Rock hydrates,
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limestone, and lime were 24%, 13%, and 11%, respectively, when injected into a
pilot-scale combustor at 1825°F and a Ca/SO, molar ratio of 1.5.

Pressure-hydration experiments were performed to evaluate the effect of
pressure and water stoichiometry on the reactivity of Marblehead and Longview
pressure hydrates. Hydration pressures ranging from 50 psig to 180 psig and
water stoichiometries ranging from 1.0 to 1.6 were evaluated. Results from
2 x 2 factorial design experiments showed that hydration pressure and water
stoichiometry were not statistically significant with respect to sorbent
utilization for either the Marblehead or Longview pressure hydrates, as
determined by pilot-scale furnace injection tests.

Marblehead and Longview limestones were calcined at 1850°, 2000°, and
2150°F in a muffle furnace. The Round Rock and Mercer Timestones were
calcined at 1800°, 2000°, and 2150°F. The resulting calcines showed
decreasing surface area with increasing calcination temperature. Sorbent
injection tests showed that utilization values for the calcines decreased with
increasing temperature for all the limestones. Pressure hydrates prepared
from Marblehead and Longview calcines produced at 2000°F demonstrated better
utilization than pressure hydrates prepared from calcines produced at 1850°

and 2150°F. Pressure hydrates prepared from Round Rock and Mercer calcines
produced at 1800°F demonstrated better utilization than pressure hydrates
prepared from calcines produced at 2000° and 2150°F.

2.2.2 Task B. Enhanced Sorbent Reactivity/Utilization

Increased sorbent reactivity decreases the amount of sorbent necessary
to achieve a specific level of SO, control. In addition, reduced sorbent
requirements should result in reduced combustion system impacts and lower
operating costs, thus improving the economics of furnace injection technology.
The use of additives and sorbent recycle have the potential to increase
overall sorbent utilization. The objective of Task B, Enhanced Sorbent
Reactivity/Utilization, was to determine the effect of selected additives on
sorbent reactivity.

Six additives to improve the sorbent reactivity/utilization of calcium-
based sorbents were evaluated using commercial Marblehead lime as the base
sorbent. The additives included 10% aqueous solutions (by weight) of NaOH,
NaHCO0,, NaSi0,, CaCl,, and acetic acid, and a 25% solution of ethanol. The
NaSi0, solution was actually a saturated mixture of NaSi0, in water that wa:
weighed as 10% of the final mixture. The aqueous solutions were used to
hydrate the Marblehead lime using 40% excess water under both atmospheric and
pressure-hydration conditions. Sodium-based additives were previously
jidentified as improving the utilization of calcium-based hydrates and,
therefore, they were included as a basis for comparison with previous work
(13-15).

Although the atmospheric hydrates appeared to result in slightly higher
utilization than the pressure hydrates in furnace injection tests, the
difference was not significant when the standard deviation for the data was
considered. Overall, the additives had very little effect on sorbent
utilization when compared to the utilization values typically observed for
Marblehead pressure hydrate.




2.2.3 Task C. Combustion System Operability

The application of dry scrubbing techniques and specifically furnace
injection technology in a commercial boiler is contingent on the overall
performance of the combustion system. Introducing a sorbent into the system
increases the ash loading which affects ash deposition rate, and also places
additional stress on particulate control devices. Pilot-scile combustion
tests were performed to characterize the operability of various coal/sorbent
combinations. The coals were selected on the basis of marketability,
geographical location, rank, and previous use in other furnace injection
programs. High-calcium pressure-hydrated 1ime was prepared in the EERC bench-
scale pressure hydrator.

The impact of furnace sorbent injection on ash deposition, electrostatic
precipitator (ESP) performance, and baghouse performance was evaluated in
pilot-scale combustion tests using I11inois No. 6 bituminous coal/Marblehead
pressure-hydrate, Monticello, Texas, Tignite/Round Rock pressure hydrate; and
Pittsburgh No. 8 bituminous coal/Mercer pressure hydrate fuel/sorbent
combinations. Each coal was fired in the ash-fouling combustor to evaluate
fouling potential, sorbent utilization, and ESP efficiency. One test was
conducted with each coal without sorbent injection to establish baseline
characteristics. Two additional tests were performed with sorbent injection,
with targeted SO, reductions of 50% and 90%, representing SO, control Tevels
(prior to the 1990 Clean Air Act Amendments) for retrofit and new
installations, respectively. The same test matrix was also performed using
the PTC, with emphasis placed on sorbent utilization, particulate
characterization, and ESP or baghouse performance.

Ninety percent SO, control was not achieved during tests with IT11inois
No. 6/Marblehead pressure hydrate due to sorbent feeder limitations. After
the I11inois No. 6 tests, the sorbent feed syscem was modified to allow higher
sorbent feed rates for tests with high-sulfur coal and/or inferior sorbent
materials. A Ca/SO, molar ratio of 1.2 was necessary to achieve 50% S0,
control, and 75% SO, was achieved at a Ca/SO, molar ratio of 2.2. ESP
performance decreased substantially with increased sorbent addition.
Particulate collection efficiency decreased from 96% to 67% as sorbent
injection increased particuiate loadings at the ESP inlet from 1.6 to
6.5 grains/scf. Correspondingly, bulk ash resistivity increased from 10 to
10** ohm-cm. Although sorbent injection increased deposition rate during
ash-fouling tests with the I11inois No. 6 coal and the Marblehead pressure-
hydrated 1ime, probe deposits continuously sloughed off the probes indicating
that the deposits were weak and could be easily removed with conventional
soot-blowing equipment.

For the Monticello lignite/Round Rock pressure hydrate fuel/sorbent
combination, a Ca/S0, molar ratio of 2.1 to 2.3 was necessary to achieve 50%
S0, control, and a ratio of approximately 4.8 was required for 90% SO,
control. The high ash loading due to fuel ash content and sorbent injection
resulted in high convective pass deposition rates, but the deposits were
friable and of the type that would be easily removable with freguent operation
of conventional soot-blowing equipment. ESP performance decreased
substantially with increased sorbent addition. Particulate collection
efficiency decreased from 95% to 68% as sorbent injection increased
particulate loadings at the ESP inlet from 2.6 to 4.5 grains/scf, and the bulk
ash resistivity increased from 10" to 10"’ ohm-cm. Particulate emissions from
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the baghouse during the PTC tests actually decreased with increasing sorbent
injection, but at the expense of increased dust cake resistance and baghouse
differential pressure.

For the Pittsburgh No. 8 bituminous coal/Mercer pressure hydrate
fuel/sorbent combination, a Ca/S0, molar ratio of 1.0 to 1.7 was necessary to
achieve 50% SO, control, and a Ca/SO, molar ratio of 3.0 to 4.0 was required
for 90% SO, control. Furnace sorbent injection increased ash deposition rate
to a moderate level, but the deposits were very friable, indicating that
conventional soot-blowing equipment would easily control convective pass
deposition. ESP performance decreased from 92% to 71% collection efficiency
with increasing sorbent injection as mass lcading at the ESP inlet increased
from 1.9 to 9.1 grains/scf. Particulate emissions from the baghouse decreased
with increasing sorbent injection, but again at the expense of increasing
baghouse differential pressure. In this case, the specific dust-cake
resistance decreased with increasing sorbent injection, indicating a more
cohesive/porous dust cake.

Flue gas humidification experiments were performed using the pilot-scale
combustion system fired using natural gas with steam as the humidification
medium. In all pilot-scale combustion tests performed, flue gas
humidification with steam increased sorbent utilization. Sorbent utilization
increased from 30% to 50% with hydrate injection at 500°F, and particulate
collection in a baghouse operated at 190°F when flue gas moisture was
increased from 15% to 24% by volume. Increasing sorbent residence time in the
duct by injecting the hydrated lime at 1250°F resulted in 55% sorbent
utilization.

2.2.4 Task D. NO — NO, Conversion

Sodijum-based sorbents, specifically soda ash, have been used for SO,
control in utility boiler systems using spray dryer technology. Demonstration
projects have resulted in 70% to 80% SO, control using dry injection of
nahcolite and trona upstream of a utility baghouse. However, concern
developed with respect to the association of sodium-based sorbents and plume
coloration due to the NO, concentration in the stack gas. A western utility,
which employed a soda ash spray dryer, experienced plume coloration due to
high NO, concentrations in the stack gas (16). A utility-scale demonstration
of dry sorbent injection, using sodium-based sorbents, resulted in a brown
coloration of the stack gas due to NO, formation (17). A bench-scale fixed-
bed reactor study was undertaken in Task D to identify the mechanisms
responsible for the production of NO, from NO as it pertains to gas stream
cleanup processes and to develop methods to reduce/eliminate NO, emissions.

Initially, screening tests were conducted to evaluate the effect of
temperature, humidity, SO, concentration, and 0, concentration on NO,
formation. A full factorial experimental design in four variables and two
levels with 2 conditions repeated (for a total of 18 tests) was performed for
each of four sorbent materials: sodium carbonate, sodium sulfite, calcium
hydroxide, and calcium carbonate. The independent variables were SO,
concentration (0 ppm and 3000 ppm), O, concentration (0% and 6% by volume),
H,0 concentration (0% and 20% by volume), and temperature (160°F and 350°F).
Only sodium carbonate and calcium hydroxide produced measurable amounts of
NO,. The amount of NO, observed during the tests with calcium hydroxide was
only slightly above the baseline NO, concentration. Formation of NO, was
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observed at 4 of the 16 test conditions using sodium carbonate. Analysis of
the data showed that humidity was not statistically significant relative to
the other three variables with respect to NO, production.

A three-factorial experimental design in two levels was added to Task D
in order to 1) determire the most significant variable in NO, formation,
2) replicate runs to provide additional data for analysis of variance, 3)
screen additional sorbent materials, and 4) provide additional information for
determining reaction mechanisms. The variables evaluated were SO,
concentration (1500 and 3000 ppm), O, concentration (3% and 6% by volume), and
temperature (250°F and 350°F). Three new sorbent materials were evaluated in
addition to sodium carbonate from the first experimental design: calcium
sulfite, Montana Dakota Utility (MDU) fly ash, and Colorado Power & Light
(CPL) fly ash.

O0f the parameters evaluated, temperature, 0, concentration, SO,
concentration, and H,0 concentration, only the effect of temperature was
statistically significant at tne 90% confidence level. Oxidation of NO to NO,
increased dramatically as the reactor temperature increased from 250°F to
350°F. The rate of NO, formation increased with increased sulfation rate.
Therefore, materials such as Na,C0,, which are highly reactive with respect to
SO, at the conditions evaluated, resulted in the formation of higher NO,
concentrations.

2.2.5 Task E. Process Economics

An engineering/economic evaluation comparing furnace sorbent injection
with a calcium-based spray dryer system for both a retrofit (50% SO, control)
and new facility (90% SO, control) was completed as part of the previous
EERC/DOE Cooperative Agreement. A new economic evaluation was scheduled for
completion in the third year of the Simultaneous SO,/NO, Control project if
substantial improvement in SO, control or sorbent utilization was demonstrated
in the first two years of the project. Improved sorbent utilization was not
achieved, and it was concluded that further pilot-scale furnace injection work
was unnecessary under the EERC/DOE Cooperative Agreement. Further work in the
area of furnace sorbent injection would be useful only in support of site-
specific utility evaluations of the technology. Therefore, a new economic
evaluation was not performed, and the focus of the SO,/NO, Control project was
redirected to advanced NO, control.

3.0 CATALYTIC FABRIC FILTRATION FOR SIMULTANEOUS NO, AND PARTICULATE CONTROL

In response to restrictive NO, regulations in Europe, selective catalytic
reduction (SCR) technology has been installed on over 30,000 MW of full-scale
utility boiler capacity as a postcombustion NO, control technique (18).
Application of conventional SCR technology to coal-fired systems presents
several potential problems, including plugging of the catalyst support
structure by fly ash, deactivation of the catalyst by fly ash components and
S0,, deposition of sulfur and ammonia by-products on air-heater surfaces, and
waste product handling/reuse/disposal.

The primary difference between the catalytic filter bag developed by
Owens-Corning Fiberglas Inc. (OCF) and conventional SCR technology is the
catalyst support. Conventional SCR technology uses a honeycomb or plate
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support structure. The catalytic fabric is prepared by coating the surface of
an S-glass (high-temperature) cloth, resulting in a catalyst bonded to the
surface of the fabric. The catalytic coating consists of a combination of
titanium isopropoxide and vanadium tri-n-propoxide oxide, sometimes called
"sol-gel" materials. The sol-gels hydrolyze during air-drying of the coated
fabric, resulting in a highly porous layer. The fabric is then cured at Tow
temperature to drive off any residual organics and partially densify the
coating. The final product is a highly porous catalytic coating strongly
bonded to the surface of the glass fabric.

Initial development of the catalyst-coated woven fabrics was conducted
in-house by OCF. Bench-scale evaluation of the catalytic fabrics using
simulated flue gas resuited in NO, reduction as high as 90% at 660°F and a
face velocity of 2 ft/min. After several years of development, OCF contracted
with the EERC to evaluate the NO, reduction capability of fifteen catalytic
fabrics using a slipstream of flue gas from the PTC fired with Velva North
Dakota lignite. Based on the results of the initial tests, the catalytic
fabric filter concept demonstrated over 90% NO, reduction in a flue gas
stream, promising catalyst/fabric self-abrasion characteristics and the .
potential for substantially reduced cost when compared with conventional
SCR/fabric filtration technology. Catalytic fabric filter development was
discontinued in the fall of 1986 due to lack of funding.

Development of the catalytic fabric filter concept was resumed by OCF
and the EERC in April 1988 under the DOE Cooperative Agreement. OCF
activities were funded in-house and involved the preparation of catalytic
fabric samples for testing at the EERC. The work focused on bench-scale
experiments to show continuity with previous work and to screen samples of
catalyst-coated fabric under both simulated and actual flue gas conditions.

3.1 Goals and Objectives

The overall objective of the catalytic fabric filter project was the
development of a catalytic fabric filter for NO, and particulate control that
will provide high removal efficiency of NO, and particulate matter, acceptably
long bag and catalyst life, and an economic savings over a conventional SCR
system and baghouse. The specific goal of the program was the development of
a catalytic fabric filter that will provide:

e 90% NO, removal with <25-ppm ammonia slip.

A particulate removal efficiency >99.5%.

A bag/catalyst life of >1 year.

A 20% cost savings over conventional baghouse and SCR control
technology.

Compatibility with SO, removal systems.

A nonhazardous waste material.

The Catalytic Fabric Filtration project was organized into the following
tasks to meet the project objectives: Task A, Catalyst/Fabric Development;
Task B, Fabric Screening Tests; Task C, Bag Evaluation and Parametric Tests;
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and Task D, Bag Durability and Process Assessment. Tasks A and B were
completed as part of the Flue Gas Cleanup project under the Cooperative
Agreement. Further development of the catalytic fabric filter concept with
respect to bag evaluation and durability and process assessment continued with
pilot-scale testing under a competitive award from DOE/PETC with commercial
cost-share participants. Detailed summaries of the work completed in Tasks A
and B were presented in the Final Technical Reports for the periods April 1,
1988, through June 30, 1989, and July 1, 1989, through June 30, 1990, and in
the Semiannual Technical Progress Report for the period January 1, 1991,
through June 30, 1991 (19-21).

3.2 Accomplishments

3.2.1 Task A. Catalyst/Fabric Development

The purpose of Task A was to demonstrate continuity with previous work
conducted for OCF and to screen several samples of catalytic fabric in a
bench-scale fabric filter system using simulated flue gas. Although promising
results were obtained previously, continued bench-scale work was necessary to
develop the product that would give the best combination of high NO, removal
efficiency, low ammonia slip, high particulate removal efficiency, and long
catalyst/bag 1ife. The fabric weave, coating composition, and coating process
were adjusted to develop fabrics for further testing. Two series of
parametric experiments were completed along with screening tests to evaluate
sixteen catalytic fabric samples.

A series of shakedown tests was completed with the bench-scale fabric
filter system to determine system operability and repeat previous NO,
reduction results. However, poor NO, reduction was observed using three
fabric samples which previously had produced good NO, at reduction. After
several more tests, catalyst aging, overheating of the catalytic fabric, and
simulated versus actual flue gas were eliminated as causes of the poor NO,
reduction results. Thermal decomposition products (silicon dioxide and
siloxanes) from the silicone gasket material used in the fabric filter holder
were eventually identified as the reason for the destruction of the NO,
reduction capability of the fabrics.

After the bench-scale fabric filter holder was modified so that the
silicone gasket material was no longer required to obtain a good seal, a full
factorial parametric test matrix with four factors and two levels was
completed using the same fabric sample for all sixteen tests. The independent
variables included NO, concentration, SO, concentration, ammonia/NO, molar
ratio, and air-to-cloth ratio. The dependent variables were NO, removal
efficiency, ammonia slip, and SO, production. The test matrix was later
repeated with Fabric #2, which had performed well (94% NO, removal and 35-ppm
ammonia slip) in the fabric screening tests described later in this section.
Fabric #2 was not textured, and no undercoat was applied. It was prepared
using seven coats of a 0.2-M solution of V/Ti catalyst. In addition, three
center point experiments were performed to test for curvature, and one test
condition was repeated four times to increase the number of degrees of
freedom.

Statistical analysis of the results of the experiments showed that NO,
concentration, air-to-cloth ratio, and the interaction between NO,
concentration and air-to-cloth ratio had the greatest effect on NO, removal
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efficiency. At a low air-to-cloth ratio (1.5 ft/min), an increase in NO,
concentration from 300 to 1000 ppm resulted in an increase in NO, removal
efficiency. When the air-to-cloth ratio was increased to 4 ft/min, an
increase in NO, concentration had no effect on NO, removal efficiency.
Increasing the air-to-cloth ratio from 1.5 to 4.0 ft/min resulted in a
decrease in the NO, removal efficiency independent of NO, concentration.

The ammonia/NO, molar ratio, the SO, concentration, and the interaction
between the NO, concentration and the SO, concentration affected NO, removal
efficiency to a lesser degree. As expected, increasing the ammonia/NO, molar
ratio from 0.8 to 1.1 increased the NO, removal. But due to the limited
range, the statistical significance of the effect was small. Although there
was inconsistency in the data, increasing the SO, concentration from 300 ppm
to 3000 ppm appeared to decrease the NO, removal efficiency.

Sixteen catalyst-coated fabric samples were evaluated at constant
conditions in fabric screening experiments using the bench-scale fabric filter
holder and simulated flue gas system. The tests were performed to evaluate
the effect of cloth type (textured versus nontextured), fabric undercoat
(none, silica/titanium, or silica/zirconium), catalyst quantity (one versus
two coats of 1.0-M 25% V and 75% Ti), and catalyst composition (V/Ti, V/Ti/Al,
V/Ti/Zr, or Cu0) on NO, removal and ammonia slip. Brunauer-Emmett-Teller
(BET) surface area measurements were performed on all fabric samples both
before and after exposure to flue gas.

Prior to initiating the fabric screening tests, the simulated flue gas
system was modified to include dust injection. Fly ash was not injected
continuously during the fabric screening tests. It was initiated at the
beginning of each test to develop a differential pressure across the fabric
sample of betwaen 2 and 4 inches of water. Fly ash injection was discontinued
when the differential pressure reached 4 inches of water to prevent problems
with control of the flue gas flow rate.

Results from the fabric screening tests showed that modification of the
catalyst composition by adding small amounts of alumina or zirconium
refractory components to the original catalyst to expand the operating
temperature range substantially reduced the catalytic reactivity of the
fabrics tested. Application of a refractory undercoat to improve the abrasion
resistance of the glass fabric and to possibly develop greater surface area
had no effect on NO, removal or ammonia slip.

The NO, removal efficiency and ammonia slip data did not indicate an
advantage one way or another for fabric samples prepared using multiple coats
of a low-concentration solution versus a single coat of a high-concentration
solution. The reactivity of the catalyst-coated fabric was improved by
increasing the amount of catalyst on the fabric. Increases in NO, removal
efficiency and decreased ammonia slip were observed when the quantity of
catalyst placed on the fabric was increased through the use of multiple
coatings of the catalytic solution.

The use of a textured fabric improved the catalytic performance of the
catalyst-coated fabrics tested. Fabric comparisons in one case showed an
increase in NO, removal efficiency from 82% to 93% and a decrease in ammonia
slip from 56 to 35 ppm. In a second case, comparison of two fabric samples
that provided essentially identical NO, removal values (84% versus 85%),
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showed that ammonia slip was substantially less for the textured fabric (2 ppm
versus 53 ppm).

3.2.2 Task B. Fabric Screening Tests

The purpose of Task B was to evaluate eight of the best performing
fabrics from Task A, while filtering fly ash from a pulverized coal-fired
combustor. In an actual flue gas environment, the effect of submicron
particles, volatile species, and trace elements which may affect catalyst
activity could be evaluated. The 0.8-ft® fabric filter holder and oven used
with simulated flue gas in Task A were used to filter a slipstream of flue gas
from the PTC. The criteria for selection of the catalytic fabrics used in
Task B were high NO, removal efficiency and/or low ammonia slip based on Task
A results. Four coals were used in the fabric screening tests: a medium-
sulfur, washed I11inois #6 bituminous; a high-sulfur Pyro Kentucky bituminous;
a Jacobs Ranch subbituminous; and a South Hallsville Texas lignite. Each of
the eight fabrics was tested at air-to-cloth ratios of 2, 3, 4, and 6 ft/min
with the baseline coal (washed I1linois #6). Ammonia slip and SO,
measurements were made at each air-to-cloth ratio, with the ammonia/NO, molar
ratio held constant at 0.9,

There was a substantial decrease in catalyst-coated fabric performance
with increased air-to-cloth ratio for all the fabrics tested. For the fabric
samples tested, the maximum air-to-cloth ratio at which 85%-90% NO, removal
could be achieved was 3 ft/min. Although there was some variability in the
data, the NO, removal efficiency appeared constant with time for the short-
term (8-hour) tests completed. Fabric #2 (7 coats of 0.2-M 25% V and 75% Ti,
no refractory undercoat, and a texturized weave) appeared to provide the best
performance with respect to high NO, removal efficiency and low ammonia slip.
Fabric #13 (1 coat of 1-M 25% V and 75% Ti, 50% Si and 50% Ti undercoat, and
texturized weave) also provided good performance.

Both the concentration of vanadium on the fabric and the BET surface area
correlate strongly with NO,_ removal efficiency. When the catalyst-coated
fabric was exposed to flue gas, both the quantity of catalyst on the fabric
and the total surface area decreased. However, the percentage decrease in
surface area is greater, indicating that a high percentage of the total
surface area is located at or near the surface of the catalyst coating. A
minimum surface area of 4.5 to 5 m°/g and a vanadium concentration of 6.5-mg
to 7-mg vanadium per gram of fabric are necessary to achieve 85%-90% NO,
reduction at an ammonia/NO, molar ratio of 0.9.

Following the fabric screening tests, Fabrics #2 and #13 were selected to
evaluate the effects of coal type on catalyst-coated fabric performance. Both
fabrics were tested using each of the three remaining coals (South Hallsville
Texas lignite; Jacobs Ranch subbituminous; and Pyro Kentucky bituminous) at an
ammonia/NO, molar ratio of 0.9 and a flue gas temperature of 650°F. For the
first 6 hours of the test, the air-to-cloth ratio was held constant at 3
ft/min. At the end of each test, the air-to-cloth ratio was adjusted to 2
ft/min for 1 hour, and then to 4 ft/min for 1 hour.

Although three of the coals, the two bituminous coals and the

subbituminous coal, did not appear to affect the performance of the catalyst-
coated fabric samples, the South Hallsville Texas lignite did result in lower
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NO, removal and higher ammonia slip. This was probably caused by pinholes
that formed in the dust cake, resulting in flue gas channeling through the
fabric.

Two catalyst-coated fabric samples were evaluated in conjunction with the
setup and testing of a nitrous oxide (N,0) analyzer. The catalytic fabrics
were evaluated in a slipstream of flue gas from the PTC fired with washed
I[11inois #6 bituminous coal. Nitrous oxide concentrations were measured at
the inlet and outlet of the fabric filter holder to verify that N,0 was not
produced as a result of the NO, reduction reactions occurring on the surface
of the catalyst-coated fabric.

Fabric #17 was similar to a previously tested fabric (#2), except that a
substantially less expensive vanadium source was used and a high molecular
weight organic was added. The new catalyst coating was highly amorphous,
reducing the potential for catalyst loss from the fabric surface. The other
fabric (#8) was iron on titania, which may increase the temperature window for
catalytic activity or cost less than vanadium-based catalysts.

The fabric sample coated with a new and less expensive source of vanadium
performed as well as a similar fabric sample coated with the original vanadium
catalyst, which may result in substantial cost savings. The fabric sample
coated with an iron-based catalyst showed potential. A NO, removal efficiency
of 64% at an air-to-cloth ratio of 2 ft/min was observed without optimizing
the iron-based catalyst coating process. The N,0 concentration ranged from
3.5 to 6.0 ppm, which is consistent with results obtained by other researchers
for pulverized coal-fired boilers (22,23). There was minimal conversion of
NO, to N,O (<1 ppm) across the catalyst-coated fabric.

4.0 FINE PARTICULATE EMISSIONS/CONTROL

Present New Source Performance Standards (NSPS) for utility coal-fired
boilers 1imit particulate emissions to 0.03 1b/million Btu and 20% or lower
opacity. The control device removal efficiency required to meet this standard
varies from about 99% to 99.9%, depending on the heating value and ash content
of the coal. Electrostatic precipitators and fabric filters are the
technologies that have most often been employed to meet the current standard.
Although the best proven control technology for fine particulate matter
appears to be fabric filtration, if properly designed, both of these
technologies have been successful, in most cases, in meeting the current
standard. However, the removal efficiency of both electrostatic precipitators
and baghouses is significantly reduced for fine particles less than 2 um.
Furthermore, present emissions standards do not address fine particle
emissions. Emissions of fine particles are of concern because these particles
are likely to be deposited in the lower respiratory system through normal
breathing. The problem is further compounded because hazardous trace elements
such as selenium and arsenic are known to be concentrated on these fine
particles. Control device removal efficiency is lowest for respirable
particles, so a situation exists where the most hazardous particles from coal
combustion are collected with the lowest removal efficiency. In addition to
causing adverse health effects, fine particle emissions have an impact on
atmospheric visibility. Particles which are the most efficient at scattering
light are in the 0.1- to 2-um range. These particles do not readily settle
out of the atmosphere and are subject to long-range transport. When present
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in sufficient concentrations, these fine particles will cause serious
visibility impairment. Therefore, the emission of fine particles is an issue
because of potential adverse health effects and visibility impairment in the
atmosphere.

Early work involving fly ash characterization demonstrated the dependence
of fly ash collectability in fabric filters on coal type (24,25). Experiments
were initiated to determine if fly ash characteristics could be modified using
additives to enhance fly ash collectability. Results showed that fine
particulate emissions and baghouse pressure drop could be reduced when small
amounts of ammonia and SO, were injected into the flue gas upstream of a
baghouse (26,27). An assessment report was prepared to compare the technical
and economic merits of flue gas conditioning applied to fabric filtration with
other existing or emerging methods of fine particulate control (28). From
April 1987 through May 1988, the focus of the Fine Particulate Control project
was on the completion of bench-scale experiments to study the mechanisms of
the flue gas conditioning process. The results showed that flue gas
conditioning reduces emissions by enhancing the ability of the fly ash to
bridge large pores and pinholes and by inhibiting the reentrainment of ash
from the dust cake/fabric interface (29). From May 1988 through December
1989, work continued under a competitive award from DOE/PETC. The objective
of the project was to demonstrate the effectiveness of flue gas conditioning
for improved fine particulate control in reverse-gas cleaned baghouses. The
results showed that the benefits of reduced pressure drop due to flue gas
conditioning were retained over multiple cleaning cycles, with no problems
with dust cake buildup or bag cleaning (30). During the last three years of
the Cooperative Agreement, work focused on bench-scale tests to predict fabric
filter performance and to model the conditioning process (20,21,31,32). The
tests showed that conditioning increases the tensile stength of fly ash at
constant porosity and also reduces the packing tendency. Porosity
measurements showed that both aerated and packed porosities are significantly
increased for conditioned ashes compared to baseline ashes without
conditioning. Bench-scale reentrainment experiments were performed to measure
the reentrainment potential of fly ash from the surface of a fly ash filter
cake and relate it to the measured cohesive strength. A joint venture project
funded by the DOE, the Electric Power Research Institute (EPRI), and the
Canadian Electric Association (CEA), completed in October 1992, evaluated the
effectiveness of flue gas conditioning for improving the performance of pulse-
jet baghouses.

4.1 Goals and Objectives

The objectives of the Fine Particulate Emissions project for the period
April 1986 through March 1987 were to 1) make a technical and economic
comparison between flue gas conditioning as a method of reducing fine
particulate emissions from a fabric filter and other state-of-the-art or
emerging technologies, and 2) determine the effectiveness of flue gas
conditioning with ammonia and sulfur trioxide (SO,) for reducing fine
particulate emissions from a fabric filter for several coals. Work in the
second year of the Cooperative Agreement focused on the fundamental ash
properties that control fine particle penetration through a fabric filter
including 1) construction and setup of a bench-scale fabric filtration system;
2) tests with reentrained ash at ambient conditions to relate penetration
behavior to coal type, ash characteristics, and conditioning; and 3) tests
with ammonia and SO, injected upstream of the bench-scale filter to determine
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conditioning effects and the effect of conditioning agent concentrations and
temperature. Work in the area of fine particulate emissions was not funded
under the third year of the Cooperative Agreement. However, work continued
under a competitive award from DOE/PETC to evaluate flue gas conditioning
applied to reverse-gas baghouses. The general objective of the fine
particulate control effort during the last three years of the Cooperative
Agreement was to develop methods to help characterize, control, and model fine
particulate emissions from a fabric filter. Characterization goals included
the development of methods to measure the cohesive strength and reentrainment
potential of fly ashes. Control and modeling goals involved work to relate
measured ash characteristics to the level of fine particle emissions from
fabric filters.

4.2 Accomplishments

The technical and economic assessment focused on a Titerature review in
the following areas: 1) a review of the basis for fine particulate control,
including discussion of the health effects of particulate matter in the
atmosphere, the effect of fine particulate emissions on visibility, and
current and possible future fine particulate control requirements; 2) a
technical and economic evaluation of existing particulate control
technologies, including flue gas conditioning applied to fabric filters; and
3) evaluation of the fundamental collection and penetration mechanisms in
fabric filtration, basic ash properties which affect fine particulate
emissions, and previous results with flue gas conditioning. Pilot-scale
experiments were performed to determine the effect of injection temperature
and coal type on the overall effectiveness of conditioning.

Results from the pilot-scale tests showed that fine respirable
particulate emissions could be reduced by up to 4 orders of magnitude by
injecting small amounts of ammonia and SO, upstream of a baghouse. This
corresponded to an increase in particulate collection efficiency from 90% to
99.999% for some difficult-to-collect ashes. Tests with both lignite and
higher-rank coals showed that conditioning is an effective method of greatly
reducing fine particulate emissions from a fabric filter. Baghouse pressure
drop was also reduced, making the process more economical. Conditioning would
add approximately 9% to the cost of operating a conventional reverse-gas
baghouse; however, this cost could be more than recovered if pressure drop
and/or baghouse size are reduced. Possible applications of flue gas
conditioning applied to fabric filtration include retrofit applications where
emissions or pressure drop are higher than acceptable or retrofit or new plant
applications to meet stricter control requirements.

Bench-scale experiments in the second year of the Cooperative Agreement
confirmed previous pilot-scale results which showed that flue gas conditioning
is an effective method of reducing fine particle emissions from a fabric
filter. Pressure drop is reduced because of an increase in dust cake porosity
which results in a reduced specific dust cake resistance coefficient (K,).
Conditioning reduces emissions by enhancing the ability of the ash to bridge
large pores and pinholes, by inhibiting the reentrainment of ash from the dust
cake/fabric interface, and by reducing K,, which results in Tower pinhole
velocity. The mechanisms of emissions reduction are a direct result of
increasing the cohesive strength of the ash through the conditioning process.
A review of penetration mechanisms showed that there is a theoretical basis
for lower emissions with increased bulk cohesive strength. Pressure drop
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reduction as a result of conditioning occurs due to an increase in dust cake
porosity as theoretical and empirical models predict.

Work during the last three years of the Cooperative Agreement focused on
the development of methods to measure the cohesive properties of fly ash and
relate those properties to filtration behavior. The tensile strength,
porosity, pore-bridging ability, and reentrainment potential of baseline and
conditioned fly ashes were measured to determine if they could be used as
predictors of fabric filter performance.

Most of the available methods for measuring the shear or tensile strength
of bulk powders were developed for soil mechanics studies, and, therefore,
might not adequately describe the behavior of fine powders such as fly ash.
After reviewing the available methods for measuring the cohesive properties of
bulk powders, an instrument called a Cohetester, manufactured by Hosokawa
Micron International, was selected based on successful trial tensile strength
measurements of baseline and conditioned fly ashes. The Cohetester gives a
direct measurement of the tensile strength of a bulk powder sample. The
aerated and packed porosities of the fly ash samples were measured with a
Powder Characteristics Tester, also manufactured by Hosokawa Micron
International. A description of the Powder Characteristics Tester and the
Cohetester, along with test procedures, was given in the Annual Project Report
for the period July 1, 1989, through June 30, 1990 (20).

Initial measurements conducted with the Cohetester showed that one of the
effects of conditioning on fly ash characteristics is an increase in tensile
strength at constant porosity or an increase in porosity at constant tensile
strength. When tensile strength was plotted as a function of porosity, the
primary effect of conditioning was a shift in the curve upward (higher tensile
strength) and to the right (higher porosity). Initial results also showed
that the tensile strength measurements may be affected by the ambient relative
humidity.

Reentrainment and pore-bridging experiments were performed using
precision electroformed nickel sieves with square openings in place of a
fabric. Five different pore sizes were evaluated: 300 ym, 150 gm, 75 um, 40
um, and 20 ym. Measurement of pore-bridging and reentrainment of conditioned
and baseline fly ashes was conducted as a function of pore size and face
velocity. Results of the pore-bridging tests showed that conditioning, face
velocity, and pore size are critical parameters in determining whether
complete pore bridging will occur without reentrainment or pinhole formation.
The data were well-behaved in terms of establishing the maximum velocity at
which bridging occurs for a given pore size. Pore-bridging and reentrainment
tests showed that conditioned ash is more effective at bridging pores over the
entire velocity range tested (1, 2, 4, and 8 ft/min). Although the porosity
of the conditioned ash is much greater than the porosity of the baseline ash,
and the tensile strength at filtration porosities of the conditioned ash is
Tower than the tensile strength of the baseline ash, the pore-bridging ability
of the conditioned ash is superior. An apparent explanation is that the
particle-to-particle binding forces are greater with conditioning.
Reentrainment tests performed subsequently with size-fractionated baseline and
conditioned fly ashes suggested there may be a change in the pore-bridging
mechanism when the particle size approaches the pore size.
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Additional experiments were performed to evaluate the effect of particle
size and relative humidity on tensile strength and porosity. Measurements
were conducted using samples stored under controlled conditions in a humidity
chamber. The effect of particle size was evaluated using size-fractionated
samples of baseline and conditioned Monticello fly ash and two pure powders,
ammonium sulfate and calcium sulfate dihydrate.

Test results showed that conditioning, relative humidity, and particle
size are important parameters in determining the tensile strength and porosity
of bulk powders such as fly ash. Tests at several relative humidities showed
that elevated humidity increased the tensile strength at constant porosity for
some fly ashes, but that the increase was ash-specific. An increase in
relative humidity from 10% to 50% had little effect on the tensile strength
and porosity of pure calcium sulfate dihydrate, but did produce a shift in the
tensile strength vs. porosity curve for samples of ammonium sulfate. The
increase in relative humidity had only a small effect on the baseline
Monticello fly ash, but resulted in a major increase in tensile strength for
the conditioned fly ash. Therefore, there is an interaction between
conditioning and relative humidity.

The primary effect of a smaller particle size was a shift of the tensile
strength vs. porosity curve toward higher porosities for the calcium sulfate
and conditioned fly ash, and a shift toward both higher tensile strength and
higher porosity for the ammonium sulfate. Tensile strength measurements on
the size-fractionated Monticello fly ash also showed that a smaller particle
size caused a higher tensile strength for either the baseline or the
conditioned ash.

Reentrainment tests conducted at higher relative humidities showed that
increasing the relative humidity from 15% to 50% did not significantly affect
the pore-bridging ability of the baseline Monticello fly ash. However,
increasing the relative humidity from 15% to 50% improved the pore-bridging
ability of the conditioned fly ash, which was consistent with the tensile
strength data. Increasing the relative humidity for the conditioned ash also
significantly reduced K,, which was consistent with the increased aerated and
packed porosities at the higher humidities. Since these correlations are for
dusts with similar particle-size distributions, they should be valid
indicators of fabric filter performance in terms of collection efficiency and
dust resistance. For dusts with similar particle-size distributions, the
higher the tensile strength, the greater the pore-bridging ability, and the
greater the aerated or packed porosity, the smaller the K,.

Based on the results of the bench-scale experiments, the best predictor
of pore-bridging ability is tensile strength, and the best predictor of K, is
the porosity data. Both tensile strength and porosity measurements correlate
with pore-bridging ability and K,, but for fly ashes with similar particle
sizes, tensile strength correlates more strongly with the pore-bridging
ability of the dust, and measured porosity correlates more strongly with the
K, of the dust. This implies that both measurements should be conducted for
the best prediction of filter performance. The results indicate that any
model for predicting fabric filter performance must include both face velocity
and particle size.

Bag cleanability is another aspect of filter performance that depends on
the cohesive properties of the ash. For dusts with similar particle-size
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distributions, the correlations imply that the dusts with the highest tensile
strengths and porosities will form dust cakes with the lowest K, values. This
translates to lower pressure drop only if the residual dust cake weight does
not increase. If a dust has too high a tensile strength, it may not be
cleaned easily from the bags, and high dust cake weights could result.
Nevertheless, the measured tensile strength and porosity of a dust can be used
to predict qualitatively pore-bridging ability and dust cake resistance, which
are the main indicators of filter performance.

5.0 IMPACT OF COAL COMBUSTION ON ATMOSPHERIC VISIBILITY/SUMMARY OF LITERATURE
REVIEW ON ATMOSPHERIC VISIBILITY

In 1977 Congress added Section 169A to the Clean Air Act (CAA), which
established as a national goal "the prevention of any future, and the
remedying of any existing, impairment of visibility in mandatory Class I
Federal areas which impairment results from manmade air pollution." The
Environmental Protection Agency (EPA) defines "visibility impairment" as "any
humanly perceptible change in visibility (visual range, contrast, coloration)
from that which would have existed under natural conditions." The EPA has
identified two types of air pollution that impair or reduce visibility. The
first is single-source impairment defined by the EPA as smoke, dust, colored
gas plumes, or layered haze emitted from stacks that obscure the sky or
horizon and are relatable in a single source or a small group of sources. The
second type is regional haze which is widespread, regionally homogeneous haze
from a multitude of sources, which impairs visibility in every direction over
a large area. The EPA has used a phased approach to implement the visibility
program. Phase I of the program requires control of impairment that can be
traced to a single, existing stationary facility or small group of existing
stationary facilities. Section 169B was added to the CAA in 1990 to determine
the need for expansion of the visibility protection program. It provides
funding for continued research on visibility in Class I Federal areas
including 1) expansion of current visibility impairment monitoring,

2) assessments of current sources of visibility impairment using regional air
quality models, and 3) studies on atmospheric chemistry and the physics of
visibility. Section 169B also calls for the creation of Visibility Transport
Regions consisting of one or more states which, because of interstate
pollution, contribute significantly to visibility impairment in Class I areas.
After the creation of Visibility Transport Regions, Visibility Transport
Commissions (VTCs) (whose members include the governors of the affected
states) will be formed to address the establishment of clean air corridors,
restrictions on new construction, and the development of long-range strategies
for remedying regional haze.

Visibility has been the focus of a significant amount of research for
over a decade. However, attempts to accurately identify the contributions of
various sources to visibility impairment have been hampered by the limitations
of air quality models and the Tack of understanding of the complex physical
and chemical processes that govern the formation of secondary aerosols in the
atmosphere.

At the request of the U.S. DOE-PETC, a task assessing the impact of coal
combustion on atmospheric visibility was added to the Flue Gas Cleanup project
of the EERC/DOE Cooperative Agreement for the period July 1, 1991, through
June 30, 1992. A literature review was conducted to evaluate the effect of
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fine particulate emissions from coal-fired combustion systems on atmospheric
visibility. The following questions were addressed as part of the lTiterature
review:

1. What are the causes of visibility impairment in the atmosphere?
(For example, what sizes and concentrations of fine particulates in
the atmosphere will result in significant visibility impairment?)

2. What is the composition of the visibility-reducing fine particulate
aerosol, and what are the major sources of these fine particles?

3. What is the contribution of coal combustion to visibility-reducing
fine particles in the atmosphere?

4. How are pollutants removed from the atmosphere, and what is the role
of atmospheric chemistry in the production of secondary aerosols?

5. How would reduction of SO,, NO,, and fine particulate emissions
affect visibility?

Visibility impairment in the atmosphere is primarily caused by light
attenuation by fine particles (<2.5 um). Secondary fine particulate matter
formed in the atmosphere from SO, and NO, precursors is a major source of
these fine particles. Other major constituents of fine atmospheric particles
are organics, elemental carbon, ammonium ion, soil dust, and water vapor.
Water vapor contributes to visibility impairment primarily when the relative
humidity is high enough to cause growth in the size of hygroscopic aerosols
such as ammonium sulfate. Since coal combustion is a major source of SO,
(and, subsequently, atmospheric sulfates), some visibility impairment must be
attributed to coal combustion. Visibility impairment in the Grand Canyon by
secondary sulfates and nitrates from the Navajo Generating Station is a case
where the visibility impairment was specifically attributed to a coal-fired
power plant. In response, the EPA has required that scrubbers be installed at
the Navajo plant to mitigate this visibility impairment. However, the exact
contribution of coal combustion to regional haze is generally not known, and
the benefits that may be derived from much stricter emission controls on coal-
fired power plants are difficult to assess. It appears logical that if SO,
and NO, emissions from coal-fired power plants were reduced by 50%, there
would have to be an eventual reduction of 50% of the sulfates and nitrates in
the atmosphere that originated from coal combustion. However, because of the
variable contribution to visibility impairment from coal combustion that might
occur in a given location, the overall effect on visual range for that
location might be small.

Results from the Titerature review indicate that there is a complex
relationship between emissions from coal combustion and visibility impairment,
but that coal combustion may be a significant contributor in some cases. A
more detailed summary of the visibility literature review was presented in the
Semiannual Technical Project Report for the period January 1, 1992, through
June 30, 1992 (32).
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WASTE MANAGEMENT

1.0 INTRODUCTION

The Waste Management project has involved a number of interrelated tasks
relating to the characterization, handling and treatment of solid and liquid
waste materials and by-products from advanced coal processing and utilization
processes. Specific tasks within the Waste Management project have included:

Waste Characterization

Fly Ash Liner Development Study

Numerical Modeling of Disposal-Related Soil Properties

Leaching Test Evaluation

Electrostatic Separation of Unburned Carbon from Fly Ash

Bituminous Coal Fly Ash Data Collection and Evaluation

Activated Carbon Evaluation

Coal Ash Conditioning Study

Characterization and Treatability of Coal-Water Fuel Process Waters
Waste Depository Scavenger Study

Figure 1 illustrates the time frame in which individual studies were
performed.
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TASKA: WASTE CHARACTERIZATION

TASK B: FLY ASH LINER DEVELOPMENT STUDY

TASKC: NUMERICAL MODELING OF DISPOSAL-RELATED SOIL PROPERTIES

TASKD: LEACHING TEST EVALUATION

TASKE: ELECTROSTATIC SEPARATION OF UNBURNED CARBON FROM FLY ASH

TASKF: BITUMINOUS COAL FLY ASH DATA COLLECTION AND EVALUATION

TASK G: ACTIVATED CARBON EVALUATION

TASKH: COAL ASH CONDITIONING STUDY

TASK|: CHARACTERIZATION AND TREATABILITY OF COAL-WATER FUEL PROCESS WATERS
TASK J: WASTE DEPOSITORY SCAVENGER STUDY

Figure 1. Time line of tasks performed under the Waste Management project.
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2.0 GOALS AND OBJECTIVES

The overall objective of the Waste Management project is to characterize
waters, waste materials, and by-products from advanced coal preparation and
utilization processes; evaluate potential uses for these materials; and
identify potentially adverse environmental impacts associated with their use
and/or disposal. Research is also being done to develop innovative waste
management techniques for conventional and advanced coal utilization processes
to comply with existing and/or future environmental regulations.

3.0 PROJECT TASK SUMMARIES
3.1 Waste Characterization

3.1.1 Introduction

Research in this task was conducted over a period of four years to
characterize coal combustion solid wastes for evaluation of the waste disposal
requirements for advanced combustion processes being developed at the Energy
and Environmental Research Center (EERC).

The test protocol used for the characterization studies consisted of
waste analyses for elemental, mineral, and trace organic matter content; waste
leachate analyses for trace metals and trace organic compounds; and tests of
physical properties relevant to waste disposal.

During the first year, characterization studies were conducted on
fourteen waste streams. Ten waste samples generated from the atmospheric
fluidized-bed combustion unit (AFBC) at the EERC were characterized. The
types of waste samples studied included fly ashes, spent bed materials,
primary and secondary cyclone ashes, and ash composites. These four samples
represented all of the solid waste streams produced by the AFBC system. In
addition, six composite waste samples prepared by blending primary cyclone
ash, secondary cyclone ash, and baghouse fly ash were characterized.

The fuels used for the AFBC combustion runs were Sarpy Creek Montana
subbituminous coal, Gibbons Creek Texas lignite, and Navajo New Mexico
subbituminous coal. The combustion runs used either limestone addition for
SO, capture or ash reinjection for enhanced carbon burnout.

Two fly ash waste samples produced from combustion tests which used
pressure-hydrated 1ime injection for SO, control were also characterized
during the first year. The fuel used for these runs was an I11linois #6
bituminous coal. The lime injection fly ashes were collected from the
electrostatic precipitator on a 500,000-Btu/hr, pulverized coal combustion
unit. One of the samples was produced from a baseline combustion test in
which no 1ime was injected into the system, and the other sample was produced
from a combustion test which used a 1.0 lime injection ratio (Ca/S0,).

Two fly ash waste samples produced from combustion tests which used
ammonia-sulfite (NH,-SO,) injection to increase baghouse efficiency were also
characterized during the first year. The fuel used for these tests was a
Monticello Texas lignite. The NH,-SO, fly ashes were collected from a
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baghouse on a 500,000-Btu/hr, pulverized coal combustion unit. One of the
samples was produced from a baseline combustion test in which no NH, or SO,
was injected into the system, and the other sample was produced from a
combustion test which used sufficient NH, and SO, injection to achieve
concentrations of 25 ppm and 12 ppm, respectively, in the flue gas.

During the second year, eleven different waste materials, all generated
from coal utilization processes in development at the EERC, were charac-
terized. The eleven materials included four wastes from low-temperature coal
gasification runs performed for the Hydrogen Production project; six wastes
from AFBC tests, which used a coal slurry fuel; and one waste from a coal
preparation operation associated with the hot-water drying coal slurry
process. The waste materials were tested for leachate trace metals and trace
organics, elemental composition, mineral composition, and selected physical
properties.

The four gasification waste samples included two gasifier bed materials
from hydrogen production runs which used Martin Lake Texas lignite. Both runs
were performed at a temperature of 800°C and a 3:1 steam-to-carbon molar
ratio. One of the runs used a limestone bed material, and the other run used
a silica sand bed material with a trona catalyst. The third gasifier bed
material characterized was produced from a hydrogen production run with a
Velva North Dakota lignite. This run used a limestone bed, an 800°C
gasification temperature, and a 2:1 steam-to-carbon ratio. The fourth
gasifier bed material characterized was produced from a hydrogen production
run with a Wyodak Wyoming subbituminous coal. This run used a limestone bed,
an 800°C gasification temperature, and a 2:1 steam-to-carbon ratio.

The six AFBC waste samples were produced in tests performed at the EERC
in a 1,000,000-Btu/hr, bubbling-bed combustion unit. The fuel used was a
Sarpy Creek Montana subbituminous coal which was burned in the form of an
aqueous slurry. The waste samples studied included a spent bed material
(silica sand), a primary cyclone ash, a secondary cyclone ash, a baghouse fly
ash, and a composite ash collected from the same combustion run. The sixth
AFBC waste characterized was a composite ash produced from a slurry combustion
run that used limestone addition directly to the coal slurry to increase SO,
capture. The AFBC composite ash samples were prepared by blending the various
process waste streams in direct proportion to the amounts of material produced
during the combustion test. The proportions used were 90 wt% primary cyclone
ash, 8 wt% secondary cyclone ash, and 2 wt% baghouse fly ash.

The coal slurry used for the AFBC tests was produced at the EERC with the
hot-water-drying process. Wastes collected from slurry combustion runs may
have different characteristics than wastes produced from pulverized, dry coal
combustion runs because the slurry prepavation process removes some water-
soluble materials from the coal prior to combustion. To evaluate the
differences in waste composition resulting from combustion of the coal in the
form of a slurry, the waste characterization data presented in this report was
compared to characterization data collected in previous studies from waste
samples produced with the same coal burned in a dry form.

The waste sample from the hot-water-drying coal slurry process was
produced from a float-sink run performed on a Beulak-Zap North Dakota lignite.




The float-sink operation was part of the coal-cleaning procedure used for the
slurry process.

Waste materials characterized during the third year included fly ashes
produced from combustion tests performed at the EERC, in which pressure-
hydrated 1ime was injected into the flue gas for SO, control, and a solid
waste from an EERC diesel engine burning a coal-derived liquid fuel. Three
fly ash samples were obtained from combustion tests. The fuel used in the
combustion tests was a Pittsburgh #8 bituminous coal. The fly ash samples
were collected in an electrostatic precipitator. The samples were obtained
from baseline combustion runs during which no lime was injected, and from
combustion runs with lime injection, which caused either a 50% or a 90% SO,
content reduction in the flue gases.

The other waste material studied during the third year was a residual ash
from a diesel engine, which was operated at the EERC and designed to burn
coal-derived liquid fuels. The fuel used was a light coal tar fraction
obtained from the Great Plains Coal Gasification Plant. The diesel waste was
basically a high-carbon-content soot collected from the engine exhaust gas.

During the final year of this task, the remaining chemical characteri-
zation leaching procedures were completed, as were the analyses of the
resulting leachates. Four unreacted limestone bed materials, generated from
the Hydrogen Production project, were also chemically characterized.

3.1.2 Goals and Objectives

The overall goal of this task was to assess the impact of solid waste
disposal requirements on the commercial viability of several coal utilization
processes being developed at the EERC.

3.1.3 Results and Conclusions

The waste characterization test results for the first year are summarized
as follows (1):

e None of the 14 materials tested would be classified as hazardous
wastes based on their leachate trace metal contents, as determined by
the USEPA EP Toxicity test.

e There were no trace organic compounds detected in leachates from any
of the 14 waste materials. The trace organic analyses were performed
by preparing acid and base/neutral solvent extracts from each waste
leachate and then testing the extracts using gas chromatography/mass
spectrometry (GC/MS). The minimum detection limit for the test
procedure was 20 mg/L in the leachate (2).

e pH values of the ASTM leachates produced from the 14 waste materials
ranged from 10.1 to 12.6. Selenium concentrations in three of the
ASTM Teachates exceeded the primary drinking water standard for
selenium by more than a factor of 25.

e The results of column leaching tests indicated that the principal
water-soluble component in the wastes was calcium sulfate and that
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most of this material was extracted in the first ten pore volumes
passed through the waste.

e Elemental analyses indicated that the 14 ash samples studied were
principally composed of silicon, calcium, and aluminum with lesser
amounts of sodium, sulfur, and iron also being present.

e The major mineral phases identified in the waste samples were quartz
(Si0,), anhydrite (CaSO,), and lime (Ca0).

e The aqueous yermeabi]ities of the waste samples ranged from 8.2 x 10°°
to 1.9 x 10~ cm/sec, as measured by the falling head permeability
test.

The characterization data generated for the 14 waste samples did not
indicate that any major regulatory problems would be encountered relating to
the disposal of these materials. Furthermore, two of the combustion-related
processes developed by the EERC appeared to reduce the environmental impacts
of the solid wastes being produced. The EPA-Extraction Procedure (EPA-EP)
leaching test results showed that the 14 EERC wastes would not be classified
as hazardous wastes based on their leachate trace metal content.
Additionally, there were no trace organics found in the leachates from the
wastes at the specified minimum detection limits.

Some state regulatory agencies may be concerned about the relatively high
pH values of the ASTM leachates generated from many of the wastes. The
selenium concentrations in the Gibbons Creek reinjection ash and the two
Monticello fly ashes may also cause concern in some states, from a regulatory
standpoint, since they exceed the primary drinking water standard by more than
a factor of 25.

The results of column leaching tests performed on the wastes indicated
that calcium sulfate was the principal compound extracted. Generally, it
appeared that the bulk of the leachable material was extracted from the waste
in the first ten pore volumes passed. Barium (15 mg/L) and chromium
(2.9 mg/L) were the only trace metals detected in any of the column leachates.

The presence of quartz as a major mineral phase in many of the wastes
indicated that these materials are abrasive. Appropriate precautions would be
taken with the design of waste-handling equipment to minimize equipment
breakdown because of the abrasive nature.

The waste characterization data indicated that the use of limestone and
NH,-S0, as combustion-related additives tended to reduce the amounts of
Jeachable selenium in the ash materials. Since high-selenium leachate
concentration is a common problem in western low-rank coal waste, these types

of results may be important factors which favor the continued development of
these processes.




The waste characterization test results for the second year are
summarized as follows (3):

e EPA-EP leachates produced from all eleven of the coal utilization
wastes contained trace metal concentrations well below the maximum
allowable contaminant levels specified by Resource Conservation and
Recovery Act (RCRA).

e No significant levels of trace organic compounds were detected in the
leachates produced from the eleven wastes.

e The characterization studies indicated that no significant or unusual
regulatory problems should be encountered for the disposal of the
eleven coal utilization process wastes which were evaluated.

The characterization data generated for the eleven advanced process
wastes did not indicate that any major regulatory problems should be
encountered for the disposal of these materials on a commercial scale. The
EPA-EP leaching test results clearly showed that the AFBC, hydrogen
production, and coal slurry preparation wastes would not be classified as
hazardous wastes based on their leachate trace metal contents under the
existing RCRA regulations.

The column leaching tests performed on the composite ashes showed that
significant reductions in the permeability coefficients of these materials
occurred during the course of the tests, particularly for the AFBC ash
produced with Timestone addition. The permeability reductions were probably
caused by pozzolanic reactions between the ash and the limestone-derived
reaction products. The observed behavior indicates that the permeabilities of
the composite ashes may decrease by several orders of magnitude after the
materials have been placed in a permanent disposal site.

The results for the third year are summarized as follows (4):

e With the exception of chromium, EPA-EP leachates produced from the
combustion wastes ashes contained trace metal concentrations well
below the maximum allowable contaminant levels specified by the
regulations of the RCRA for hazardous waste classification.

e No significant trace organic compounds were detected in leachates
produced from the hydrated lime injection wastes. It appeared that
some organic material was extracted from diesel engine ash, but the
materials could not be identified by routine GC/MS analysis.

e The aqueous permeabilities of the 50% and 90% SO, reduction fly ashes
were both well below the 107-cm/sec criteria generally required for
clay liner materials.

e The fly ash obtained from the 90% SO, reduction test contained a
significant amount of unhydrated calcium oxide that caused an
extremely exothermal reaction when the material was wetted.

The characterization data generated for the lime injection fly ashes
indicates that no major regulatory problems should be encountered for the
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disposal of these materials. The results of the EPA-EP leaching tests clearly
showed that the waste would not be classified as hazardous based on trace
metal content under the existing RCRA regulations.

Due to criticisms of the precision and field applications of the USEPA
Extraction Procedure (EP) test, the Toxicity Characteristic Leaching Procedure
(TCLP) was developed. The TCLP test officially replaced the EP test on
September 25, 1990, and was mandated to evaluate wastes for additional
contaminants, particularly organics.

The exothermal hydration behavior of the two fly ashes produced with 1ime
injection could require implementation of special handling procedures if this
S0, control process were implemented on a commercial scale.

The diesel engine waste does not appear to pose any significant handling
or disposal problems based on its inorganic trace element content. Although
it was not possible to identify any specific trace organics, there did appear
to be a significant amount of non-chromatographable material in the methylene
chloride extract from the diesel engine waste.

The results for the final year are summarized as follows (5):

e Chemical characterization results show the limestone bed materials to
be nonhazardous according to the mandated regulatory leaching test,
the toxicity characteristic leaching procedure (TCLP). Concentrations
in the leachate for each bed material were determined to be below the
hazardous 1imit as defined by RCRA.

e Results from the synthetic groundwater leaching procedures (SGLP) and
the long-term leaching tests show these materials to be nonhazardous
for the RCRA elements as well.

It is important to note that these procedures were included in the
chemical characterization protocol to more closely approximate the leaching of
these materials as a monofill in a natural setting as opposed to a Tandfill
setting. The TCLP was designed specifically to approximate the leaching in a
codisposal landfill setting. Materials such as these limestone bed materials
are likely to be disposed of in a monofill rather than a sanitary Tandfill.
Additional elements were determined in the various leachates generated. These
results may be useful in the future as additional trace elements may be

regulated or these materials may be investigated for potential utilization
applications.

3.2 Fly Ash Liner Development Study
3.2.1 Introduction

A three-year research project was conducted at the EERC to develop fly
ash-based Tiner materials for waste disposal sites. The research was
conducted in three phases. Phase I of the project was a bench-scale
laboratory study to formulate liner materials from mixtures of fly ash,
hydrated 1ime, Type-1 portland cement, and water.




In Phase I, six different fly ashes and mixtures of fly ash and scrubber
waste from coal-burning power plants in five state were tested to evaluate
their suitability as liner construction materials. The fly ash samples were
supplied by the Northern States Power Cooperative (North Dakota), the Texas
Utilities Generating Company (Texas), the Southwestern Electric Power Company
(Texas), the Central I11inois Public Service Company (I11inois), and the
Northern Indiana Public Service Company (Indiana).

Each of the six fly ashes was initially characterized for its elemental
and mineral compositions, relevant physical properties, and leachate trace
metal content. Experiments were then performed to develop a specific liner
formula for each ash. The experiments determined the smallest amounts of
lime, cement, or a mixture of lime and cement required for addition to each
fly ash (at a specified water level) to Produce a cemented liner material with
a permeability coefficient less than 10°" cm/sec and an unconfined compressive
strength greater than 400 psi.

During Phase 1I, liner slabs with dimensions of 4 square feet by 6 inches
thick were prepared using the formulas developed in the Phase I work. The
slabs were used to test the durability of the iiner materials and to verify
the permeability and strength characteristics predicted by the formulation
experiments. Each Phase II liner slab was placed in a leachate-compatibility
test device and loaded with 6 inches of unconsolidated fly ash and 1.5 feet of
water. Each slab was left in the test device for five months. An attempt was
made to collect the leachate ihat passed through the slabs, but no measurable
amounts of leachate appeared during the five-month test period. When the
slabs were removed from the test device, permeability and strength tests were
performed on cores cut from each slab.

Three of the six fly ashes studied in the laboratory were selected for
field tests in Phase III. For the field tests, liner sections having
dimensions of 40 feet by 40 feet by 2 feet thick were constructed at power
plants located in Texas, Indiana, and Minnesota. The physical properties of
the liner sections were monitored for approximately one year to evaluate their
performance.

Three sets of samples were collected from each field site over a one-year
period and sent to the EERC for testing. These samples were tested for
permeability coefficient, unconfined compressive strength, textile strength,
modulus of elasticity, Poisson’s ratio, coefficient of thermal expansion,
porosity, and dry density. In addition to the laboratory tests, a double-
barrel infiltrometer test was conducted at each of the sites to estimate the
permeability of Tiner using an in-field method.

The Texas fly ash liner test was performed at the H.W. Pirkey Power
Plant, owned by the Southwestern Electric Power Company (SWEPCO). The SWEPCO
liner section was made with a Texas lignite fly ash. Approximately 5 wt%
portland cement, 1.5 wt% hydrated 1ime, and 18 wt% (dry weight) water were
added to the fly ash to produce the liner material.

The Indiana fly ash Tiner test was performed at the R.M. Schahfer Plant,
owned by the Northern Indiana Public Service Company (NIPSCO). The NIPSCO
Tiner section was made with approximately a 50:50 mixture of I1linois #6 fly
ash and lime-based scrubber sludge. Approximately 5 wt% portland cement,
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3 wt% hydrated 1ime, and 30 wt% (dry weight) water were added to the fly ash
scrubber sludge mix to produce the liner material.

The Minnesota fly ash liner test was performed at the Sherburne County
Power Plant, owned by the Northern States Power Company (NSP). The NSP liner
section was made with a dry-scrubber powder containing Sarpy Creek, Montana,
subbituminous coal fly ash and a lime-based spray dryer residue. Approxi-
mately 23 wt% (dry weight) water was added to the scrubber powder to produce

the Tiner material. No lime or cement addition was required for the NSP
liner.

3.2.2 Goals and Objectives

The purpose of the fly ash liner study was to develop cost-effective
liner materials for utility waste disposal sites using mixtures of fly ash,
water, hydrated Tlime, and/or portland cement.

3.2.3 Results and Conclusions

The results of the Phase I characterizations indicated that the six fly
ashes generally exhibited acceptable physical properties for the liner
application and that none of the materials could be classified as hazardous
wastes based on their leachate trace metal contents. The results of the
formulation experiments showed that liner materials with permeability
coefficients less than 107 cm/sec and unconfined compressive strengths close
to or exceeding 400 psi could be made from each of the six fly ashes. The
minimum lime, cement, or lime and cement addition rate required for the six
fly ash liner materials ranged from 3% to 9.5% (of dry weight). The specific
moisture addition level used to prepare the fly ash Tiner mixtures was found
to be an extremely important factor in the development of proper permeability
and strength characteristics. Generally, the moisture content had to be
within plus or minus 2% of the specified value to achieve acceptable results

(1).

The results from Phase II indicated that fly ash liner materials were
quite stable during the five-month exposure period. The permeability
coefficients and strengths measured for the liner cores were all less than
107 cm/sec and greater than 400 psi, respectively. Additionally, none of the
liner slabs developed any visible cracks, dimensional instability, or soft
spots during the exposure periods (3).

The results of the SWEPCO field test generally indicated that the Texas
lignite fly ash produced an acceptable liner material. Permeability
coefficients measured in the laboratory for 12 liner samples varied from
1.4 x 107 cm/sec to 3.8 x 10" cm/sec, and the permeability coefficient
measured in the field was estimated to be less than 107 cm/sec. The liner
material developed an unconfined compressive strength of approximately
1000 psi after curing in the field for one year. The only visible
deterioration of the SWEPCO liner section during the field test was the
development of some cracks on the liner surface. The cracks appeared to be
limited to the top six inches of the liner (4).

The results of the NIPSCO field test indicated that the liner material
did not meet the target permeability criteria. Permeability coefficients
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measured 1n the laboratory for 12 Indiana Tiner samples varied from

8.0 x 10° cm/sec to 2.0 x 10”° cm/sec, and the permeab111ty coefficient
measured in the field was estimated to be 7.8 x 107 cm/sec. The liner
material developed an unconfined compressive strength of approximately 700 psi
after curing in the field for one year. The only visible deterioration of the
Tiner section during the field test was some crumbling at the liner surface.
The crumbling extended about two inches below the surface. Although the
permeab111ty of the NIPSCO liner did not meet the target level of less than
107 cm/sec, it may still be usable for some liner applications since Indiana
regulations only require that liners for coal combustion wastes have a
permeability coefficient less than 10°° cm/sec (4).

A problem occurred with the NSP liner material used for the field test
when shrinkage cracks developed in the initial stage of curing. The shrinkage
was reduced by decreasing the amount of water added to the liner mix from
23 wt% to approximately 20 wt% (dry weight). Unfortunate]y, decreasing the
water content of the liner mix caused its permeab111ty to increase. The
permeab111ty coefficient estimated from the in-field test was
1.8 x 10°° cm/sec. The unconfined compressive strength of the NSP liner
ranged between 1000 and 2000 psi (4).

It was not possible to determine from the results of the field test
whether the shrinkage cracks in the NSP liner were continuous. If the cracks
were not continuous through the full depth of the liner, then the material may
have been acceptable as a liner (4).

Mineralogical and microscopic characterization of the fly ash liner
materials collected at the field-test sites produced valuable information
about their composition and microstructure. For the SWEPCO liner, the fly ash
particles appeared to be held together by fibrous bridges and surface-to-
surface point adhesions. The fibrous bridges may have been composed of
ettringite. For both the NSP and the NIPSCO liners, the fly ash particles
appeared to be held together by a continuous, interparticle matrix composed
primarily of consolidated scrubber material. Significant amounts of
ettringite were also detected in these two liner materials (4).

A cost analysis of the liner materials indicated that the main factors
which determined the unit cost of the materials were the amounts of 1ime and
cement added and the cost credit allowed for avoided disposal cost for the fly
ash. The analysis also indicated that the fly ash liner materials were
generally in the same cost range as polymeric membrane liners (4).

An engineering analysis of the fly ash Tiners indicated that both
temperature-induced and load-induced stresses could cause cracking. The
results of the analyses suggested that it would be advisable to cover the fly
ash liners with several feet of compacted ash as qu1ck1y as possible after
construction to protect the liner (4).

3.3 Numerical Modeling of Disposal-Related Soil Properties

3.3.1 Introduction

This task was conducted to develop a procedure for identifying
inconsistent permeability data obtained from laboratory tests on soil
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properties from candidate waste disposal sites. Such inconsistent data can
result from improper sample collection, sample storage, or laboratory testing.
Having the capability to check results for consistency is critical because a
single permeability measurement that does not meet the specified regulatory
criteria for soil liners may exclude a candidate disposal site from being
permitted.

A soils data-screening procedure was developed by compiling a relatively
large data set, containing information on the permeability coefficient, liquid
1imit, plasticity index, and percent passing a #200 sieve, of soil samples
collected at five power stations in east-central Texas. The screening
procedure was based on a statistical model which predicted the permeability of
a soil sample from its plasticity index and percent passing a #200 sieve. To
screen the data set, each of the measured permeability coefficients was
compared to its predicted permeability coefficient, and the difference between
the two values was used as a measure of consistency for the data. If it was
found that there was less than a five percent chance that a measured
permeability coefficient would have been predicted by the model, it was
concluded that the permeability measurement was significantly different from
the rest of the data set. This finding could then be used as a basis for
removing the inconsistent measurement from the data set.

3.3.2 Goals and Objectives

The purpose of this task was to develop a statistical procedure for
checking the consistency of permeability data from candidate waste disposal
sites in the Texas lignite region. This procedure can then be used to screen
newly acquired soils data to identify test results that appear to be
inconsistent with other data collected in this region.

3.3.3 Results and Conclusions

The mean values for log permeability coefficient, liquid limit,
plasticity index, and percent passing a #200 sieve were all well within the
acceptable ranges of the Texas Department of Water Resources (TDWR) liner
criteria. A1l of the soil properties displayed relatively wide ranges of
values, and all of the properties followed skewed distributions (3).

No strong correlations were found between permeability and the other soil
properties. The best correlation was found between the liquid limit and the
plasticity index (3).

The data regression analysis indicated that the plasticity index was the
variable which had the largest effect on the permeability model. Percent
passing the #200 sieve had the next largest effect, and liquid limit had the
smallest effect on the model (3).

The data-screening procedure was designed to identify permeability
measurements that are inconsistent with the rest of the reference data set
based on the interrelationships exhibited between the various soil properties.
This inconsistency does not necessarily mean that a permeability measurement
is erroneous; however, it does indicate a high probability that the
measurement is in some way different from the other measurements. The
screening procedure should be used along with any other available information
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about the sample to make the final decision whether or not to remove the
sample from the data set (3).

3.4 Leaching Test Evaluation
3.4.1 Introduction

This task was conducted as a response to the proposed changes to the
solid waste regulations under RCRA Subtitie C amendments, which expanded the
Toxicity Characteristic evaluation procedure to include additional chemicals
and introduced a new extraction procedure to evaluate toxicity.

A study was performed to evaluate the use of follow-on TCLP tests. This
was done by performing replicate leaching tests on two coal gasification tar
samples using both Morgantown Energy Technology Center (METC) and TCL
procedures. The METC leaching tests were used to identify the various classes
of nonvolatile trace organics in the waste leachates, and the TCLP tests were

used to quantitatively identify the organics which had specific regulatory
criteria.

3.4.2 Goals and Objectives

The goal of this task was to evaluate the use of follow-on TCLP leaching
tests in response to changes in the solid waste regulations under RCRA
Subtitle C Amendments.

3.4.3 Results and Conclusions

The results of the study indicated that the METC procedure was an
effective means of screening the gasifier tar leachates for nonvolatile
organic compounds (3).

A11 of the compounds detected during the METC leaching tests conducted on
the "dry" and "oily" tar samples were aromatics, with phenolics present in the
highest concentration. The analyses obtained using the METC Teaching
procedure for the two tars were similar except that the dimethylphenols and
naphthalene were detected only in the dry tar leachate (3).

Some of the compounds identified with the METC leaching test were not
detected in all of the replicates, but the two classes of regulated
nonvolatile organics, phenol and cresols, were detected in all of the
replicate Teaching tests (3).

Six regulated organics were detected in each tar sample. The TCLP
leaching method and the associated analyses appeared tb do an excellent job of
quantitatively identifying the phenolics which the METC method had indicated
were present in the tar leachates (3).

3.5 Electrostatic Separation of Unburned Carbon from Fly Ash
3.5.1 Introduction

An "off-the-shelf" electrostatic separation process was modified for use
to reduce the unburned carbon content of fly ash. A bench-scale separator
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apparatus was constructed at the EERC and a series of test runs were performed
to optimize the process. After the process was optimized, a sufficient amount

of low loss-on-ignition (LOI) fly ash was collected to determine its air
entrainment characteristics.

The fly ash used for the separation tests was obtained from the Allen S.
King Power Plant owned by the Northern States Power Company, Minnesota. The

King plant burns a mixture of Wyoming and Montana subbituminous coals and
I11inois bituminous coal.

The separator apparatus was operated by dispensing fly ash from a
vibrating pan through a slit onto a grounded, rotating steel drum. The high
LOI ash fraction falls off the drum due to gravity as it rotates. The Tow LOI
ash fraction sticks to the wheel due to electrostatic forces and is scraped
off at a separate collection point.

3.5.2 Goals and Objectives

The goal of this task was to reduce the unburned carbon content of fly
ash using a modified electrostatic separation process. Specifically, the goal

was to produce fly ash with an LOI of less than 3% using the electrostatic
separation process.

3.5.3 Results and Conclusions

The results of the separator tests showed that the apparatus was capable
of splitting the bulk fly ash, which had an LOI of 7.3%, into two physically
separate fractions. One fraction contained approximateély 25 wt% of the ash
and had an LOI of 3.6% while the other fraction contained the other 75 wt% of
the ash. Air entrainment tests performed on the two fly ash fractions
indicated that the low LOl fraction required 13.2% less air entraining agent
than the bulk fly ash to produce an equivalent entrained air level (4).

It was not possible to achieve the goal of producing a fly ash with a LOI
of less than 3% in the test runs that were performed. However, the ASTM C618
fly ash specification for cement replacement only requires that fly ash have
an LOI of less then 6%, which the separation process easily achieved (4).

Based on the results of the bench-scale tests, it appears that the
electrostatic carbon removal process has commercial development potential,
since it is mechanically quite simple and produces significant carbon removal
with a relatively Tow energy input. One drawback of the process is that only
about 25% of the bulk fly ash is recovered in the low LOI fraction. However,
it may be possible to increase this recovery with further development of the
process. Furthermore, some power plants may not be able to sell more than 25%
of their fly ash for cement replacement due to market limitations (4).

3.6 Bituminous Coal Fly Ash Data Collection and Evaluation
3.6.1 Introduction
The Western Fly Ash Research, Development, and Data Center (WFARDDC) is a

research group funded by a consortium of sponsors interested in the utili-
zation and safe economical disposal of coal by-products. A major research
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effort since the initiation of the WFARDDC has been the development of a
database of information on the physical, chemical, and mineralogical
properties of low-rank coal by-products, primarily fly ash. A database, such
as the one generated by the WFARDDC, provides a valuable source of scientific
and engineering information. The format is useful in identifying trends and
specific information pertinent to current and potential utilization
applications as well as disposal scenarios and research projects involving
coal by-products. The current version of the Western Fly Ash Database
contains entries representing more than 500 samples of low-rank coal
by-products. WFARDDC researchers have begun a statistical evaluation of the
information in this database. Information continues to be entered into the
database, and the evaluation process is continuing. The initial evaluation of
the database has provided valuable information regarding low-rank coal
by-products and has initiated interest in researchers, electric power
utilities, coal by-products marketers, and others to extend the database to
include similar information on bituminous coal by-products. Bituminous coal
fly ash is of particular interest due to the high volume of this material
utilized and disposed, primarily in the Midwest and eastern United States. A
database of information on bituminous coal fly ash has the potential to
provide information valuable to the electric utility industry as it strives to
meet regulatory mandates, such as the Clean Air Act, by blending coal and
utilizing alternate coal combustion methods and by-product collection systems.

The effort to collect and evaluate physical, chemical, and mineralogical
information on bituminous coal fly ash will result in a database that can be
merged with the current Western Fly Ash Database or be utilized as a stand-
alone database. As with the current database, the information will not
identify the by-products by electric utility or company affiliation to
guarantee anonymity to the participants in this effort.

Interaction with utilities, coal ash marketers and end users, as well as
research groups in the areas of coal combustion technologies and environmental
systems, has indicated a strong interest in the characteristics of solid by-
products or residues from advanced coal combustion technologies. In order to
facilitate a scientific and engineering understanding of the characteristics
of these materials, this task was expanded to include the development of a
database of information on the physical, chemical, and mineralogical charac-
teristics of advanced coal process residues. This preliminary investigation
will provide information on which standard engineering and analytical tests
are applicable and what new or innovative testing may provide more valuable
and predictive information. It will also provide a basis for comparison of
the residues generated by various technologies with each other and
conventional solid by-products.

3.6.2 Goals and Objectives

The primary objective of this task is to collect and evaluate information
on the physical, chemical, and mineralogical properties of bituminous coal fly
ash and to generate a database of this information.
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3.6.3 Bituminous Coal Fly Ash Data Collection
and Evaluation Results

The primary objective of this task--to collect and evaluate information
on the physical, chemical, and mineralogical properties of bituminous coal fly
ash--is a long-term objective that will continue for the EERC coal by-products
research group well past the end of this task. During.the time frame of this
specific task, the primary objective has been met to the expected level. The
primary end result of this effort has been the construction of a database of
information on bituminous coal fly ash. The construction of the database also
provided opportunities to relate the by-product properties and production to
the overall coal-fired electric power generation facility. As a result,
several observations can be made that should significantly impact the overall
understanding of the coal combustion by-product utilization industry, the
by-product disposal practices, the functional relationships within a utility,
and the impact of research in these areas. These observations, coupled with
the technical expertise required to generate the characterization information
for the database and the database itself, should provide useful insight for
the research community to address important waste management issues (10).

The components of the database are the major and minor elemental
constituents (expressed as oxides), mineral phases identified in the
crystalline portion of the fly ash, selected physical properties and test
results relevant to the utilization of fly ash as a mineral admixture in
concrete, and information on the operating system and coal source (10).

The chemical characterization information consists of two groups. The
first is the results as dictated by the ASTM C618 (1991). The chemical
composition information required by the ASTM to classify fly ash is the total
concentration of silicon, aluminum, iron, sulfur, and calcium. Magnesium,
sodium, and potassium are included in the ASTM procedures as alternate
information. These have also been included in the database for as many
samples as possible. Test results from the ASTM designated procedures for
moisture (mass of water lost at 105°-110°C), loss-on-ignition (LOI, mass lost
at 750°C), and available alkali (soluble sodium and potassium reported as
equivalents of Na,0) are also included in the database. The second portion of
the chemical information in the database includes total concentrations of
other minor elemental constituents. These elements were phosphorus, titanium,
barium, manganese, and strontium. In keeping with the ASTM convention for
reporting the concentrations of major elements in fly ash, all major and minor
elemental concentrations were calculated and reported as the common oxides.
ASTM also requires the sum of the Si0,, A1,0,, and Fe,0, values for evaluation
under C618 (10).

In the physical portion of the database, the tests performed were
fineness (325 sieve test), specific gravity, pozzolanic activity test with
portland cement (28 day), pozzolanic activity with lime (7 day), water
requirement, and autoclave expansion. These tests are also included in the
ASTM C618 "Standard Specification for Fly Ash and Raw or Calcined Natural
Pozzolan as a Mineral Admixture in Portland Cement Concrete." These
procedures were performed in accordance with ASTM C311 (1990) (10).

Fly ash mineralogy was determined by a semiquantitative x-ray powder
diffraction protocol developed by Dr. Gregory McCarthy at North Dakota State
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University. This method uses the Reference Intensity Ratio, where rutile
(Ti0,) is the internal intensity standard. Fly ash is composed of crystalline
and amorphous or glassy phases. X-ray diffraction only identifies the
crystalline phases. Future research may include the use of scanning electron

microscopy point count (SEMPC) to determine the chemistry of the amorphous
phases (10).

Ash fusion was also performed on most samples represented in the
database. The ash fusion procedure was performed according to ASTM D1857
(1968), and ash fusion temperatures in both an oxygen atmosphere (0,) and a
reducing atmosphere (CO,) were generated (10).

As noted earlier in this section, some important observations regarding
the understanding of the coal combustion by-product utilization industry, the
by-product disposal practices, the functional relationships within a utility,
and the impact of research in these areas, were made over the duration of this
task. These observations can be summarized as follows (10):

e Coal combustion fly ash is an underutilized resource in the United
States. Government agencies, utilities, and research organizations
need to coordinate efforts to promote ash use in current proven
applications and extend ash use to new markets and applications.

e ASTM has set standards and specifications for the use of coal
combustion fly ash in specific applications; however, these standards
and specifications can be misleading and may be misapplied. Industry
and research groups need to continue participation in ASTM committee
work to maintain appropriate standards and to develop new and improved
standards and specifications where needed.

* Regulatory agencies should encourage the use of coal combustion fly
ash in proven applications. The use of coal combustion fly ash is
consistent with the current emphasis on reuse and recycle. The use of
this high-quality and lower-cost material can provide an economic
advantage in rebuilding and expanding the U.S. infrastructure.

e Coal combustion fly ash should not be categorized as a waste material
when it is utilized in engineering or other applications. Coal
combustion fly ash should only be designated as a waste in the event
the material requires disposal.

e (Coal combustion fly ash must not be compared to, or confused with, fly
ash resulting from the combustion of other materials, such as
municipal solid waste or refuse. It is incorrect and inappropriate to
regulate "ash" as a single type of material.

o Coal-fired electric generation facilities need to consider the
production of coal combustion fly ash and other solid residues as an
additional product resulting from their operations. This will become
particularly advantageous as additional environmental restrictions are
placed on air emissions and solid waste disposal. Production of a
usable and salable solid residue will be highly advantageous.
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e (Conventional coal fly ash will 1ikely change in character as advanced
coal combustion techniques, clean coal technologies, and new emissions
control technologies become more prevalent. These new characteristics
need to be investigated for utilization potential immediately to fit
them into the current market and develop new markets for the future.

3.6.4 Advanced Coal Process Residues Database Results

A preliminary spreadsheet database of information on residues from
various advanced coal processes has been generated. The effort required to
complete this database is beyond the scope of this task; however, identifying
and characterization information available at the EERC, through past and
ongoing research projects involving these new coal conversion residues, has
been collected and placed in a Lotus® 1-2-3® spreadsheet as the initial step
toward constructing a complete database similar in scope to the coal

combustion fly ash database (which now includes the bituminous coal fly ash
database) (10).

Part of the effort required to begin generating reliable and reproducible
mineralogical characterization information on advanced coal process residues
was to develop a semiquantitative x-ray powder diffraction technique. The
protocol was developed by Dr. Gregory McCarthy at North Dakota State
University under a subcontract to the EERC. The protocol uses the Reference
Intensity Ratio, which requires mixing a fixed amount of an internal standard
with each residue. Rutile (Ti0,), the internal standard used for coal
combustion fly ash, produced peaks overlapping with analytical peaks of the
new phases in the advanced coal process residues. An alternative internal
standard, zinc oxide (Zn0), was identified (10).

Future work should include the expansion of the Advanced Coal Process
Residues Database. It is crucial to develop a solid understanding of these
materials and to be able to compare their properties in order to use and/or
dispose of them safely and cost effectively (10).

3.7 Activated Carbon Evaluation
3.7.1 Introduction

Activated carbons have many uses in industry. Most uses are associated
with manufacturing and water purification, such as color removal and the
removal of toxic or refractory compounds from waste streams. Additional uses
are the removal of odorous compounds from industrial gas discharges and the
adsorption of solvent vapor after air stripping of contaminated water.

Common materials utilized for the production of activated carbon include
lignite and bituminous coals, wood, peat, heavy-petroleum fractions, and waste
materials from pulping. In the process of activation, the carbon materials
acquire a high surface area that provides a high efficiency of adsorption.
Typical operations in the formation of activated carbon include
devolatilization at about 590°C, followed by activation with steam or carbon
dioxide at approximately 900° to 1010°C. Activation results in weight Toss in
the range of 30% to 60%. The loss of weight follows the enlargement of the
pores during the oxidation that causes the increase in activation. Following
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activation, the carbon may be crushed, ground, grated, washed to reduce ash
content, and dried.

A review of the literature pertaining to methods of characterizing and
evaluating activated carbons was performed. Based on this review, methods
were selected for laboratory evaluation. In addition, commercial vendors of

activated carbons were contacted and several activated carbons were ordered
for evaluation.

The analytical methods selected for characterizing and evaluating the
chars and the activated carbons included surface area, sieve analysis, iodine
number, molasses number, methylene glue number, bulk density, real density,

apparent density, particle density, abrasion number, hardness number, and ash
content.

Two mild gasification produced chars were collected. These included char
samples from Red Harmon and Royal Oak lignites. Testing of these chars for
characterization and evaluation was initiated. A mild gasification activated

sludge effluent was used to evaluate the treatment efficiency of the lignite
chars.

3.7.2 Goals and Objectives

The goal of this task was to characterize and evaluate chars produced
from the mild gasification of lignite for use in the commercial activated
carbon market or for cost-effective treatment of wastes generated by the mild
gasification process.

3.7.3 Results and Conclusions

Preliminary testing of the Red Harmon and Royal Oak lignite chars
indicated that they were not well suited for direct use as activated carbon.
A comparison of lignite char and activated carbon characteristics is shown in
Table 1. The values for effective size and uniformity coefficient for the
lignite chars are approximately 60% less than those obtained using the
commercial activated carbons. The mild gasification-produced lignite chars
tended to be extremely friable and suffered from a high rate of attrition
during handling (8).

The Red Harmon char-treated activated sludge effluent showed a chemical
oxygen demand (COD) reduction of 17%, from 808 mg/L to 670 mg/L. Color was
reduced from 3600 to 3300 APHA PtCo color units using the Red Harmon char, an
8.3% removal rate. Royal Oak char resulted in a COD reduction of 20%, from
808 mg/L to 645 mg/L. Royal Oak char reduced color from 3600 to 2700 APHA
PtCo units, a 25% reduction. An identical dosage of Calgon F-400 activated
carbon resulted in COD and color removals of 90% and 98%, respectively (8).

As-received mild gasification lignite chars are not well suited for
direct use as an activated carbon. Surface area of these chars is less than
desired for high-adsorption efficiency. Lignite chars exhibited a high degree
of friability and suffered from elevated rates of attrition during handling.
However, chars produced may be suitable for use following an activation step.
Continuing research under this task will evaluate the effects of activation on
mild gasification-produced Tignite chars (8).
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TABLE 1

Comparison of Lignite Char and Activated Carbon Characteristics

Red Harmon Royal Oak Calgon® Norit®

Char Char F-400 Hydrodarco

Parameter 12*30 12*30 12*40 12*40
Surface Area (m°/g) 211 183 404 271
Sieve Analysis (max %)

Larger than No. 12 0 0 0.6 9.8

Smaller than No. 30 9.7 5.6 0 0

Smaller than No. 40 0.4 0.2 0.4 0.4
Uniformity Coefficient 1.2 1.2 2.1 2.2
Mean Particle Diameter (mm) 0.7 0.7 1.1 1.2
Effective Size (mm) 0.6 0.6 0.7 0.6
Hardness Number (100 max) 24 68 . 73 57
Abrasion Number (%) 41 67 73 52
Iodine Number (mg/qg) 174 151 1150 640
Apparent Density (kg/m’) 574 556 480 430
Ash Content (%) 20.4 26.9 7.1 19.6

* Values obtained at EERC laboratories.

Samples of the Royal Oak and Red Harmon chars were subjected to activa-
tion by steam and by syngas (H,CO) activation methods. Neither of these
methods resulted in a significant increase in surface area. Royal Oak char
exhibited only a 4% increase in surface area when subjected to activation with
syngas. Steam activation of the Royal Oak char resulted in a decrease in
surface area from the original char (8).

Continuing research of activated char should include the examination of
the processing and handling of the char material as it is done in the mild
gasification process because it is suspected that the char may be exposed to
the atmosphere while still hot, resulting in the oxygen of the atmosphere
"burning" out the pores of the char particles. Future-research should also
include examining the effect of altering the temperatures of the mild gas
process. Higher temperatures during the carbonization of the material is said
to produce a better carbon particle (8).

3.8 Coal Ash Conditioning Study
3.8.1 Introduction

Dry coal utilization wastes are usually noncohesive materials which flow
freely if not confined and are readily susceptible to dusting. Water is often
mixed with these wastes prior to ultimate disposal to increase cohesion,

19




reduce dusting, and lubricate the particles for better compaction. This
operation is referred to as waste conditioning.

Conditioning of conventional fly ash usually requires the addition of
between 10% to 15% water. For wastes from advanced processes such as AFBC
with 1imestone addition, conditioning accomplishes an additional function
because the water serves to hydrate the excess lime (Ca0) created during the
combustion process. Thus for conditioning wastes that contain substantial
amounts of unhydrated lime, a significantly higher water addition level may be
required compared to conventional coal combustion wastes.

In addition to controlling dust and increasing compaction, the
conditioning process can also affect the extent to which cementitious and
pozzolanic reactions occur in the waste after it has been placed at the
disposal site.

During the first year, four coal utilization wastes were characterized to
provide baseline elemental composition, mineral composition, and physical
property data for the conditioning process evaluation. The advanced process
wastes that were studied included a composite cyclone ash and baghouse fly ash
from the Tennessee Valley Authority (TVA) Shawnee AFBC unit, an electrostatic
precipitator (ESP) fly ash from the NSP Black Dog AFBC unit, and a spent-bed
material from the KRW fluidized-bed gasifier. A1l three wastes were produced
from processes that used limestone addition to the bed for sulfur capture.

In addition to the three advanced process wastes, a fly ash from a
Riverside conventional cyclone-fired boiler burning a western subbituminous
coal (WSC) was included in the conditioning study. This ash was included
because it exhibited some of the same types of problematic behavior as the
advanced process wastes. Moisture-density tests were also completed on the
Black Dog and Riverside fly ashes.

The wastes considered for characterization during the second year
included EERC materials from the Tow-temperature coal gasifier and the
circulating fluidized-bed combustor (CFBC). Emphasis for the waste
characterization task during the second year was on limestone bed materials
from the Hydrogen Production project.

Two sets of conditioned fly ash specimens were prepared for physical,
chemical, and mineralogical analyses. The fly ash was obtained from a Black
Dog AFBC. The specimens were prepared using two different conditioning
moisture levels and four different curing times in order to track changes in
the physical, chemical and mineralogical properties of the conditioned ash for
the first 28 days of the curing process.

A conceptual design was developed during the last year of this task for
an ash-handling process to condition 50 ton/hr of self-heating AFBC ash. 1In
this process, the ash will be mixed as a slurry with 55% moisture added on a
dry weight basis. This conditioning moisture le..] was selected to fully
hydrate the AFBC ash and provide a 30% residual moisture content, which
previous studies have indicated will be the optimum moisture for producing the
maximum compacted density. In this conceptual model, the conditioned ash
would then be stored for a short period to allow the steam released by
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hydration reactions to dissipate and the ash to cool s]ightly before it would
be transported to the ultimate disposal site.

The design of the conceptual ash-conditioning system was developed using
certain assumptions. These included a 50-ton/hr conditioning rate, continuous
operation, and a maximum transfer distance of 100 ft from the main silo to the
feed silo. These assumptions, in conjunction with the physical and chemical
characteristics of the ash mixture, were the basis for the design of the
system.

The proposed conceptual AFBC ash-conditioning system was broken down into
four main operations: ash conveying, temporary ash feed storage, and mixer
feed; mixer operation; temporary conditioned ash storage for hydration; and
conditioned ash transport and ultimate disposal.

Chemical and mineralogical investigations of the original AFBC residues
and samples of conditioned AFBC residues will be included in this study to
determine the chemical reactions and mineralogical-phase transformations that
may occur during the conditioning process. Major, minor, and trace inorganic
constituents of the original and conditioned residues will be studied, and
experiments will be designed to investigate the mobility of trace inorganic
constituents in the conditioned residues.

3.8.2 Goals and Objectives

The purpose of this task was to evaluate conditioning procedures for
advanced coal utilization wastes and to evaluate trace element mobility within
conditioned wastes.

3.8.3 Results and Conclusions

A dominant characteristic of all four wastes was a high calcium content.
For the AFBC ashes, much of the calcium was present as free lime. For the KRW
and Riverside wastes, however, only a small percentage of the calcium appeared
to be in the form of free lime. The AFBC ashes liberated large amounts of
heat when mixed with water and displayed a tendency to self-harden. The
Riverside ash liberated a moderate amount of heat when mixed with water, but
displayed a much greater tendency to self-harden. The KRW waste did not
display significant self-heating or self-hardening behavior (5).

The three advanced process coal utilization wastes all had relatively
high calcium and sulfur contents due to the fact that limestone was added to
the AFBC and gasifier beds for sulfur capture. The Riverside fly ash also had
a high calcium content due to the presence of calcium-bearing minerals in the
coal rather than to an added sorbent.

Lime was found to be a major component of both thé Black Dog and
Tennessee Valley Authority (TVA) AFBC ashes. The 1ime was produced by
calcination of Timestone in the combustor bed.

The wastes were found to contain essentially no moisture, which was
expected since the lime tended to bind any moisture in the waste through
hydration reactions. The LOI measured for the Black Dog and TVA AFBC ashes
were relatively high compared to conventional coal combustion ash. The
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extremely low LOI of the KRW gasifier bed material was probably caused by the
oxidation of sulfide during the LOI test.

The advanced process wastes, particularly the AFBC ashes, appeared to
contain significant amounts of free lime (Ca0) as indicated by their high
initial pH values and large buffering capacities in the 11- to 12-pH range.
In contrast to the advanced process wastes, the conventual Riverside fly ash
contained only a small amount of free lime. The Riverside fly ash, however,
displayed a large buffering capacity in the pH range of 5.5 to 2.0.

Titration curves indicated that the advanced process wastes had a
different gross chemical composition, at least in terms of acid-neutralizable
components, compared to the Riverside fly ash. The titration of the KRW
spent-bed material liberated a strong odor of hydrogen sulfide, indicating the
presence of calcium sulfide in the waste. The results of the KRW titration
indicated that the calcium sulfide content was in the range of 5 to 10 wt%.

Moisture-density tests were completed on the Black Dog and Riverside fly
ashes. Based on observation made during these tests, it appeared that self-
hardening reactions occurred after the water was added and caused the
Riverside ash to set up after about 15 minutes. As the ash set up, it changed
from a fine powder to a coarse, granular material which was much less cohesive
when compacted. The Black Dog ash also hardened after water was added, but to
a much lesser extent than the Riverside ash.

It was found that if the amount of conditioning water was less than about
35%, the Black Dog ash heated to 100°C (with an accompanying generation of
steam). When the amount of water was greater than 35%, the maximum ash
temperature decreased. Apparently the additional water absorbed enough of the
heat 1iberated from lime hydration to keep the temperature from reaching
100°C. The Riverside ash showed a gradual increase in maximum temperature as
the amount of conditioning water was increased to about 20%. The difference
between the two ashes is probably due to the fact that the heat released by
the Black Dog ash was principally caused by Time hydration, while the heat
released by the Riverside ash was principally caused by tricalcium aluminate
hydration.

Both ashes consumed some of the water added during the conditioning
tests. The difference between the water added and the water contained
represents the water lost to either hydration reaction, evaporation, or steam
generation. For the Black Dog ash, water loss (about 10%) was independent of
the amount of conditioning water initially added to the ash, but for the
Riverside ash the water loss gradually increased to a maximum of about 10% as
the amount of added water increased.

Although the self-heating and water-loss relationships indicated by the
conditioning tests appear well defined, caution must be used when applying
this type of information to field disposal. The chief difference between
laboratory tests and field conditions is the bulk quantities of ash handled.
The relatively small amounts of ash used for the laboratory tests will lose
both heat and water more readily due to evaporation and steam generation than
the large quantities of ash handled in the field. This means that ash handled

in the field may get hotter, stay hot longer, and lose Tess water than the
laboratory data indicates.
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3.8.4 Bulk Chemical and Mineralogical Characterization

In this study, proton-induced x-ray emission (PIXE) results were used to
determine an initial 1list of trace elements for quantitation in the two
residues. That 1ist included all RCRA elements, even if they were not
identified by the PIXE results. Other highly mobile elements were also
included for completeness.

The chemical characterization protocol included the quantitative analysis
of the trace elements and the major and minor inorganic constituents.
Major/minor inorganic constituents, present in percentage amounts in the
samples, were silicon, aluminum, iron, calcium, magnesium, sodivm, potassium,
titanium, phosphorous, strontium, and manganese. Moisture content, LOI, and
carbonate were also determined in the original materials.

Mineralogical characterization by x-ray diffraction of the bulk samples
was completed.

3.8.5 Results of Trace Element Mobility Investigations

These tasks involved the investigation of trace element mobility in test
cylinders of the residues conditioned with different levels of moisture and at
four curing times. Slices of these conditioned materials were submitted for
the trace element mobility investigations. Two slices, approximately l-inch
thick, were taken from the center of each cylinder. One slice was kept intact
for the trace element mobility study, and the second was dried and crushed for
potential use in a future leaching characterization study. A split of the
material prepared for the leaching characterization was ground to -60 mesh for
mineralogical investigations to be performed in conjunction with the leaching.
A1l these samples have been retained and are being stored pending future
funding for a leaching characterization study. The leaching characterization
proposed was determined to be beyond the scope of this subtask. Additional
sample preparation was required for the trace element mobility studies. The
cylinder section that was reserved for this purpose had samples drilled out of
specific regions of the slice using a carborundum drill bit. A sample was
obtained from the center of the slice, from the edge or perimeter of each
slice, and from a concentric ring between the two samples. This protocol
resulted in three distinct samples for each conditioned sample that was
submitted. A carborundum bit was chosen because any contamination of the
samples by the drill bit would be readily recognized during the mineralogical
characterization of these samples. Following this sample preparation
procedure, forty-eight samples of conditioned residues were submitted for
analysis of total trace elements and major/minor inorganic constituents
analysis. These same samples were submitted for x-ray diffraction to identify
mineralogical phases present and for comparison of the mineralogy of the
conditioned versus nonconditioned material. Mineralogy was determined on the
1- and 28-day cured, conditioned materials at both moisture levels investi-
gated in the engineering study under this task (10).

The chemical analyses results, in conjunction with the mineralogical
results, indicate that the mobility of elemental constituents in conditioned
AFBC residues is virtually nondetectable. Results of the total chemical
analysis are the same within the variability of the analytical method and the
heterogeneous nature of these residues. Statistical analysis of these results
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was not performed, as general observations were adequate to conclude that the
mobility of major, minor, and trace element constituents was very low even at
the lowest curing times and moisture contents. Even the most mobile
constituents, such as chloride and sodium, showed no trend of mobility in this
study. The only mineralogical changes that were noted between 1-day curing
and 28 days of curing was the formation of gypsum, which is a hydrated form of
CaSO,. Anhydrite, the nonhydrated form of CaSO,, was present in the sampie at
1-day curing time in all cases. Only one sample, the Black Dog AFBC at 37%
moisture, showed the development of ettringite (Ca,A1,[SO,],[OH],,»26H,0) in the
sample that had cured for 28 days (10).

Leaching characterization of these conditioned materials is recommended
for future work. The leaching characterization should include short- and
long-term 1eaching procedures. This study will provide extremely beneficial

supplemental information regarding trace element mobility in conditioned FBC
ash.

The results and conclusions for the conceptual ash-conditioning system,
developed during last year of this task are as follows (9):

e The optimum moisture content of the 65/35 char/fly ash mixture was
found to be 30% of dry weight (residual moisture). To achieve this
moisture content, a water addition rate of 55% of dry sample weight
must be used to compensate for moisture loss due to hydration
reactions. :

e The maximum compacted density of the ash mixture was found to be
77 1b/ft’ at a moisture content of 30% of dry weight. At this
density, a maximum 28-day compressive strength of 366 psi was
developed. A permeability of 1.5 x 10”° cm/sec occurred at the
optimum moisture content of 30% of dry weight.

e Since the AFBC ash began to stiffen shortly after the conditioning
water was added, a limited amount of time was allowed for mixing. The
time from the start of mixing until the ash begins to stiffen was
approximately 2 minutes. Therefore, a mixer was selected with
residence time less than 1 minute.

e The conditioned ash slurry developed an average short-term (15 minutes
to 5 hours), unconfined compressive strength of 16.6 psi. Minimum and
maximum short-term compressive strengths were found to be 13.6 and
19 psi, respectively. These data indicated that temporary storage of
the conditioned ash would be possible, since these compressive

strengths would not hinder the removal of the conditioned ash from the
storage areas.

e The conditioning process was chosen to be continuous in order to meet
the assumed 50-ton/hr conditioning rate. A continuous process was
also required to meet the short mixer residence time required for
conditioning.

e In the design, the AFBC ash would be stored in a 23,000-ft’ combina-

tion silo. The ash would be transported from the main silo ta the
mixer silo with a screw conveyor. The mixer-feed silo would be used

24



to temporarily store the ash mixture. Two 25-ft by 25-ft storage
areas would then provide temporary storage for the conditioned ash
slurry, allowing the hydration process to be completed, and the ash to
cool. The temporary storage areas would be fully enclosed to capture
the steam released during the hydration process. After approximately
30 minutes of steaming and cooling, the conditioned ash would be
removed from the storage areas with a front-end loader equipped with a
2-yd’ bucket. The ash would then be placed in a landfill.

e Major, minor, and trace constituents showed no trend of mobility
within the conditioned AFBC ash. Hydrated mineral phases were
identified in cured conditioned AFBC ash. Leaching characterization
is recommended for future work.

3.9 Characterization and Treatability of Coal-Water Fuel Process Waters

3.9.1 Introduction

Coal beneficiation through hydrothermal dewatering has emerged as one of
the most promising technologies for upgrading low-rank coals. Hydrothermal
dewatering is a technique used to reduce the water content of high-moisture
coals through heating a finely ground coal-water slurry under pressure. The
drying temperature is high enough to decompose some carboxyl groups in the
coal, forming carbon dioxide. The carbon dioxide then forces the water from
the coal pores into the surrounding medium. Reabsorption of water is
minimized due to coal surface modification and surface coating with evolved
tars and waxes.

Conditions during hydrothermal dewatering, coal chemistry, and coal type
have a major impact on the characteristics of coal-water fuel (CWF) process
waters. Many of the contaminants are difficult to remove prior to discharge
and may create operational problems if recycled back into the process.
Wastewater treatment process selection for coal beneficiation processes is a
difficult task. Great emphasis has not been placed on liquid waste
management. The need exists for an improved treatability database and a clear
methodology for treatment of CWF waters. Cost-effective production of CWFs
can only take place if waste management technologies are developed prior to
prototype plant construction.

3.9.2 Goals and Objectives

The purpose of this task was to characterize and investigate the
treatability of hot-water dried (HWD) CWF at the bench scale.

3.9.3 Results and Conclusions

A survey of chemical characterization data for HWD coal process waters
was conducted and relevant information was entered into a database nianagement
system (6). Several general trends were apparent when a comparison was
performed on the chemical characteristics for process waters generated during
hot-water drying of a variety of lignite and subbituminous coals. Increasing
organic contaminant concentrations occurred with increasing process
temperatures. A general increase in 4AAP phenolics, five-day biochemical
oxygen demand (BOD,), COD, and total organic carbon (TOC) occurred with all
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coal types. Increasing ammonia concentrations were observed with increasing
process temperature. A general decrease in sulfate concentrations was seen in
all process waters, with increasing temperature. Ash-producing ions, calcium
and sodium, followed an increasing trend with increased process temperature.
Magnesium concentrations decreased with the ircreasing operating temperatures.
High COD:BOD, ratios indicated that high concentrations of biorefractory
organics were present in the CWF process water (9).

Based on the results of this survey, several treatability issues were
identified (9):

e C(Coal chemistry and coal type will have a major effect on process water
characteristics, treatability, and reuse potential.

e Differences in processing temperature and pressure have a pronounced
effect on process water characteristics within a temperature range
between 270° and 330°C.

e Thorough characterization of process waters is necessary.
e Biological oxidation will be a key unit process.

e Future discharge and/or reuse criteria need to be defined so that
treatment process limitations may be properly evaluated.

e Verification of treatment process stability, reliability, and the
development or verification of kinetic parameters should be performed
at the bench and pilot scale.

e High COD:five-day biochemical oxygen demand (BOD,) ratios in HWD CWF
process waters indicate high levels of biorefractory organics that
will require further treatment of secondary effluent prior to
discharge under most situations.

Process water used in treatability testing was collected during the hot-
water drying of coal from the Usibelli coal mine near Anchorage, Alaska. A
representative sample from the Usibelli HWD CWF process water was submitted to
the EERC Analytical Research Laboratory (ARL) for chemical and physical
characterization prior to treatability testing (9).

Two secondary treatment systems were selected for evaluation, an
anaerobic treatment system and an aerobic treatment system. The anaerobic
system combined anaerobic biodegradation with granular activated carbon
adsorption in a two-stage expanded-bed reactor configuration. The aerobic
system was a conventional activated sludge process (9).

An anaerobic bacterial culture was obtained from the Moorhead, Minnesota,
sludge digester, and the aerobic culture was obtained from an activated sludge
reactor treating mild gasification wastewater. Testing with these two systems
was conducted to evaluate the removals of selected parameters, such as BOD,,
COD, ammonia (NH,), and color (9).

In the anaerobic system, breakthrough (COD = 400 mg/L) in Column 1 was
found to occur at approximately 34 L of throughput, corresponding to 34-bed
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volumes. Carbon exhaustion was estimated to occur after approximately 150 L
of throughput, or 150-bed volumes. Exhaustion was assumed to occur at a
column effluent COD of 3200 mg/L, or 1200 mg/L less than the influent COD.
The 1200 mg/L difference represents the biodegradable fraction of COD, as
measured by BOD, (10).

Operation of two columns in series significantly extended the time to
system effluent COD breakthrough. Two-stage operation resulted in an
increased utilization of adsorptive capacity that approximately tripled the
throughput to breakthrough, while only doubling the amount of carbon (10).

The gas generated through anaerobic metabolism was analyzed for
composition. The methane content of the gas generated averaged approximately
over 70 mole percent. The relationship between COD loading and the gas
generated is represented by the equation: y = 0.156x + 0.0139. Thus for each

100 grams of COD applied to the system, approximately 16 liters of gas are
generated (10).

The aerobic treatment system was based on the concept of activated
sludge. BOD, removals of 95% were achieved during activated sludge treatment
of Usibelli process water. The average influent BOD, of 1220 mg/L was reduced
to as Tow as 31 mg/L, but was not consistent. Treatability target discharge
goals, based on the new source performance standard (NSPS), were 30 mg/L. The
average influent total COD during the operating was 4540 mg/L. Average
effluent soluble COD was 3730 mg/L, an 18% removal rate. This concentration
is much higher than the target effluent quality goal of 400 mg/L. High
concentrations of refractory COD in the activated sludge effluent will require
further treatment. Average influent ammonia influent was 13 mg/L. Effluent
ammonia averaged 2 mg/L, resulting in a removal efficiency of 83%. Ammonia
removals during activated sludge treatment are most likely the results of air
stripping in the aeration basin, rather than biological nitrification. No
increase in effluent nitrate was detected (10).

3.10 Waste Depository Scavenger Study
3.10.1 Introduction

Constructing large depositories for municipal and industrial waste has
become a standard waste management practice. Monitoring potentially hazardous
leachate migrating from a waste depository is a critical responsibility to
prevent groundwater and soil contamination. Current monitoring techniques,
which consist of sampling and analysis of materials around the depository, are
inadequate. This type of analysis can be inaccurate due to the heterogeneity

of the materials and the virtually undetectable compositional changes with
time.

Contaminants emanating from municipal waste can include lead, copper,
zinc, and contaminants migrating from fly ash waste can include boron,
molybdenum, arsenic, and selenium. Remediation of these types of contaminants
is expensive and sometimes problematic. Inexpensive waste-cell liners
composed of abundant sorptive materials, such as zeolites, chars, and clays,
could be an economical way to immobilize contaminants.
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3.10.2 PResearch Scope

A two-phase test plan was used to determine contaminant migration and
sorptive capacity of the scavenger materials. The first phase involved the
evaluation of chemical and mineral properties of the proposed scavenger
materials. The second phase involved the use of batch testing and percolation
cxperiments to determine the sorptive abilities of selected materials.

3.10.3 Results and Conclusions

Clinoptilolite, a zeolite mineral with the genera] formula of
(Na,K),(A1,51,,0,,)20H,0, was tested for its ability to immobilize ions of
selenium, molybdenum, copper, and lead. Ions of lead and copper were chosen
for initial experiments because clinoptilolite has a strong affinity for both
of these contaminants, and they are commonly found in municipal Tandfill
leachate. Selenium and molybdenum were chosen for the first percolation
experiment because they are common constituents in fly ash leachate (10).

Clinoptilolite obtained from East West Minerals Company, Denver,
Colorado, was analyzed by x-ray diffraction (XRD) techniques to determine
other phases present. The clinoptilolite was found to be nearly homogeneous
and contained only a minor amount of quartz. Scanning electron microscope/
electron probe microanalysis (SEM/EPMA) revealed that the zeolite was more
potassium-rich than sodium-rich (10).

Limited batch testing has indicated that clinoptilolite was effective at
removing lead from solution, but not an effective scavenging material for Se™
(selenium) or Mo™ (molybdenum) (10).

Further research in this area will include the evaluation of other
possible scavenging materials in more complex systems that model field
behavior. The evaluation of other scavenging materials, such as chars and
clays, and the development of optimum mixtures should also be pursued.

Future research should also focus on determining the quantities of
contaminants that are permanently immobilized and quantities that are able to
be remobilized from the scavenging agents. This will be an important factor
in determining the environmental impact of these materials.
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REGIONAL ENERGY POLICY PROGRAM FOR THE NORTHERN GREAT PLAINS

1.0 INTRODUCTION

The United States is the world’s leading consumer of energy. The
production and consumption of energy vary over the country as a function of
climate, the availability of natural resources, economics, and culture. The
northern Great Plains region (Montana, Wyoming, North Dakota, and South
Dakota) is an area characterized by many similarities in climate, culture, and
physiography. With respect to energy, this region:

e Contains significant conventional fossil fuel resources as well as
nonconventional energy resources such as oil shale and geothermal.

e Accounts for over 10 percent of domestic hydrocarbon production, a
significant portion of domestic coal production by volume (Tow-rank,
Tow-sulfur coal), and a significant amount of coal-fired electricity.

e Contains significant research capability, particularly with regard to
coal-conversion and oil shale technologies, and with respect to the
environmental effects of fossil fuel production, conversion, and
utilization.

e Is a net exporter of energy and fossil fuel materials.

e Is a significant consumer of fuel and fossil fuel by-products in the
agricultural sector.

e Receives significant revenues and economic support from fossil fuel
exploration, production, conversion, and transportation industries, as
well as from ancillary industries.

The fundamental intent of the federal Energy Policy is to provide
enabling and restraining leverage on the market to protect the public
interests that would not otherwise be well served. These interests include
the protection of human health and the environment, ensuring an uninterrupted
energy supply, resource stewardship, and providing for the national security.
Since the first energy shock in 1973, response to uncertainty in energy
supply, especially for oil, has varied between two extremes: strong
government intervention, in response to energy supply crises, or reliance on
market forces.

At the state level, responsibility for energy-related issues is
typically divided among a number of agencies. Policy functions are divided
among economic development, health and the environment, consumer price
regulation, and revenue development (sources include severance, sales, and
property taxes). Furthermore, state level activities must be coordinated with
federal initiatives. The development and maintenance of well-founded energy-
related policy at the state or regional level requires basic knowledge in a
number of subject areas, including energy resources, production and
utilization technologies, markets, the environment, current and developing
federal and state initiatives, and local, regional, national, and
international trends.




2.0 PROGRAM OBJECTIVES

The goal of this program has been to develop and manage a series of
concise reports and databases intended to enhance the development and
implementation of energy-related policies in the northern Great Plains region.

Computerized database products are summarized in Table 1, while project
geports are summarized in Table 2. The reports are being treated as open-file
ocuments.

3.0 TASKS/ACTIVITIES

3.1 Task A. Development of an Information Management System

Objective

The objective of Task A was to develop an integrated data management
system for the storage, organization, and manipulation of data, as well as
allowing for varied output including graphics, such as maps, tables, and
reports.

Activities under this task included identifying data types and desired
product formats; screening candidate software packages and selecting the
appropriate software; and, following testing, develop the appropriate data
packages. Given the need to foster ready distribution of the computerized
data sets, the software selection criteria included:

e User-friendly, with wide usage in the marketplace

e Low cost

e Highly interactive with other software packages

¢ Personal-computer-based
Following the software selection, activities included tailoring the data
management systems to meet the needs of the overall system and developing
appropriate formats for data entry and management. In order to minimize costs

to the project, software and hardware costs were shared with other projects
when possible.

Accomplishments

Computer Data Management System Software

Three types of data were identified: those with a geographic tie, those
which consisted of items in a list, and numerical data. The choice of
database software was dictated by the character of the data as follows:

e Data sets with a strong geographic component included regulations,
resource/reserve estimates, production, facilities, utilization data,



TABLE 1

Summary of Computerized Databases

Task

Software

Description

Records

Remarks

ENERBIB

QeA®

The template contains fields for bibliographic citations and key
words for snergy-related publications and data bases, particularly
for the northern Great Plains region. Key references are
indicated. Kay words expedite sorting by tner§y sector (coal, ofil,
gas, electricity, nuclear, biofuels, geothermal, hydroelactric, and
oil shale) and subject area (resources/reserves, production,
transportation, cons tion/marketing, technology, policy,
environmental), as well as by area (e.g., state, geologic province,
industry/government region).

1500 records

Records can be sorted on any
field

ENERCON

QaA®

The template contains fields for names, addresses, key personnel,
and descriptions of energy-related organizations. Subsets include
state and federal ragulatory agencies, lobbyists, energy companies,
and select university departments.

1160 records

Records can be sorted on
any field

PLANT

Q8A®

Contains information on coal-conversion facilities (coal-fired
electrical generating stations; gasification facilities) in the
northern Great Plains regfon. Template contains fields for
factlity {dentification ?nlmc and address, owner), boiler/gasifier
sqccifications. average load, fuel type and source, flue-gas
cleaning, waste types and management, and financial information.
Information developed and confirmed through interviews with
regulatory and fndustry personnel.

23 records

22 elactrical generating
plants

1 gesification facility

MINE

QaA®

Contains information on coal mines in the northern Graat Plains
region. The template contains fields for mine {dentification
(name, address, owner), production, customers, geology,
environmental, and financial information. Information developad
and confirmed through interviews with regulatory and industry
personnel.

67 records

Records can be sorted on
any field

Unique combination of
information flelds

NGPCOMP

Atlas GIS®

GIS systems are fully relational data management systems that
consist of two file formats: geographic and nttr!guto (d-base).
The geographic format consists of three basic levels of resolution
for the nerthern Great Plains region: state, stltc{gco1og1c
province, and county. Attribute file templates include fields for
resources/reserves, production, facilities, consumption, waste
generation, and management. Numerical and statistical productes are
available from the attribute files alone while maps are produced
from the interaction of the geographic and attribute files.

Attribute files imported
from Q8A® and Quattro® Pro

Attribute files developed
under Tasks C,D,E

Requires a minimum of:

- 486/50; 200 M8 for
complete system

- 386/25; 100 MB for
selsct attribute files




TABLE 2

Summary of Report Products

— — —

Title Task Description

Status of coal resource assessment in the C Profiles the current state of knowledge and activities with respect to coal “

northern Great Plains resource/reserve information in the northern Great Plains. Focus is on the
Fort Union Lignite Region {coal-bearing area of the Williston Basin) and the
Powder River Region (coal-bearing strata of the Powder River Basin) which
together account for over 95 percent of the coal reserves in the region.

Federal Energy Policy 1970-1990 G Contains a summary of federal energy policy initiatives during the period
1970-1990 and provides concise profiles of the coal, oil, and gas sectors as
they were at the commencement of the National Energy Strategy development
process. Includes a chronology of Energy Policy actions and world events.

Coal-conversion by-products management in the H Contains a review of the waste types, management practices, and research

North Dakota portion of the Fort Union Lignite findings for coal-conversion by-products (fly ash, flue gas desulfurization

Region: A review of the literature wastes, bottom ash). Includes maps of waste generation sites and tables
highlighting management practices, select research reports, and utilization
options.

Surface mining and reclamation in the North H Contains a review of the environmental effects of mining and reclamation |

Dakota portion of the Fort Union Lignite activities. Includes maps of active mines, research sites, abandoned mined

Region: A review of the literature lands (AML) and tables highlighting selected research activities and groups.

0i1 and gas exploration and production wastes H Contains an overview of exploration activity, wastes, management practices,

in the northern Great Plains: Occurrence,
character, and management

and research findings with respect to oil and gas exploration and production
wastes (drilling waste, produced water) in the northern Great Plains. OData
portrayed on Atlas GIS map products at the county level includes well
populations, production (oil, gas, and water) injection wells, and other

waste management sites. Tables show management practices and highlight ﬂ

research findings.




environmental data, and demographics. These data sets were assigned
to the NGPCOMP (northern Great Plains comprehensive) database.

Geographic Information Systems (GIS®) which relate data within a
consistent geographic framework are well suited for analysis of these
types of data and have the ability to provide numerical and
statistical reports as well as map output. GIS was considered to be
the software of choice for NGPCOMP.

Following a screening phase, Atlas GIS® was chosen as the software for
NGPCOMP. The development of NGPCOMP was initially delayed, however,
due to problems with the generation of the Atlas GIS® software
originally obtained for testing. In Year 2 of the project, plans were
made to replace Atlas GIS® with MapViewer®, a thematic mapping package
from Golden Software. The acquisition of an Atlas GIS® upgrade and
the hiring of a full-time computer database manager, both in Year 3 of
the project, cleared the way for the development of NGPCOMP using
Atlas GIS®. Since the formats and files can be readily revised and
the program readily accepts information from other database formats,
the choice of Atias GIS for NGPCOMP resulted in the potential for a
flexible, dynamic, portable, and expandable data management system.

GIS systems, fully relational data management systems, function with
the interaction of two file formats--geographic (a standardized
geographic reference structure) and attribute (d-base files, akin to
spreadsheets, which are keyed to locations in the geographic
structure)--where data are tied to a geographic location. Atlas GIS®
database construction was initiated with the development of an overall
geographic structure for the northern Great Plains region. The
geographic structure contained three layers, that of the state,
geologic province/state, and county. The county, a geographic unit
common among the diverse data sets (regulatory, geologic, production,
consumption, environmental), was chosen as the fundamental geographic
tie (level of resolution) for the GIS system and proved particularly
useful for portraying the occurrence and distribution of elements of
the larger attribute data sets such as oil and gas wells. In cases
where populations were relatively small, such as the case for coal
mines, the capability existed for individual facilities to be plotted
while other types of data, including regulations, required plotting at
the state or state/province level.

In the second half of Year 3, natural gas-related data were used as
the basis for attribute files which were then used as sample data sets
for the testing of Atlas GIS® capabilities. With the successful
demonstration of the system, subsequent activities included the
development of data entry attribute formats, entry of selected data
sets, and the production of select map products. Data entry was
facilitated by creating attribute file templates in Atlas GIS®,
exporting the templates to Quattro® Pro for data entry, and then
returning the completed files to the GIS system. Data intended to
form the basis of attribute records in NGPCOMP were acquired under
Tasks C, D, and E. The status of those activities is addressed under
the individual tasks.




e Enumerated items and supporting information, which included
bibliographic citations, contacts, descriptions of technologies, and
policy initiatives, were managed using Q&A®, a flat file manager.
Q8A® proved especially useful due to its powerful sorting capability.

e Most of the GIS databases were supported by data sets in a spreadsheet
format, particularly Quattro® Pro. This was done for two reasons.
The spreadsheet format allowed the rapid input of data and the program
embodied powerful statistical and other analytical capabilities.

e Word processing was handled using WordPerfect®.
Computer Hardware

The software packages selected for the project, particularly Atlas GIS®,
required improved PC capability. Ancillary capability was required to ensure
appropriate products. Costs were shared with other contracts where
appropriate. Hardware acquisitions included the following:

e [BM PC 386 SX; 40 MB hard disk; 8 MB RAM
e Upgrades of two IBM PC machines, including hard disk upgrades
e Purchase of a modem for access to on-line information sources

e Deskjet (ink jet printer) printer, produces map products for the Atlas
GIS® NGPCOMP database.

3.2 Task B. Information Acquisition

The overall objective of this task was to identify information sources
with respect to the selected energy-related subject areas in the northern
Great Plains and to characterize and assess these sources. Activities fell
into two areas: compilation of an annotated bibliography of publications
(B.1) and a compilation of backgrourd information on key energy-related
contacts (B.2).

3.2.1 Subtask B.1 Annotated Bibliography of Energy-Related

Sources

Objective

The objective of Subtask B.1 was to identify information materials,
published sources, and databases; to acquire and review these materials; and,
finally, to enter and manage these materials in a computerized annotated
bibliography template developed using Q&A® software. Sources of the materials
included trade and lobbying groups, energy-related companies, and state and
legislative agencies.

Although the initial intent of this task was to produce an annotated
bibliography, the formal review and description of each reference was deemed
inappropriate since 1) the activity was time-intensive, requiring an
inordinate share of limited project resources; 2) the volume of materials was
very large; and 3) annotations were already available in other formats in many
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cases (such as on-line databases). Instead, the original intent of the
annotated bibliography, that is, the ranking and description of the
information sources, was largely fulfilled through the identification of key
data sources in select subject areas.

14 nts

The identification and acquisition of energy-related sources for the
northern Great Plains. Sources included computerized data bases,
published materials, and on-1line databases.

- Development of a computer-based annotated bibliography template,
ENERBIB, in Q3A®. Fields include bibliographic information, key
words, and descriptive information.

Identification of key references by energy sector (coal, oil, gas,
electricity, nuclear, biofuels, geothermal, hydropower, o0il shale).

3.2.2 Subtask B.2 Organizations Database

Objective

The objective of Subtask B.2 was to identify key energy-related
organizations for the northern Great Plains and to develop a computerized data
system for the storage and manipulation of these data.

Accomplishments

Selected energy-related groups at the national and regional levels
were identified and contacted during Years 1 and 2 with respect to
their activities in policy issues. The groups included environmental
organizations, research organizations, government agencies, and
industry trade groups.

Development of the ENERCON database template in Q&A® for the storage
and management of these data.

3.3 Task C. Energy Resource Database
Objective

The objective of Task C was to acquire data on the energy-related
resources of the region and to determine the status of resource assessment.

Accomplishments

Identifying and acquiring data sources, mainly published reports.
These data were prepared for entry into the resource/reserve portion
of the NGPCOMP database.

- Information was acquired for coal, oil, gas, nuclear, o0il shale,
and geothermal. Attribute sets were filled in for coal, oil, and
gas.



Preparation of the report entitled "Status of Coal Resource Assessment
in the Northern Great Plains." The report focuses on the status of
resource and reserve assessment in the Williston and Powder River
Basins which account for over 95 percent of the coal reserves of the
northern Great Plains.

Information on the status of 0il, gas, and geothermal resource/reserve
estimated were obtained but were not formalized in a report format.

3.4 Task D. Energy Production Database

Objective

The objective of Task D is to develop a computerized database to provide
information on current energy-related production. Related databases were
planned to pertain to the storage, treatment, and conversion (i.e., mines,
power facilities, refineries, gas processing facilities) of fossil fuels.

Accomplishments

Identifying data sources and obtaining production information from the
states and other appropriate groups.

Development of format and entry of the data into the production
portion of the NGPCOMP database.

Development of databases on coal-related production and utilization
facilities. These databases served as the source of data in these
subject areas for the Atlas GIS® NGPCOMP database.

- Coal Mines (MINE)

MINE is a Q&A® software template which contains information on coal
mines within the northern Great Plains region. Each coal mine has
an individual entry consisting of background information production
figures and customer data as well as geologic, environmental, and
financial information. Sixty-seven mines are listed in the four-
state area, including twenty-one operations which are closed
temporarily or permanently or have been absorbed into another mine
or company.

- Coal Conversion facilities (PLANT)

PLANT is a Q3A® software template which contains information on
coal-conversion facilities (coal-fired generating stations, coal
gasification facilities) in the northern Great Plains region. Each
coal-conversion facility has entries consisting of background
information, boiler/gasifier specifications, average load data,
fuel, FGC, waste management, and financial information. Twenty-
three entries are included in the four-state region (22 electrical
generating stations and 1 gasification facility).

- Information on other facilities, including gas processing plants
and refineries, was not formalized in a database format since it

8




exists in a number of commercially available formats as noted in
the ENERBIB database. Further, waste and waste management
information for these facilities was not readily available.

3.5 Task E. Energy Consumption Database
Objective

The objective is to develop a computerized database to provide
information on energy consumption in the region.

Accomplishments
e Data source identification and data acquisition.
o Development of a database format for the NGPCOMP database.

- Consumption-reiated information was not reduced and entered into
the NGPCOMP data, since it is already available in a number of
formats, including state and federal publications, as noted in the
ENERBIB database.

3.6 Task F. Energy Technology Database
Objective
The objective is to develop a computerized database to provide

information on energy conversion and related technologies, focused on low-rank
coal in the northern Great Plains.

Accomplishments

e Preparation of TECH, a database template in Q&A® which contains
critiques of low-rank coal conversion technologies based on published
and in-house sources.

3.7 Task 6. Government Initiatives Database

Objective

The objective was to develop computerized databases and supporting
documentation dealing with energy-related policy initiatives at the federal
and state levels.

Accomplishments

e The compilation of a concise history of energy-related events and
policy initiatives during the period 1970 through 1990 at the
international, national, and regional levels. Information regarding
activities at the federal level is contained in the report "Federal
Energy Policy 1970-1990."

e The identification and, where possible, assessment of past federal and
state policy actions in a historical context. An assessment of

9



federal actions for the period 1970-1990 were originally included in a
Q&A® database format but this information has subsequently either been
included in the report "Federal Energy Policy 1970-1990" or,
alternatively, was found to be readily available in more detailed form
in on-line formats and publications as indicated in ENERBIB.

e [dentification and tracking of current policy initiatives, and, where
available, acquiring supporting documentation at the federal and state
levels. Data sources included:

- Offices of federal and state legislators and agencies, including
USDOE.

- Industry associations and environmental groups.

- Legislative tracking groups, notably the Environmental and Energy
Study Institute (Weekly Bulletin, Legislation Briefing Books,
Special Reports).

e Investigation of the use of on-line policy-related information
sources. On-line services were available from the states as well as
on the national Tevel from such services as LEXIS/NEXIS and WESTLAN.
However, the cost of the services was prohibitive, and it was decided
that state sources would be sufficient for the needs of the program.

- Database products for legislation at the federal and state level
were deemed inappropriate as originally envisioned. Needs in these
areas are adequately met by published reports and on-line data
services available as indicated in ENERBIB.

3.8 Task H. Environmental Issues Database

Objective

The objective was to prepare summary reports dealing with energy-related
environmental issues in the northern Great Plains region.

Accomplishments

Reports were prepared to provide background information concerning the
environmental aspects of the surface mining of coal, the management of coal-
conversion by-products, the management of o0il and gas exploration and
production wastes, and the ramifications of the 1990 Clean Air Act on coal in
the region. The reports are summarized as follows:

e “Surface Mining and Reclamation in the Fort Union Lignite Region: A
Review of the Literature"

- A review of the literature concerning mining and reclamation in the
coal-bearing area of the Williston Basin. The paper contains
information on abandoned mine land sites, active mining and
reclamation sites, and mine land research sites; a review of
published reports and research programs; and a statement of
research needs.
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"Coal-Conversion By-Products Management in the Fort Union Lignite
Region: A Review of the Literature"

- A review of the literature concerning the management of coal-
conversion wastes (fly ash, FGD waste, gasification waste) in the
coal-bearing area of the Williston Basin. The paper contains
information on waste types and their character, a review of
published reports and research programs, management strategies for
disposal and utilization, and a statement of research needs.

"0i1 and Gas Exploration and Production Wastes in the Northern Great
Plains: Occurrence, Character, and Management"

- A summary of the oil and gas exploration and production waste
(produced water and drilling wastes) generation and management
picture by county in the northern Great Plains. The paper contains
information on waste character, generation sites, estimated
volumes, management practices (allowed and actual), and research
projects.

The decision was made not to prepare two planned documents, "The Clean
Air Act in the Northern Great Plains" and "Leasing Federal Lands in
the Northern Great Plains: Energy-related Issues," due to the fact
that such reports would be premature. In the case of the Clean Air
Act Amendments, for example, activities are ongoing in such key areas
as the NO, and air toxics standards.

TRIPS/INFORMATION DISSEMINATION

October 1-4, 1989; Rocky Mountain Section Meeting of the American
Association of Petroleum Geologists. Of particular interest were
sessions on the outlook for the domestic uranium industry, reservoir
heterogeneity and the potential for enhanced oil recovery, and oil and
gas resources in the northern Great Plains.

November 6-7, 1989; travel to Washington DC. Activities included a
visit to the Energy Information Administration and attendance at a
meeting of the DOE-sponsored Coal Awareness Steering Committee.

January 22-24, 1990; travel to Washington DC. Activities included a
visit to the DOE Office of Policy, Planning, and Analysis (OPPA) for
discussions with Ms. Sandy Giatt and Mr. Henry Kelly on the form and
status of the National Energy Strategy (NES) and examination of the
draft NES and testimony from the NES public hearings.

September 11, 1990; attendance at the Pittsburgh Coal Conference,
Pittsburgh, Pennsylvania. Of particular interest were presentations
by industry and government representatives in a formal session on the
developing National Energy Strategy.

September 12-13, 1990; attendance at the First International Symposium

on 0i1 and Gas Exploration and Production Waste Management Practices
in New Orleans, Louisiana. The conference provided information on
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environmental issues for the oil and gas industry, including NORM, air

quality, and general presentations on exploration and production
wastes and waste management.

e September 30, 1991; attendance at a Geographic Information System
(GIS) workshop at Argonne National Laboratory, Chicago, I1linois.

Travel was typically undertaken in conjunction with other contracts,
where possible, to minimize expenses.

Reports prepared using information developed through this project
include:

Energy and Environmental Research Center Technical Staff, 1990, An analysis of
energy policy and recommendations: Internal report, 22 p.

Groenewold, G.H., Beaver, F.W., Butler, R.D., Daly, D.J., and Schroeder, S.A.,
1992, Overview of mine land reclamation research in the North Dakota
portion of the Fort Union Lignite Region: in Finkelman, R.B., Tewalt,

S.J., and Daly, D.J., eds., Geology and utilization of Fort Union
lignites.

Pflughoeft-Hassett, D.F., Daly, D.J., Hassett, D.J., and Beaver, F.W., 1992,
Coal conversion solid by-products management in the North Dakota portion
of the Fort Union Lignite Region: in Finkelman, R.B., Tewalt, S.J., and
Daly, D.J., eds., Geology and utilization of Fort Union lignites.

Sondreal, E.A., and Daly, D.J., 1991, Energy policy and technologies:
Analysis and recommendations: Groenewold, G.H., ed., Beaver, F.W.,
Jones, M.L., Mathsen, D.V., and Willson, W.G., contributors, Energy and
Environmental Research Center, Grand Forks, North Dakota, March 1991.
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HOT-GAS CLEANUP

1.0 INTRODUCTION

The U.S. Department of Energy (DOE) is promoting the development of coal-based
advanced power systems under the direction of Morgantown Energy Technology Center
(METC). This activity covers a broad range of technologies involving combustion,
gasification, and the integration of combustion and gasification technologies. The
objective is to maximize cycle efficiencies to provide for a stable, secure, and
environmentally sound energy future.

Specific combustion program areas include the development of heat engines, such as
direct coal-fired turbines and diesels and pressurized fluidized-bed combustion (PFBC).
Gasification technology development includes mild gasification for coproducts and
hydrogen and methane production for fuel cell applications. Integrated gasification
combined cycle IGCC) technology promotes high cycle efficiencies by combining coal
gasification with direct product-gas firing in turbines. In all of these cases, hot-gas
cleanup systems are required to achieve acceptable process performance and to meet
current and future environmental emission standards.

The Energy and Environmental Research Center (EERC) is currently involved in a
number of research projects in both the combustion and gasification of coal and also in
gas-stream cleanup. The fundamental gas-stream cleanup issues common to the various
advanced concept systems are being investigated in this project. Emphasis is being placed
on particulate control techniques and on ash/alkali interactions with the filter materials.

The Center has been involved in research related to ash/alkali interactions and slag
behavior for many years. This expertise is being used in studying the effects of alkali
interactions with filter media and possible mitigation options that may improve filter life.
The global or overall objective in this phase of the project is the study of the
thermodynamically equilibrated reaction mechanisms and mineral matter transformations
in advanced coal combustion systems.

2.0 GOALS AND OBJECTIVES

The goals of the hot-gas cleanup project at the EERC are to build and operate a hot-
gas cleanup test loop in conjunction with various pilot-scale advanced systems currently in
operation at the Center, to explore the various ash/alkali corrosion mechanisms for
ceramic barrier filter materials, and to determine the effects of various mitigation options.
The mitigation options will focus primarily on gettering techniques. Eventually these
techniques will be verified at the pilot scale using the hot-gas test loop.

The Center is cwrrently operating the following pilot-scale fluidized-bed reactors:
¢ Fluidized-bed mild gasification reactor

e TFluidized-bed catalytic reactor for the production of hydrogen
¢ Pressurized fluidized-bed combustor



The Center is also planning to install and operate a transport reactor test unit (TRTU) to
provide scaleup data for the hot-gas cleanup test facility in Wilsonville, Alabama. Table 1
shows the typical operating parameters of the various reactor systems.

3.0 RESULTS AND CONCLUSIONS
3.1 Particulate Control

In order to investigate particulate control methods, a test loop (Figure 1) was
constructed and inserted into the exhaust piping of the advanced concept reactors at the
Center. The test loop provides a means of exposing various hot-gas cleanup systems to
actual product gases from coal gasification and combustion using fluidized-bed reactors.
Long-term effects on hot-gas cleanup systems can be studied economically by passively
participating in the various research gasification and combustion runs. Filter efficiency,
strength degradation, changes in permeability, and corrosion resistance are being
investigated, as well as other pertinent issues such as cleaning techniques and
temperature/pressure effects.

The test loop was constructed using high-ailoy metals with no refractory in order to
minimize maintenance and to avoid ash/alkali/refractory interactions that may occur due
to the high surface-to-volume ratio present in smaller-scale systems. The alloys used in
construction were Haynes alloys HR-160 and 556 and 316H stainless steel. The piping
used in the highest-temperature regions was HR-160 and 556. It is expected that these
alloys will demonstrate good high-temperature corrosion characteristics under both
oxidizing and reducing conditions. The test loop is designed to operate at temperatures up
to 1650°F and pressures up to 150 psig. The system was designed in accordance with
B31.3 piping codes. The test loop consists of a single inlet pipe that branches into three
different flow paths. Each path is controlled by a high-temperature valve located as far
downstream as possible in order to minimize thermal stresses in the valves. Two of the
flow paths are identical and are used as filter element test bays, and the third branch is
used as a bypass line. Filter elements can be installed in either or both test bays
simultaneously. The filter modules are flange-mounted so that they may be replaced as
necessary for different filter types. The maximum filter housing dimensions are approxi-
mately 72 inches in length and 36 inches in diameter. Figure 2 shows the filter housing
currently in use. The flanges used will permit operating conditions up to 1500°F and 150
psig. In order to achieve operating conditions up to 1650°F and 150 psig, further
engineering is required to ensure that the flanged connection satisfies the criteria of the
B31.3 piping code. The system will not be operated above 1500°F and 150 psig until this
work has been completed. Gas flow rates through the various paths can be regulated by
the downstream valves. The piping system is heated electrically using guard heaters.
Pipe temperatures can be maintained at 1650°F continuously so that the process gas
temperature can be raised or maintained as required in order to simulate the desired hot-
gas conditions. The system has a heated backpulse system capable of delivering
pressurized, heated, inert gas to the filter modules for cleaning purposes. The inlet »iping
to the test loop can be connected to a 100-Ib/hr fluidized-bed gasifier or to other reactors
being used for research at the Center. The TRTU is expected to be operational sumetime
in early 1993 and will be installed near the 100-lb/hr fluidized-bed reactor. The test loop
will be connected to the TRTU when it is ready for operation.



TABLE 1

Operating Parameters and Specifications for the Hot-Gas Cleanup Test Loop

Operating Mode Mild Gasification Hydrogen Production PFBC TRTU
Gas Flow Rate (scfh) 2,000 1,300 30,000 20,000
Gas Temperature (°F) 1,100-1,650 1,200-1,600 1,000-1,650 1,400-1,660
Gas Pressure (atm) 1-10 1 1-10 1-10
Dust Loading (ppm) TBD TBD TBD TBD
Gagificatio Combugtion
Gas Composition 86% N,, 10% CO,, 67% H,0, 18% H,, 69% N,, 16% CO,, 63% N,, 16.6% CO, 76.6% N,,
(nominal) 6% H,0 14% CO,, 6% CO, 12% H,0, 4% O, 11.6% I1,, 9.6% H,0, 16.6% CO,,
(see Note 1) 6% N,, 1%-2% CH, 8.6% CO,, .6% CH, 7% H,0, 2% O,
120 ppm H,S
Backpulse Cleaning
Gas Composition Nitrogen
Gas Temperature (°F) 1600
Gas Pressure (psia) 300
e Pulse Duration (sec) Variable
Tube-Sheet Cooling Steam
Steam Pressure (psia) 110
Steam Flow Rate (Ib/h) 600
Steam Inlet Temp. (°F) 330
Sampling Apparatus TBD

Analytical Apparatus

8D

Note 1: There is no single set of operating parameters for the mild gas calciner since it could vary considerably depending on the heating/fluidizing

gas. Ranges to consider should be N, = 86% to 85%; CO, = 10% to 30%; H,0 = 0% to 10%; CO = 1% to 6%; 11, = 1% to 6%; CH, = 1% to 2%;

and H,S = 100 {o 2000 ppm.
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Figure 2. Filter housing currently in use.

The performance of the backpulse cleaning system was characterized to determine
the available cleaning capabilities of the system. The actual cleaning requirements will
be dependent upon the hot-gas cleanup system being evaluated. Modifications to the
pulse cleaning system may be necessary as dictated by these requirements.

A high-temperature, high-pressure, particle sampling system is being developed for
use with the hot-gas cleanup test loop. This sampling system must meet the National
Electrical Code (NEC) and B31.3 piping requirements, as well as allowing sampling at the
extreme operating conditions of the test loop. Aside from code-related issues, the particle
sampling system currently in use is slow and cumbersome to use. A separate probe must
be inserted to make flow measurements, then the particulate probe must be inserted to
make dust-loading measurements. It takes approximately 45 to 60 minutes to collect one



sample with the current configuration. While this system may be adequate for inter-
mittent measurements on a temporary basis, it is inadequate for safe, reliable, long-term
work. The particulate sampling system is being designed to sample at pressures up to
200 psi at a temperature of 1800°F" under both oxidizing and reducing conditions. Table 2
shows the performance specifications for the sample system, and Figure 3 shows the
sampling system. A sampling probe is inserted into the test loop, and a particulate
sample is withdrawn isokinetically. The sample probe is considered to be disposable
(based on wear). Different materials will be used for different operating conditions. The
gas sample will pass through a series of cyclones and a borosilicate filter to remove all
particulate matter, then through a quench train to remove any condensables, then
through gas meters to determine flow. The probe and cyclone assenbly will be
electrically heated to maintain the gas temperature until it reaches the quench train.

The test loop is scheduled to be operational by the time the transport reactor is
ready for shakedown testing. Recommendations for future work include testing and
calibrating the particulate sampling system and evaluating various filter candidates in
the test loop in conjunction with other research activities.

3.2 Alkali Getter Testing

Tests of kaolin as an entrained alkali getter in atmospheric and pressurized coal
combustion systems were performed with the EERC pressurized drop-tube furnace (PDTF)
system. Kaolin is a clay composed primarily of the mineral kaolinite (Al,Si;O,(OH],. In
pressurized fluid-bed combustion tests using granular filter beds, clays have been shown
to be good sorbents for removing alkali compounds from the gas stream (1). In laboratory
studies, kaolin has been shown to be effective not only at removing sodium compounds
from the gas phase, but also in irreversibly fixing the sodium (2). Other clays are also
believed to absorb sodium compounds from the furnace gas when the clay is added to the
coal feed. Emathlite has been shown to be especially good at gettering sodium (2).

TABLE 2

Specifications for an Isokinetic Particulate Sampling System

Maximum Inlet Gas Temperature 1,800°F

Maximum Inlet Gas Pressure 200 psig

Gas Flow Range 2,000 - 30,000 scth

Maximum Gas Temp. @ Filter 1,000°F

Typical Sample Rate One Sample per Hour

Gases to be Sampled Exhaust Gases from Coal Combustion and
Gasification (reducing and oxidizing)

Electrical Classification (NFPA) Class I, Div. 2, Group B

Applicable Codes ASME B31.3 Piping Code
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To be an effective getter, the clay material must not deposit once the sodium is
fixed. This implies that the gettering material must be composed of small particles,
typically less than 5 um in diameter, which will not separate from the flow of gas until
collected in the particulate control system. Since clay particles normally have diameters
smaller than this, they would appear to be ideal gettering agents. However, moist clays
can be highly agglomerated due to surface moisture, so it is best if the clay feed is dry
before feeding to reduce agglomeration.

Kaolin was preferred for the gettering test over other types of clays because it can
be found in relatively pure form, containing less alkali and alkaline earth elements,
which may flux the material upon heating. Also, kaolinite has a layered structure
composed of a sheet of silica tetrahedra bonded on one side to a sheet of aluminum
hydroxide octahedra, so it has a higher aluminum-to-silicon ratio than most other clays.
Because of its higher aluminum content, and alkali fluxed particle will usually have a
higher melting point than if it contained more silica. Kaolin is mined in a number of
places in the United States and can be supplied in rock, dried powder, sieved dried
powder, or slurry forms.

Although a small body of data is available about the getters in laboratory
experiments, only limited data are available about the use of kaolin under carefully
controlled coal combustion conditions, and no data are available about its use in
pressurized coal combustion conditions. Therefore, four tests were performed to test the
efficacy of kaolin as a getter in both atmospheric and pressurized coal combustion
conditions, and to determine the mechanism of gettering. The kaolin used for these tests
was provided as rock by J.M Huber Corporation of Macon, Georgia. It was dried, then
ground with a mortar and pestle. Only fine powder was used for the gettering
experiments.

The kaolin rowder was mixed with pulverized coal from the Spring Creek mine,
Montana, in the ratio of 1 part kaolin to 2 parts ASTM coal ash. Spring Creek coal was
chosen because it has relatively high sodium and low ash contents and because the
sodium is present in the coal as an ion associated with carboxylic acid groups in the
organic structure of the coal. Because of this association, the sodium is vaporized during
combustion. Vaporized sodium that encounters an ash particle is typically absorbed by
the particle. However, Spring Creek coal produces little ash, so much of the sodium
remains in the vapor phase in the hot zone of the combustor. In cooler regions of the
boiler, it may condense homogeneously to ultimately form submicron sodium sulfate
particles. There is some contention as to whether sodium hydroxide condenses, then
sulfates, or sodium sulfate directly condenses. Both vapor phase and condensed sodium
phases are very reactive and could cause severe corrosion of ceramic hot-gas particulate
pollution control devices such as candle or cross-flow filters. Therefore, Spring Creek was
chosen as a "worst-case" example of a coal that may cause alkali corrosion of ceramic hot-
gas cleanup devices.

Four combustion tests were performed in all: one test each of raw Spring Creek at
atmospheric pressure, coal plus kaolin at atmospheric pressure, raw coal at 100 psi, and
coal plus kaolin at 100 psi. The tests were performed in the EERC PDTF, which is
described in detail in the July through December 1991 semiannual technical progress
report for the Turbine Combustion Phenomena project being performed uncer the




Cooperative Agreement at the EERC. The PDTF is capable of operating under the
following conditions:

Temperature: Ambient to 2732°F (1500°C)

Pressure: Ambient to 300 psia (20.4 atm)
Oxygen: 0 to 20 mol%
Gas Flow: 0 to 7.8 scfm (220 L/min)

Residence Time: 0 to 5.0 sec

e Optical access at any residence time
e Provision for char and ash collection
e Provision for ash deposition studies

For the entrained kaolin tests, fly ash samples were collected and size-segregated on-
line with a series of two cyclones and a final nylon filter. To determine the efficacy of the
kaolin additions in gettering, the weight distribution of elements among the different size
ranges was used. Figure 4 shows two combination bar-line graphs that illustrate the
weight percent of the major elements that were collected for each test in each size range.
Two graphs are used, one for the pressurized tests, the other for the atmospheric tests.
The bars represent the values for the raw coal tests, the lines represent t..e values for the
test of the coal/kaolin blend. For each element, the three data points, from left to right,
are for the larger cyclone, the smaller cyclone, and the filter samples, respectively.
Because different flow rates were used for the atmospheric tests versus the pressurized
tests, the cut points of the cyclones were different, so the data should not be used to
determine changes in weight distributions due to pressure, only changes due to the
addition of the kaolin. Attempts to measure the actual size distributions of the collected
samples via laser light scattering (Malvern) were not completely successful because of
particle agglomeration. In general, however, particles collected in Cyclone 2 (larger
cyclone) had diameters greater than 10 microns, in Cyclone 5 (smaller cyclone) the
diameters were between 1 and 10 microns, and on the filter they were less than one
micron in diameter.

Because the cyclones had different size cut points for the atmospheric versus
pressurized tests, the effects of pressure on the size distributions of the elements are
somewhat ambiguous. It is clear that the relative weight distributions of all elements
except chlorine among the different particle sizes are not strongly affected by pressure. In
each case, silicon, aluminum, and calcium all tend to be predominantly concentrated in
the larger particles, with negligible fractions present in the submicron particles. In
contrast, large percentages of the sodium, sulfur, and chlorine are found in the smallest
particles. Sulfur was bimodally distributed, most likely present as calcium sulfate in the
largest particles and as sodium sulfate in the smallest particles. In the raw coal tests,
chlorine shows the only significant size shift due to pressure increase, from larger to
smaller particles. The chlorine-containing particles in the smallest size range probably
formed as the gas was quenched during sample collection, indicating that at higher
pressure more chlorine (probably as chloride) may exist in the gas phase than at
atmospheric pressure.

The most important conclusion about the gettering tests is that sodium is shifted
strongly away from the smallest particles by the addition of kaolin. If we assume that the
sodium sulfate in the smallest size fraction formed through homogeneous nucleation as
the gas cooled (possibly during collection), then one half of the sodium was removed from
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the gas phase by the kaolin addition. This result holds both at at.10spheric and higher
pressure. Most of the sodium was shifted to the 1- to 10-micron size range, which is where
the kaolin is concentrated. The concurrent shift in sulfur from the smallest to the largest
size ranges indicates that the sodium was chemically combined with the kaolin, probably
in the high-temperature zone, and that the kaolin did not merely serve as a condensation
surface for sodium sulfate. Because much of the sodium was removed from the gas phase,
the sulfur shifted to the largest size range by sulfating relatively more of the calcium-rich
particles.

3.3 Thermochemical Equilibrium Modeling: PHOEBE Database Modifications

PHOEBE (PHase Ordering and EquiliBrium Evaluation) is a computer program
developed at the EERC to calculate the thermochemical equilibrium composition of
combustion products. The following objectives had been set forth for the improvements of
the model for this year:

la Improve PHOEBE database
2b Run simulations

Both items were addressed and are now complete. Item la, the improvements to the
PHOEBE database, required a substantially (approximately 4 months) longer period of
time than had been originally anticipated. However, the database now contains about
850 species, which is a threefold increase from its former size of about 270 species.
Additionally, the database has also been thoroughly cross-checked. Validation tests have
also been conducted and the database modified depending on the results of these tests.
We also wish to emphasize that we expect the updating and validation process to be an
ongoing activity throughout the lifetime of this project.

A list of chemical compounds relevant to advanced coal combustion systems was
compiled. A variety of vapor- and liquid-phase species was specifically chosen to better
represent fluidized-bed combustion systems. The requisite free energy of formation (FEF)
data for each species were also collated and entered into the database. The current
PHOEBE database contains approximately 370 chemical compounds with an average of
more than two physical phases (gas, liquid, or solid) per compound. This makes a total of
roughly 800 species, which is a threefold increase over the original database.

The original PHOEBE database was modified to a free-form ASCII database (FAD).
This has the advantage that any conventional text-editing software can be used to edit the
database. Also, since almost any text editor or word processor may be used to update,
modify, or edit the database, specialized software to perform these tasks becomes
redundant.

A database management utility that performs searching, retrieval, indexing, etc.,
was written (in C), debugged, tested, and is fully operational. Although these tasks can
also be accomplished by some of the more advanced word processors, their specialized
nature prohibits their execution by generic text editors.

Routines to curve-fit the FEF data of the species have alsu been written. These

routines allow a wide variety of representations (linear, polynomial, rational, logarithmic,
etc.). The curve-fit representations of the FEF data can thus be chosen in the most
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optimal manner. In most cases, the curve-fitted FEF data are used, if need be, at the
computation level.

The thermodynamic systems simulations of Item 2b have also been completed.
Initially, very simple systems (like water, gas mixtures, etc.) with well-characterized
thermodynamic behavior were simulated to validate the correctness of the overall
PHOEBE algorithm, as well as to optimize the standard free energy of formation values
for many of the species in the database. A total of about 20 such simple systems were
simulated. During this stage, the algorithm also underwent a few iterations of revisions
and changes. Two systems were selected for the final phase of this task item and their
equilibrium behavior simulated. They were the Al,0,- SiO, system and a portion of the
Na,O - AL,Q, - SiO, system. A comparison of the simulation results with the experimental
phase diagrams shows acceptable results, the largest error in the simulated results being
about 70°C in liquidus temperature for either system tested. Figure 5 is a plot of the
experimental versus predicted phase diagram of a cross section of the ternary system
Na,0 - AL,Q, - Si0,. As can be seen from the figure, the predicted values track the
experimental values well. It should be noted that both these systems were assumed to
behave ideally (i.e., with unit-activity coefficients), so, necessarily, we expect errors in the
predicted values since no system is ideal. Additionally, it must also be borne in mind that
inherent inaccuracies exist in the FEF values in the database. All in all, therefore, it can
be concluded that PHOEBE provides acceptably accurate representations of the
equilibrium behavior of multiphase, multicomponent systems.
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Figure 5. A plot of the experimental vs. predicted phase diagram for a cross section of
the Na,0 - Al,Q, - SiO, system.
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40 FUTURE WORK

Future work will involve the use of PHOEBE to determine the most efficient
combinations and quantities of alkali getters to use in combustion tests. In addition,
alkali attack of ceramic materials that could be used in the construction of ceramic
particulate filters will be investigated both with the PDTF and in laboratory experiments.

Future opportunities for the EERC to utilize the hot-gas test loop are numerous.
The EERC can be utilized in a supporting role for the Wilsonville hot-gas cleanup facility
by functioning as a screening facility for emerging cleanup technologies that lack long-
term operating histories. As additional operational issues arise at Wilsonville, they may
be addressed economically at the EERC.

The test loop will also be utilized for testing of new filter materials that are
identified as a result of the bench-scale work done investigating alkali attack issues.

The EERC is also planning on establishing a consortium of hot-gas cleanup device
developers for the purpose of operating the test loop for extended periods to provide
performance data on the candidate cleanup systems.
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TURBINE COMBUSTION PHENOMENA

1.0 INTRODUCTION

The main obstacle to widespread use of low-rank coals (LRCs) for applications other
than minemouth power generation is their high moisture, sometimes over 60%.
Conventional evaporative drying can remove all the moisture and produce a dried fuel
that is acceptable if used immediately. However, no known evapcrative process, including
those followed with expensive oil coating, yields a dried bulk LRC that can withstand the
rigors of shipping and handling. Evaporatively dried LRCs act like sponges and reabsorb
moisture when exposed to high humidity. They generate copious amounts of dust when
handled and are prone to spontaneous combustion (1,2,3).

Coal-water mixtures (CWMs) technology is commercially available for high-valued
bituminous coals using costly additives. Adding to the cost of bituminous CWMs is the
requirement to include expensive micronizing to offset the inherent low reactivity,
particularly for advanced applications. Recent advances in hydrothermal treatment of
cheaper, more reactive LRCs at the University of North Dakota Energy and
Environmental Research Center (EERC) have enabled LRCs to be used in CWMs.
Hydrothermal treatment, commonly called hot-water drying (HWD), (4,5) is a high-
temperature, nonevaporative drying technique carried out at high pressure in water,
during which the structure of the LRC is permanently altered. The process can be viewed
as permanent moisture reduction through induced coalification with reuse of the water
removed to slurry the HWD coal. HWD produces a coal-water fuel (CWF) with about the
same energy density as the feed coal, while retaining the high reactivity of the LRC.
HWD low-rank coal-water fuels (LRCWTF's) usually do not require costly additives, while
yielding pseudoplastic fluids even at the extreme shear rates seen during atomization.
Estimates of process economics have indicated that a minemouth HWD plant in the
Powder River Basin can produce a LRCWF at around $1.50/MM Btu, including coal costs.

Combustion tests assessing the technical feasibility of burning hydrothermally
treated LRCWF in a atmospheric, bubbling fluidized-bed combustor (FBC) were performed
at the EERC ). A low-rank CWF prepared from a Powder River Region subbituminous
coal was successfully burned in a 18- x 18-in FBC. The 60 wt% dry solids CWF was
pumped directly into the dense-bed zone of the combustor through a simple, water-cooled
pipe without the aid of a nozzle or atomizing air. Operation of the combustor was
extremely stable when firing with the CWF and a coal-water/limestone fuel mixture.
Carbon burnout was very high, ranging from 99.4 to 99.7%, which is equal or slightly
greater than those obtained from screw feeding the same coal. NO, emissions were
significantly lower than those seen burning the "as-received” coal. Limestone utilization
was the same for the limestone added to the CWF as it was for the separate dry limestone
feed.

The combustion behavior of hydrothermally treated LRCWF have been investigated
in a 550,000 Btwhr ash fouling furnace at the EERC (7) and a 400,000 Btwhr vertical
laboratory-scale combustor at Brigham Young University (8). Essentially complete carbon
burnout (99+%) was achieved in most tests with residence times as short as 1.4 seconds.
The LRC fuel combustion was more stable than high-rank CWFs combusted in both
combustors under comparable conditions. Both projects reported that the LRC fuels were
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not as dependent on the quality of the atomization as were the high-rank fuels. The
higher stability of the LRC fuels have been attributed to a higher percentage of volatile
matter, higher reactivity, and nonagglomerating properties. Lower volumetric heat
release rates have been measured with LRC fuels, as compared to the high-rank
bituminous CWF, indicating the need for larger boilers with LRC fuels, which is
consistent with current boiler practice using pulverized fuels. Compared with pulverized
fuels, the flame produced in CWF combustion is distributed further through the furnace
combustion zone with lower peak temperatures. Analyses of deposits produced in
combustion of pulverized LRC fuels were primarily simple oxides and sulfates, while the
deposits from the combustion of CWF were predominantly complex aluminosilicates.

Traditionally, heat engine fuels have been limited to clean fuels, such as natural gas
or distillate fuels, which minimize the interrelated degradation processes of deposition,
erosion, and corrosion. A coal-water slurry fuel has the potential of being injected and
burned directly in a gas turbine or diesel engine utilizing injection and fuel handling
methods similar to those employed with heavy petroleum fuels. Burning coal in a gas
turbine is not a new idea, but commercial success has not been achieved. Under DOE
sponsorship coal-water slurry fuels have been investigated as fuels for gas turbine engines
for several years, but the major technical problems inhibiting commercialization are
1) deposits on the pressure and suction sides of the turbine blades reducing the gas flow
area and turbine efficiency, 2) acceptable coal burnout given the short residence times
inherent with gas turbine combustors, 3) corrosion of turbine blades by condensed alkali
sulfates, 4) erosion of turbine blades and other components by ash particles entrained in
the products of combustion, and 5) emissions control of NO,, SO,, and particulates. The
release of certain mineral matter species found in both raw and beneficiated coals can
lead to ash deposition on surfaces, regardless of the ash content of the fuel. This
deposition can lead to corrosion and metal loss of critical turbine components and,
ultimately, to derating, unavailability, or catastrophic failure of the power generation
system. Alkali metals and sulfur, existing as impurities in coal, have been identified as
key components in the initiation of deposition and the onset of corrosion.

The efficient operation of advanced heat engine combustion systems depends on high
CWF carbon burnout under short residence times. Atomization quality of CWF is an
important parameter related to high carbon burnout in these systems. It has been
reported that atomizing air-to-fuel mass flow ratio, relative velocity between the air and
fuel, fuel velocity, and slurry rheology affect atomization performance. In addition,
research efforts have indicated that additional factors such as extensional viscosity and
coal particle agglomeration also might be important (9).

Combustion tests to evaluate the combustibility of LRCWF in a pressurized staged
combustor were completed at the United Technologies Research Center (10). Conclusions
from this research were that high levels of combustion efficiency can be achieved when
firing LRCWTFs, provided an adequate fuel energy density is available. A minimally
processed Eagle Butte subbituminous CWF, which was limited to low coal loading
(42 wt%) and low energy density to preserve acceptable handling, was incapable of
sufficient heat release to sustain stable combustion. HWD Eagle Butte slurries possessed
higher solids loadings (up to 55 wt%) and achieved stable combustor operation with high-
combustion efficiencies (>95%). For the combustor used, a minimum heating value of
5000 Btw/lb was required to maintain stable and efficient combustion. Combustion



efficiency was found to increase with increasing energy density of the fuel. A HWD Velva
(North Dakota) lignite also provided stable and efficient combustor operation.

General Motors Allison Gas Turbine Division (GM Allison) has completed two
combustion tests with LRCWF's made at the EERC with a Powder River Basin coal in
their full-scale 70-MM Btuw/hr rich-quench-lean gas turbine combustor (11). Ash analyses
from these tests indicate that the carbon burnout was very high, exceeding 99.9% in most
cases. This burnout was much higher than the nominal 98%+, which has been seen with
a bituminous CWF. The collected ash was free of hard slag agglomerates or fused
material. In addition, a four hour proof-of-concept combustion test was conducted on a
Allison 501K gas turbine with excellent combustion performance. A water-washable
deposit was formed on the leading edge of the turbine blades (12). The deposit was
characterized as primarily sodium and sodium-calcium sulfates. Atomization of a
hydrothermally treated subbituminous CWF was conducted at GM Allison, and results
from these tests indicate that the subbituminous CWF atomized as well as or better than
thirteen other CWFs made from bituminous coal atomized in their atomization test
facility (13).

General Electric Transportation Systems has also burned hydrothermally treated
LRCWF using a TFDL two-cylinder diesel engine (14). The bore and stroke of this
particular engine is 9" x 10.5" and is rated for 1050 rpm. The burnout rates of the
subbituminous fuels used were very high (>99%), which was slightly higher than the
bituminous CWFs, despite having a mean particle size three times higher than the
particle size for the bituminous coal. No results have been presented on any increased
injector wear caused by the LRCs higher ash levels.

2.0 OBJECTIVES

The overall objective of the Turbine Combustion Phenomena Program has been to
expand the scientific and engineering database for the combustion of LRC fuels in
advanced pressurized combustion systems, such as those found in gas turbine engine
applications. Fundamental research on the use of low-rank coal slurries for gas turbine
engine applications has developed data that will 1) quantify the potential advantages of
LRC higher reactivity and nonagglomerating tendencies, 2) help in determining fuel
specifications, and 3) indicate needed design modifications in the gas turbine engines
themselves. The intent of this research has been to establish the relationships between
LRC properties and gas turbine engine operational parameters and compare these
relationships with those established for diesel fuel and bituminous coal slurries.

The investigation of turbine combustion phenomena at EERC was a multiyear
program. Six-year goals were established and are discussed in the following text.

SIX-YEAR OBJECTIVES

1. Technology and Market Assessment. To ensure that all sources of information
to the project are thoroughly researched, EERC has performed an extensive
survey of all published information concerning the use of coal and coal slurries
in gas turbine applications. This information provided an understanding of the
concerns and needs for the use of coal-derived fuels in these applications. The




state-of-the-art for these technologies was determined and utilized to provide the
proper direction for this program and limit duplication of effort. This effort has
built upon a similar assessment of the market and technologies that was
performed as a part of the Low-Rank Coal Slurry Combustion program.

Reactivity of Fuel in Pressurized Systems. The reactivities of dry and slurried
LRCs are higher than those of bituminous coals, but the magnitude of these
differerces was not well documented. Fast, simple, inexpensive experiments in
a modified combustion bomb provided very basic information about the
pressurized combustion behavior of LRC and slurries. This information is useful
in determining the fuel specifications of slurries for use in heat engine
applications. Data collected during these tests included the heat of combustion
(calorimetry) of the sample, the sample burning time/reactivity (from pressure
sensors), and the analysis of the products of combustion after combusting the
test fuel under various conditions. Parameters to be studied included coal type,
gas composition (percent oxygen), combustion bomb conditions at fuel injection,
and system pressure. This testing provided semi-quantitative information in a
fast and inexpensive manner.

Investigate the Fundamental Characteristics of Burning Low-Rank Coal
Slurries in a Turbine System. A bench-scale gas turbine simulator was
designed to measure the pressure, temperature, conversion, gas composition,
vaporization of inorganics, deposition on simulated turbine blades and other
system components, fuel reactivity, and ash particulate-size distributions
resulting from the combustion of LRC slurries. These fundamental studies
demonstrated the impact of various fuel properties on the combustor and
turbine blades and led to the development of fuel specifications for the
successful operation of low-rank slurries in a turbine application. This task
continued throughout the first three years of the program.

Characterization of LRCs Atomization Properties. This task examined the
pressurized atomization characteristics of LRC fuels with a Malvern 2600
particle-size analyzer and still photography in a pressurized spray chamber
constructed at EERC. The combustion behavior of the previous fuels tested in
the spray chamber and new fuels produced for the turbine project were
evaluated under similar air-to-fuel and pressure ratios in the gas turbine
simulator. This task also looked at different atomizer types in a effort to
minimize spray-droplet-size distributions and increase combustion performance
for a given rheology and atomizing air-to-fuel ratio.

Evaluation of LRC Fuel Agglomeration. The objective of this task was to
evaluate the agglomerating or nonagglomerating tendencies of LRC fuels by
sampling fly ash generated from slurry droplets at various positions along the
axis of a pressurized drop-tube furnace recently constructed at EERC. Thus
products of combustion particle-size distributions, as a function of residence
time, and the starting particle-size distribution and droplet size can be
measured to determine if the smaller particle-size distributions found in the
LRC fly ash are the result of a gradual burnout of slurry droplet agglomerates
or the result of agglomerate disintegration into its original particle-size
distribution due to the high thermal friability of LRC fuels.
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Hot-Gas Cleanup. This effort has assessed available technology to determine
specific needs with respect tc the removal of undesirable constituents from gas
streams derived from high temperature/pressure combustion of LRC slurries,
with emphasis on coal-specific problem areas. Initial work has been devoted to
a review of the literature on the removal of contaminants from the coal-derived
gas streams. Processes which are capable of removing >90% of sulfur and/or
nitrogen oxides, >99% of particulates, and which reduce alkali vapors in the
gas stream to < 25 ppm are desired. The reported work has been evaluated to
establish applicability to LRC slurry utilization. A summary of reviewed papers
and reports has been prepared to identify processes according to overall
performance, thermodynamics, economics, and environmental considerations.
Special consideration has been given to gas cleaning methods which produce a
salable product or zero discharge of waste and are cost-effective. Work toward
this objective will continue during the course of the program. This task was
primarily focused on the investigation of particulate hot-gas cleanup systems.
The objective of this task was to evaluate potential hot-gas particulate cleanup
techniques as to their relative probability of success and test the best two or
three systems in the turbine simulator. This task would include a technology
assessment that would build upon a previous literature search performed on hot-
gas cleanup techniques. These techniques could include, but would not be
limited to, ceramic cross-flow filters and filter candles, nested fiber filters,
cyclones, high-temperature/high-pressure electrostatic precipitators. This work
involves tests with various CWFs in an effort to reduce fly ash particle-size
distribution entering the deposition section of the turbine simulator to a
minimum of 95% less than 5 microns in order to limit the amount of particle
impaction on the turbine blades.

Ash Transformation Studies. The objective of this task was to investigate the
ash transformations experienced by mineral matter in beneficiated LRC fuels.
Very little research to date has investigated the effects of pressure and coal
beneficiation on the reaction pathways taken by the mineral matter present in
LRC fuels. These transformations should be dependent on the cleaning
techniques used and the level of cleaning achievable on the various coal types.
Mineral matter transformations of beneficiated LRC fuels under turbine
operating conditions were investigated in a pressurized drop-tube furnace
constructed at EERC. This drop-tube furnace is capable of combusting powderéd
coal particles under closely controlled conditions. The effects of residence time,
temperature, pressure, atmosphere, and gas/fuel flow rates can be varied to
examine their effects on ash transformations and carbon burnout. The drop
tube also provides carbon burnout as a true function of residence time given the
laminar gas flow. The effects of deposition probe temperature and the
approaching gas velocity on the measured deposition rates can also be
investigated. Another advantage of the pressurized drop-tube furnace is the
small quantities of fuel (up to 1.0 gm/min) needed to conduct extensive
deposition and burnout testing as compared to the turbine simulator
(approximately 150 lbs/hr).

In addition, high ash fusion temperature fuels are needed under the assumption

that low melting temperature ashes will stick to the cyclone wall or the ceramic
material and will not be easily removed or cleaned from the hot-gas cleanup
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device. Technical work in this task consisted of combustion tests using fuels
doped with additives selected for their ability to increase ash fusion
temperatures. These tests will measure the effect these additives have on the
sticking coefficient and deposition rates measured at conditions similar to those
utilized in previous deposition tests.

8. Investigation of Slagging Combustor Design. Should concurrent beneficiation of
LRC studies at EERC indicate that acceptable ash levels and chemistry not be
achievable, a vertically fired combustion zone would be built to replace the
horizontally fired, rich combustion zone on the current turbine simulator. This
modification would enable the combustor to operate in a slagging combustor
mode versus the current nonslagging combustor mode. Work on this task would
be dependent on the results of the work in progress and would be subject to
DOE approval.

To meet the objectives of the program, a pressured combustion vessel was built to
allow the operating parameters of a direct-fired gas turbine combustor to be simulated.
One goal in building this equipment was to design the gas turbine simulator as small as
possible to reduce the quantity of test fuel needed, while not undersizing the combustor
such that wall effects would have a significant impact on the measured combustion
performance. Based on computer modeling, a rich-lean, two-stage, nonslagging combustor
was constructed to simulate a direct-fired gas turbine. This design was selected to
maximize the information that could be obtained on the impact of LRCs unique properties
on the gas turbine combustor and its turbomachinery. This combustor is a horizontally
fired, refractory-lined, water-jacketed, two-stage combustion pressure vessel. This vessel
is comprised of several removal sections for investigating combustor configuration and
residence time effects. The combustor has a nominal 1-MM Btwhr firing rate and is
designed to operate at pressures up to 250 psig (18 atm) and lean zone exit temperatures
of 2000°F (1100°C) with temperatures in the rich zone up to 2700°F (1480°C).

An objective which was added later to this project was to provide General Motors
(GM) Allison Gas Turbine division with 20,000 gallons of CWF produced by the EERC’s 6-
ton per day (tpd) hydrothermal drying Process Development Unit (PDU). The slurry was
procured in 5000-gallon lots and shipped to GM Allison Gas Turbine division in
Indianapolis, Indiana, to be used in Allison’s 70-MM Btu/hr pressurized gas turbine
project. The test slurry characteristics were based on the recommendations of Allison and
EERC personnel to ensure product quality. The main slurry characteristics specified were
ash content, coal particle mean size, heating value, slurry viscosity, and sulfur
concentration.

3.0 RESULTS

During the program, several production runs of LRC CWF were produced in
conjunction with the Department of Energy (DOE) LRC beneficiation program at the
EERC. Beulah lignite from North Dakota and Kemmerer and Spring Creek
subbituminous coals from Wyoming and Montana were selected for pilot-scale processing
because of their ability to be physically and chemically cleaned to approximately 2 wt%
ash on the bench-scale. This treatment scheme includes physical coal cleaning by dense-




media separation, wet grinding, chemical cleaning by nitric acid leaching, hydrothermal
treatment, and final wet micronizing.

The physical cleaning step uses a dense-media separation process which consists
mainly of classifying coal, feeding it into an air-actuated cone separator system, followed
by a washing and recycling section. The clean coal was then pulverized and fed into a
continuous acid-leaching column. This chemical cleaning was conducted using a 30 wt%
slurry mixed with a 4 wt% nitric acid solution. The sample was concentrated using a
solid-bowl centrifuge, reslurried, and fed into the HWD PDU.

The HWD treatment forces inherent moisture out of the coal structure using carbon
dioxide formed during the decarboxylation of the coal, thereby increasing the heating
value of the product fuel. Tars are also exuded from the coal structure during treatment,
sealing the micropore structure, reducing the surface area, and increasing the
hydrophobicity uf the coal. After hot-water drying, coal product slurry was then
concentrated to 60 to 70 wt% in a centrifuge, reslurried, and micronized to a CWF. An
anionic dispersant, D319-2 (ammonium lignosulfonate), was added to the final CWF.

A two-stage, rich-lean, nonslagging combustor has been built to simulate the
operating conditions of a gas turbine engine. Results from combustion tests on a
1-MM Btwhr gas turbine simulator indicate that the LRC fuels exhibit superior burnout
compared to the bituminous fuels due to their higher reactivity (15). During the course of
this program, seventeen successful combustion tests using CWF were completed. These
tests included seven tests with a commercially available Otisca Industries-produced
Taggart seam bituminous fuel and five tests each with a physically and chemically
cleaned, hot-water-dried (PC/AC/HWD) Beulah-Zap lignite and a chemically cleaned, hot-
water-dried (AC/HWD) Kemmerer subbituminous fuel. Analyses of the emission and fly
ash samples highlighted the superior burnout experienced by the LRC fuels as compared
to the bituminous fuel even under a longer residence time profile for the bituminous fuel.
The LRC fuels experience better burnout than the bituminous fuels. The LRC fly ash
showed a decrease in particle size as compared to the starting fuel while the bituminous
fuel showed an increase in particle size as compared to the starting fuel. These particle-
size analyses provide some evidence of LRCs nonagglomerating properties as compared to
bituminous fuels.

Statistical analysis of the carbon burnout data generated in a series of parametric -
combustion tests produced simple models to predict the carbon burnout achievable under a
given range of operating conditions. These models indicate that fuel type has a
significant effect on the measured carbon burnout. Figures 1 through 3 show the
measured caruon burnout versus combustion air temperature, atomizing air-to-fuel ratio
and fuel firing rate, respectively. These figures demonstrate that the LRC fuels had a
carbon burnout of 98.2+% which was not significantly affected by combustion air
temperature, atomizing air-to-fuel ratio or fuel firing rate. However, the bituminous fuel
had a maximum carbon burnout of approximately 97% and decreased 2.3% for each 100°F
decrease in combustion air temperature below 840°F. A decrease in the atomizing air-to-
fuel ratio from 1.25 to 0.75 would result in a 7.9% decrease in the carbon burnout. In
addition, each 100,000 Btu/hr decrease below the 1-MM Btwhr maximum firing rate
resulted in a 1.7% decrease in the measured carbon burnout. This information indicates
that the bituminous fuel can perform almost as well as the LRC fuels in a base-loaded gas
turbine scenario, but lacks the capability for turndown necessary in a peak-loaded turbine
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Figure 1. Graph of carbon burnout as a function of combustion ajr temperature for
parametric combustion tests 43-47 (LRT = long residence time; SRT = short
residence time).
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scenario. It should be remembered that this model is only valid between the ranges
studied for the combustion air temperature (400° to 800°F) and fuel firing rate (0.7 to
1.0 MM Btwhr).

As might be expected with the relatively high ash in the Beulah-Zap coal and lower
ash fusion temperatures, significant ash deposition and slagging occurred in the turbine
simulator. The x-ray diffraction analysis suggests that the residual magnetite left from

the physical cleaning process remains as magnetite in the reducing atmosphere of the rich




turbine simulator, thereby collecting a higher percentage of particulate entering the
cyclone.

An existing pressure vessel has been modified to include observation ports to
perform atomization studies under typical turbine operating pressures and air flows. The
main objective of this work is to determine if differences in atomization quality account
for the improvements in carbon burnout experienced with the LRC fuels. The design of
the spray chamber involves an existing 11.25-inch ID pressure vessel which has been
modified to provide optical access perpendicular to the direction of the atomized spray.
The optical access consists of two diametrically opposed 3-inch sight ports for the use of
high-speed photography. In addition, a 2-inch sight port, opposite of a 1-inch national
pipe thread port through which a sight pipe can be inserted, has also been added. The use
of a sight pipe reduces the length of the spray which the Malvern 2600’s laser beam must
pass through and eliminates the potential for vignetting, which could occur if the beam
were to pass through the complete spray cone. A honeycomb catalyst support is used as a
flow straightener to provide a laminar flow of air around the atomizing nozzle. The
height of the atomizer in relation to the optical ports is adjustable from outside the
pressure vessel, thus allowing the atomizer position to be changed during a single
atomization test.

Atomization testing was completed using a HWD Creek CWF with the Delavan
1.0-gal/min Swirl Air nozzle. This is the nozzle utilized during most of the combustion
tests on the 1-MM Btuwhr gas turbine simulator. However, problems with a flat spray
structure were encountered. A switch to the Delavan 2.5-gal/min nozzle, which has a
larger orifice, gave acceptable performance at the expense of a lower than desired
pressure ratio. Figure 4 shows the corrected Sauter mean diameter (SMD) for the three
CWTF atomized in the pressurized spray chamber. This figure indicates that the two HWD
subbituminous CWFs atomized significantly better than the Otisca Industries produced
Taggart seam bituminous CWF. This presumably is due to dilatant flow behavior of the
Otisca CWF as compared to the pseudoplastic flow behavior of the HWD subbituminous
CWPF. The baseline water tests provided the best atomization behavior.

The emergence of advanced coal combustion technologies, such as coal slurry fired
gas turbines, requires fundamental knowledge of the fuel combustion processes at
elevated pressures. Of critical importance is the basic combustion kinetics and the fate of
coal mineral matter in such systems. To address these issues, a pressurized drop-tube .
furnace (PDTF) was constructed to provide a low-cost test apparatus for conducting coal
mineral matter transformation studies, deposition, burnout testing, and hot-gas cleanup
studies under more controlled conditions. The PDTF is capable of operating under the
following conditions:

Temperature: ambient to 2732°F (1500°C)
Pressure: ambient to 300 psia (20.4 atm.)
Oxygen: 0 to 20 mol%

Gas Flow: 0 to 7.8 scfm (220 L/min)
Residence Time: 0 to 5.0 sec

A multipurpose sampling probe with provision for char and fly ash collection or for

collecting ash deposits on a cooled substrate is available. A detailed description of the
PDTF system is given in Swanson and others (16).
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baseline water.

Three scanning electron microscope/electron microprobe analysis (SEM/EMPA)
techniques--computer-controlled scanning electron microscopy (CCSEM), scanning electron
microscopy point count (SEMPC), and automated image analysis (AIA)--are presently used
in ash behavior in combustion and gasification systems research at EERC. These
techniques permit the study of transformations of inorganic constituents from the initial
stages of coal conversion through the transformations that occur during ash deposition
and slag formation. Their specific applications include 1) determination of the size,
composition, and association of minerals in coals; 2) determination of the size and
composition of intermediate ash components and fly ash; 3) determination of the degree of
interaction (sintering) in ash deposits; and 4) identification and quantification of the
components of ash deposits and slags; this includes liquid-phase composition, reactivity,
and rystallinity.

Deposition testing of LRC fuels in the PDTF allowed the sticking fractions to be
calculated for the tested fuels. These tests were all run at residence times of
approximately 700 ms, gas temperatures of 1150°C, substrate temperatures of 900°C, and
gas velocities through the accelerator of approximately 850 ft/s. These sticking fractions
were ranked in the order PC/AC/HWD Beulah-Zap > PC/AC/HWD Spring Creek > HWD
Spring Creek Allison fuel > Otisca Taggart > AC/HWD Kemmerer. Analysis of the
deposits indicates that the Otisca fuel concentrated aluminum in the deposit. In the
Kemmerer fuel deposit, a large increase in the concentration of calcium and sodium was
observed in the deposit. The large increase in the calcium is due to the presence of
calcium aluminosilicates in the coal ash which were not removed during the acid-cleaning
process. The ash chemistry of the PC/AC/HWD Spring Creek fuel did not show any small
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significant increase in the concentration of any species in the deposits. The HWD Spring
Creek fuel prepared for the Allison Gas Turbine Division showed a significant increase in
the concentration of calcium and aluminum in the deposit, again probably due to the
presence of lower melting calcium aluminosilicates and a significant decrease in the
concentration of sodium in the deposit, as compared to the coal ash, probably due to the
formation of volatile sodium species which did not impact and deposit on the deposition
substrate. While the subbituminous fuel’s ash chemistry was dominated by the formation
of lower melting calcium aluminosilicates, the Beulah-Zap lignite ash chemistry was
dominated by the low-melting-iron phases which can be attributed to residual magnetite
left on the coal from the heavy-media physical cleaning process.

The fly ash combustion tests using beneficiated LRCs were conducted in the PDTF
at 1300°C, 120 psia, and with a calculated residence time of 2.5 seconds. These high-
pressure tests utilized Cyclones 2 and 5 from a multicyclone set and a final filter to collect
the fine aerosols. The multicyclones were calculated to have cut points of 3.0 and 0.45
um, respectively. Percent ash of the fly ash was determined using a modified
thermogravimetric analysis (TGA) technique. Residence times are calculated based on
center-line velocities equal to two times the plug-flow velocities.

Both the PC/AC/HWD/micronized end the Allison HWD/micronized Spring Creek
fuels had lower sodium levels in the final filter fraction than the raw Spring Creek fuel.
This is expected since acid-cleaning and HWD processes have been shown to reduce the
sodium levels of the coal ash. However, the data indicates that for the hydrothermally
treated fuel approximately the same percentage of the total sodium collected was
recovered in the smallest-size fraction as was recovered with the as-received Spring Creek
fuel. This data also indicates that acid cleaning of the fuel resulted in a significant
decrease in the percentage of the sodium collected in the smallest-size fraction. A definite
decrease in the amount of sodium recovered as submicron sodium sulfate or chloride
aerosols or the final filter was observed with decreased sodium levels in the coal ash.
This decrease indicates that benefication techniques such as acid cleaning and hot-water
drying can substantially decrease the formation of the vapor-phase alkali species which
participate in alkali sulfate induced deposition and corrosion of turbine blade materials in
a direct coal-fired gas turbine.

Particle-size analysis of the three sized fractions was also conducted by SEM. These
analyses indicate that the filter cake consists of very fine (<1 um) particles while Cyclone
5 consisted of particles in the 1- to 4-um size range and Cyclone 2 consisted of the larger
particle sizes.

Tests of kaolin as an entrained alkali getter in atmospheric and pressurized coal
combustion systems were performed in the EERC PDTF system. The kaolin powder was
mixed with pulverized coal from the Spring Creek mine in the ratio of 1 part kaolin to 2
parts ASTM coal ash. Four combustion tests were performed at gas temperatures of
1500°C in the main furnace and between 1000° and 1100°C at the sampling point, with
residence times of approximately 2 seconds; one test each of raw Spring Creek at
atmospheric pressure, coal plus kaolin at atmospheric, raw coal at 100 psi, and coal plus
kaolin at 100 psi. The results from the alkali gettering tests suggest that sodium is
shifted strongly away from the smallest particles by the addition of kaolin. If we assume
that the sodium sulfate in the smallest-size fraction formed when the gas was quenched
during collection, then one half of the sodium was removed from the gas phase due to the
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kaolin addition. This result holds both at atmospheric and higher pressure. Most of the
sodium was shifted to the 1- to 10-micron size range, which is where the kaolin is
concentrated. The shift in sulfur from the smallest- to the largest-size ranges indicates
that the sodium was chemically combined with the kaolin, probably in the high-
temperature zone, and that the kaolin did not merely serve as a condensation surface for
sodium sulfate. Because much of the sodium was removed from the gas phase, the sulfur
shifted to the largest-size range by sulfating additional quantities of the calcium-rich
particles.

40 CONCLUSIONS

General conclusions which can be drawn from the data presented in this report are
as follows:

Several production runs of LRC CWF were produced in conjunction with the DOE.
LRC beneficiation program at the EERC.

By hot-water drying, high moisture coals can produce CWF's with heating values
equal to or greater than their parent coals.

Coal-water fuels from HWD LRCs have exhibited excellent rheological properties,
which greatly benefit the fuel in areas of overall handling performance and long-
range transportation.

High-shear results indicated that the flow behavior of Spring Creek CWF does
not change significantly, even at shear rates as high as 200,000 sec’, and with
adjustments in solids loading.

Detailed chemical and mineralogic analyses for the raw and hydrothermally
treated coal revealed that most of the salts of organic acid groups and soluble
minerals are removed by the beneficiation process.

A pressurized combustion vessel was successfully built to allow the operating
parameters of a direct-fired gas turbine combustor to be simulated.

Seventeen successful combustion tests using CWFs were completed in the
pressurized combustion vessel. These tests included seven tests with a
commercially available Otisca Industries-produced Taggart seam bituminous fuel
and five tests each with a physically and chemically cleaned Beulah-Zap lignite
and a chemically cleaned Kemmerer subbituminous fuel.

Analyses of the emission and fly ash samples highlighted the superior burnout
experienced by the LRC fuels as compared to the bituminous fuel even under a
longer residence time profile for the bituminous fuel. The LRC fuels have high-
carbon burnouts, ranging from 98.2 to 99.99%, and appear to be relatively
unaffected by other operating parameters; however, the bituminous fuel was
significantly affected by combustion air temperature, atomizing air-to-fuel ratio,
and fuel firing rate.
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The LRC fly ash showed a decrease in particle size when compared to the starting
fuel, while the bituminous fuel showed a increase in particle size when compared
to the starting fuel. These particle-size analyses provide some evidence of LRCs
nonagglomerating properties as compared to bituminous fuels.

Ash material balances for the CWF combustion tests indicated that the Beulah-
Zap lignite fuel had a much higher deposition rate than the Kemmerer
subbituminous fuel and the Kemmerer fuel had higher deposition rates than the
Otisca bituminous fuel.

Atomization data indicates that the two HWD subbituminous CWFs atomized
significantly better than the Otisca Industries-produced Taggart seam bituminous
CWF, presumably due to the dilatant flow behavior of the Otisca CWF as
compared to the the pseudoplastic flow behavior of the HWD subbituminous
CWF.

Deposition testing of LRC fuels in the PDTF allowed the sticking fractions to be
calculated for selected fuels. These sticking fractions were ranked in the order
PC/AC/HWD Beulah-Zap > PC/AC/HWD Spring Creek > HWD Spring Creek
Allison fuel > Otisca Taggart > AC/HWD Kemmerer.

Both the PC/AC/HWD/micronized and the Allison HWD/micronized Spring Creek
fuels had lower sodium levels in the final filter fraction than the raw Spring
Creek fuel. This decrease is due to the removal of significant quantities of
sodium cations in the beneficiation process.

Results from the alkali gettering tests suggest that sodium is shifted strongly
away from the smallest particles by the addition of kaolin. If we assume that the
sodium sulfate in the smallest-size fraction formed when the gas was quenched
during collection, then one half of the sodium was removed from the gas phase
due to the kaolin addition. Most of the sodium was shifted to the 1- to 10-micron
size range, which is where the kaolin is concentrated. The shift in sulfur from
the smallest- to the largest-size ranges indicates that the sodium was chemically
combined with the kaolin, probably in the high-temperature zone, and that the
kaolin did not merely serve as a condensation surface for sodium sulfate.

5.0 RECOMMENDATIONS

The ability of hot-gas cleanup techniques to control particulte and alkali emissions
entering the expander of a gas turbine to acceptable levels are seen as the biggest
obstacles in commercialization of direct coal-fired gas turbines. Recommendations for
future work include hot-gas cleanup work on the PDTF and 1-MM Btuwhr gas turbine
simulator as potential filters and particulate removal techniques become available. In
addition, further alkali sampling and alkali gettering experiments could be conducted on
the PDTF in order to obtain a better handle on the composition and phases of the vapor
alkali species and to determine ways to control them in a high-temperature environment
before entering the expander of a gas turbine.
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COMBUSTION INORGANIC TRANSFORMATIONS

1.0 INTRODUCTION

The problems caused by the inorganic constituents in coal can have significant
technological impacts. For example, inorganic constituents can, in some instances, cause
severe operational problems in utility boilers. The problems include deposition on heat-
transfer surfaces, formation of fine particulates that are difficult to collect, and erosion
and corrosion of boiler parts. Because of the importance of these problems, there is
voluminous literature on the subject. A precise and quantitative knowledge of the
distribution of inorganic constituents and their chemical and physical transformations
may provide insights leading to solutions to these problems.

The extent of these problems depends upon the abundance and distribution of
inorganic constituents. The inorganic constituents in low-rank coals are distributed
within the coal matrix as cations associated with organic acid groups and clays,
organically coordinated species, and discrete mineral grains. The mineral grains in
pulverized coal are classified as either included (within a coal particle) or excluded (not
associated with coal). The characteristics of the fly ash formed during combustion are
dependent upon the chemical and physical transformations of the inorganic material.

The physical transformations of the inorganic constituents during the combustion
process include 1) coalescence of individual mineral grains, 2) formation of cenospheres,
and 3) evaporation and condensation of flame-volatilized species. The factors that
influence the behavior of the inorganic constituents include combustion conditions and the
form of the inorganic constituents in the coal. In the past, the composition of the coal ash
produced under ASTM ashing conditions has been used to provide a crude guide as to the
behavior of a specific coal during combustion. However, examination of the fly ash shows
that many different types of particles are present, each having its own composition and
probably its own melting behavior. Therefore, in order to understand and ultimately
predict the behavior of the inorganic constituents during pulverized coal combustion,
fundamental knowledge of the mechanism of fly ash formation must be elucidated.

The primary emphasis of this project was to determine and measure some of the
critical inorganic transformations that occur during combustion. After acquiring a basic
understanding of the mechanisms of ash formation, models were developed to predict fly
ash size and composition. There were several critical issues that needed to be addressed
in order to better understand the behavior of inorganic constituents during combustion.
These included the following:

1. A method was devised for determining the abundance and distribution of
inorganic constituents in pulverized coal. The predictive models required
innovative techniques to quantify inorganics in coal. Two techniques were
developed for determining coal inorganics. These techniques included a)
chemical fractionation which involves selectively extracting inorganic elements
based on their association in the coal, and b) computer-controlled scanning
electron microscopy (CCSEM) which was used to quantify and size the mineral
phases in the coal.




2. Sodium volatilization in the coal-fired flame followed by subsequent
condensation in the convective pass is a major problem associated with the use
of low-rank coals in utility boilers. The volatility of sodium needs to be
determined as a function of the association of sodium in the coal and of
combustion conditions.

3. The interaction of organically bound cations and mineral phases during the
combustion of a coal particle is not well understood. The interaction of these
phases results in the formation of low melting point particles that can play a
significant role in the formation of tenacious deposits in boilers. The interaction
of these species needs to be determined as a function of combustion conditions,
gas cooling rates, and the association of inorganic constituents.

2.0 GOALS AND OBJECTIVES

The overall objective of this project was the development of a unified picture of the
physical and chemical changes that occur in coal inorganic matter during combustion.
The research focused on three major tasks. The first task involved developing analytical
methods for measuring the chemical and physical characteristics of coal inorganics and fly
ash. With regard to coal analysis, CCSEM was developed to determine the distribution of
discrete mineral grains in pulverized coals, and chemical fractionation, an existing
technique, was modified and refined to provide quantities of inorganic constituents that
are submicron in size and thus undetectable by the typical scanning electron microscope.
Organically bound inorganics, such as sodium and calcium in low-rank coals, can be
quantified using the chemical fractionation technique. The CCSEM and chemical
fractionation techniques, therefore, provide a comprehensive means of quantifying all of
the inorganic material in coals of varying ranks. In conjunction with CCSEM, an image
analysis technique was developed to determine whether individual coal mineral particles
were included within pulverized coal particles or excluded from the coal particles. With
regard to fly ash, the CCSEM technique was also developed to measure the size and
composition of individual fly ash particles, and a modified version of the CCSEM
technique was used to size and chemically analyze submicron ash particulate. Another
analytical technique that was investigated in this project was laser-induced fluorescence
spectroscopy (LIFS). LIFS was specifically aimed at analyzing atomic sodium in coal. The
objectives of this work included 1) building a LIFS spectrometer that was capable of
detecting atomic sodium above 10-ppm concentrations for solutions, 2) assessing the
feasibility of this technique for detecting the release of sodium when solids are introduced
directly into a flame, 3) using this spectrometer to study the release of atomic sodium
during coal combustion, and 4) developing a detailed knowledge of how a variety of factors
including flame temperature/position, source of sodium, and gas stream composition
affects the release of sodium under typical combustion conditions.

The second major task of this project involved combustion testing of seven coals of
varying rank, one coal blend, and four synthetic coal model mixtures, for the purpose of
studying inorganic transformations. All of the combustion testing was performed using a
laboratory-scale drop-tube furnace (DTF). The DTF system was constructed at the onset of
the project, with the primary purpose of having the ability to inexpensively generate
multiple fly ash samples in a very short time while maintaining combustion conditions
that mimic key full-scale combustion conditions. Feed rates for the DTF range from only
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0.1 to 1.0 grams of coal per minute; therefore, it is difficult to mimic all aspects of full-
scale combustion. However, the DTF -was designed and constructed to isolate the key
operational parameters of real utility boilers such as gas temperature, gas velocity,
particle residence time, and excess air. Fly ash and time-resolved chars were produced
using various gas temperatures, particle residence times, and gas atmospheres.
Mechanisms of fly ash formation were derived by analyzing the initial coal inorganics and
comparing that data with the fly ash characteristics, such as mineral and elemental
composition and particle size.

The third major task of this project consisted of developing a model or expert system
to predict fly ash composition and size from initial coal input data. Advanced coal
mineral and organically bound inorganic analysis methods coupled with extensive
laboratory fly ash formation studies were the basis for deriving both a mechanistic model
and an expert system for prediction of fly ash size and composition. The mechanistic
model is termed ATRAN]1, and the expert system model is called ASHPERT. ATRAN1
combines the stochastic principle of random combining of inorganics during combustion
with the mechanistic principles of coalescence, fragmentation, and decomposition of initial
coal minerals during combustion. ASHPERT uses an expert system approach that
essentially predicts the size and composition of fly ash generated from a given coal, based
on a large database of known coal mineral and corresponding fly ash particle size and
compositions. The expert system gives a first-order estimate of fly ash size and
composition which can be easily integrated with other expert systems. Both models,
ATRAN1 and ASHPERT, were tested using various coals and gave predicted results that
were fairly similar to results obtained experimentally.

3.0 RESULTS AND CONCLUSIONS
3.1 Analytical Methods Development
3.1.1 LIFS Project

Many western low-rank coals contain significant quantities of alkali, primarily
sodium, that is associated as salts of organic acid groups. Upon combustion, these alkali
constituents will readily volatilize in the flame and condense downstream in the
combustion system. The condensed alkali components can cause serious operational
problems in combustion systems such as convective pass fouling. The flame-volatilized
alkali can condense on surfaces of entrained fly ash particles, forming low melting point
surface layers which can aid in the sticking of ash particles on heat-transfer surfaces.
These alkali-containing phases can aid in forming a liquid that is responsible for the
development of deposit strength due to viscous flow sintering and for the capture of
impacting fly ash particles. In addition, the flame-volatilized alkali can condense
homogeneously to form very small particles that can be very difficult to collect. These
small particles have also been found on the inner layers of deposits.

Because organic alkalies (carboxylates) are relatively volatile, it is generally
expected that these alkali will vaporize in coal-fired combustors. Laboratory experiments
have demonstrated that vaporization occurs in an oxygen environment. Many of the past
studies have been concerned with the analysis of the reactants and products. This does
not provide adequate information on the release of alkali during combustion. A probe is
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needed that would perform in situ measurement of the concentration of short-lived atomic
alkali.

LIFS is well suited for probing various locations of flames to examine alkali release.
The high powers and narrow bandwidths available from modern lasers allow their use as
excitation sources in analytical techniques that have very low detection limits and very
high selectivities for particular analytes. The fluorescent emission of sodium atoms
excited by lasers has been studied over the past decade, including the detection of sodium
in flames. As well as establishing the range and sensitivity of the technique, these
studies have also probed the nature of the kinetic and optical processes taking place. The
usual experimental arrangement includes a hydrogen/oxygen or hydrocarbon/oxygen
flame with inert gas diluent and aqueous sodium solutions aspirated into the flame, as for
classical atomic absorption spectroscopy. The most common excitation source is a pulsed
or continuous wave dye laser operating at the wavelength of the sodium D line. A
detection limit of less than 10 sodium atoms/mL in a flame at one atmosphere pressure
has been achieved using saturated optical nonresonant emission spectroscopy for atomic
detection. This corresponds to about one part in 10 of the flame species. Nonresonant
operation means that the D, line of the sodium (589.6 nm) is excited to detect emissions at
the D, line (589.0 nm) or the reverse. This technique is feasible because the two excited
states responsible for the emissions are equilibrated by collisional energy transfer under
the relatively high-density conditions present in the flame.

The goal of this project was to define the variables that affect the release of sodium
atoms from coals and model compounds at temperatures similar to those produced in full-
scale boilers (1). LIFS was chosen for this task due to its high sensitivity for the detection
of gas-phase atoms.

After optimizing the optical alignment and the laser output, work with sodium
solutions began. A study of the effect of sodium concentration on the fluorescence showed
that, at the leading edge of the flame, the fluorescence signal was found to be linearly
dependent on the concentration of sodium.

The distribution of sodium species in the flame was also calculated using
SOLGASMIX, which predicted that 39.8% of the sodium introduced would be present as
atomic sodium at a flame temperature of 1548 K. The measured value using LIFS was
7.0% at 0.42 inches above the flame.

Possible reasons for the difference between the predicted value and the measured
value are:

¢ The sample introduction efficiency was incorrect.
¢ The database for the calculation was incomplete or incorrect.
¢ The system did not achieve a minimum free energy.

The most likely cause of the difference was that the flame did not reach a thermodynamic
minimum.

Horizontal fluorescence profiles were obtained for a number of pure sodium salts:
benzoate, chloride, montmorillonite, sulfate, and carbonate. Sodium benzoate, sulfate, and



carbonate gave fluorescence signals similar to those for solutions. Sodium chloride and
sodium montmorillonite gave signals much smaller than those for solution.

Horizontal fluorescence profiles were obtained for a series of Beulah lignites: plain
Beulah lignite, demineralized Beulah lignite, and demineralized Beulah reloaded with
sodium. The fluorescence signals were much higher for these solids than for sodium
solutions and, at the leading edge of the flame, were linearly dependent on the
concentration of the sodium fed into the flame.

Horizontal fluorescence profiles were obtained for a solid with sodium deposited

upon it. Like the lignites, this solid gave a fluorescence signal much higher than that for
sodium solutions.

The effect of sulfur and carbon dioxide on the sodium atom densities in the flame

was studied. For the conditions used, no significant differences in the fluorescence signal
were found.

Chars from Beulah lignite and solid sodium benzoate were analyzed to determine
the percent of sodium in the solids that was vaporized. Both solids had some sodium
remaining in their chars.

In conclusion, LIFS is a valuable tool in the study of sodium volatilization from
solids in flames. With a LIFS system, sodium fluorescence can be observed from solids.
Different solids did give different sodium atom densities in the flame. This difference is
related to the matrix supporting the sodium. The solids that gave low sodium atom
densities in the flame include sodium montmorillonite and sodium chloride. The
montmorillonite results suggest that sodium tied up in aluminosilicates is not responsible
for fouling in boilers. Solids that gave high sodium atom densities were those which had
their sodium supported by a carbon matrix, including the Beulah lignites and the sodium
benzoate on decolorizing carbon.

The sodium released from the Beulah lignites was linearly related to the sodium
atom densities resulting in the flame from sodium benzoate and the sodium benzoate on
decolorizing carbon.

The addition of elemental sulfur and carbon dioxide had no effect on the sodium
atom densities resulting in the flame from sodium benzoate and the sodium benzoate on
decolorizing carbon.

The analysis of the char resulting from burning a solid in the LIFS burner also
proved to be a valuable technique for analyzing the fluorescence data. The Beulah lignite
was found to release approximately 30% of its sodium, while the solid sodium benzoate
released 70%. These results emphasize the importance of the carbon matrix in reducing
sodium to its atomic state.

With a LIFS system, it is possible to observe differing sodium atom concentrations
in a flame. This LIFS study has shown the effect of different supporting matrices on the
concentration of gaseous atomic sodium observed in a flame.



3.1.2 Development of Techniques for Analyzing Coal and Fly Ash Inorganics

3.1.2.1 Computer-Controlled Scanning Electron Microscopy

A major analytical develor ment of the past six years has been the development of
the computer-controlled scanning electron microscopy (CCSEM) method for the analysis of
coal and fly ash (2-4). Results obtained using CCSEM have been crucial in furthering the
understanding of inorganic transformations during combustion. Steps taken to develop
the CCSEM method over the past six years have included rigorous testing and
standardization using mineral standards and well-characterized coals (5); adaptation of
software and hardware to allow for stage automation, multiple threshold capabilities, and
data manipulation; programming to allow image analysis to determine mineral grain
juxtaposition; the eliminction of size biases associated with irregularly shaped grains and
sample preparation; and the implementation of a three-magnification method coupled
with using a higher video-sampling signal to improve the precision of quantifying coal
minerals by about 50% (6-11). Following extensive testing for accuracy of the CCSEM
method, correction factors were calculated for derived particle diameters and for areas
determined for cross-sectioned ash particles.

Several additions were made to the CCSEM method as the project progressed. A
correction for improving the accuracy of CCSEM elemental compositions was devised (12).
This procedure involves the extraction of k-ratios during acquisition of raw CCSEM data,
followed by correction of these k-ratios for atomic number (Z), absorption (A), and
fluorescence \F) effects. This ZAF correction results in more accurate quantitative
chemistries of individual fly ash particles or coal minerals. Three bituminous coals and
five ashes were analyzed to test the CCSEM-ZAF technique. To determine the accuracy of
the CCSEM-ZAF technique, coal and ash compositions determined through CCSEM were
compared to bulk compositions as measured using x-ray fluorescence (XRF). Results
indicate the CCSEM-ZAF data require corrections for Ca, Mg, and Si, because these
elements occur in significant concentrations in the submicron-size fraction.

Additionally, a round-robin CCSEM analysis has been initiated involving seven
laboratories: EERC, Ames Laboratory at Iowa State University, Sandia National
Laboratory, the University of Kentucky, the R.J. Lee Group, the Netherlands Energy
Research Center, and CSIRO of Australia. In order to design the round-robin, information
was gathered from each of the participating domestic laboratories regarding their CCSEM
systems. The EERC then prepared a detailed protocol describing the scanning electron
microscopy (SEM) system configuration for analysis of standard coals and sent the protocol
together with sample sets to the participating laboratories (13). Three Argonne National
Laboratory premium coals were initially selected, including Illinois #6, Pittsburgh #8, and
Wyodak. After preliminary testing of these coals using CCSEM, it was decided to use a
higher ash Canadian Prince coal instead of the Wyodak. The Prince coal was acquired
from the European Centre for Coal Specimens. The results of the round-robin testing will
be used to initiate standardization of the CCSEM technique.

Particle-by-particle scanning electron microscopy (PBPSEM) analysis has been
developed as an automated technique (4). It uses advanced image analysis together with
the standard CCSEM procedure to yield the size and composition of coal minerals on an
individual particle basis. PBPSEM greatly enhances ash formation and deposition models
by providing much more comprehensive coal input data. The PBPSEM program uses
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completely automated digital image acquisition, processing, and image segmentation. In
PBPSEM, the major operational parameter affecting the sizing and location of particles is
the determination of the difference between coal and minerals in the grey-level histogram.

The method currently used for determining this difference works best for homogeneous
systems.

3.1.2.2 Mass Balancing to Determine Organically Associated Content

A method has been devised to balance the mass of organically and mineralogically
associated inorganics in coal so that their sum equals the total ash content of the coal
(12). An algorithm to determine the distribution of organically associated inorganics was
created using CCSEM, chemical fractionation, and XRF data. The inorganics are divided
into soluble minerals, insoluble minerals, organically associated inorganics, and insoluble
submicron minerals. The technique was modified to better estimate the amount of
submicron silica. The mass balancing technique was tested on Kentucky #9, Eagle Butte,
and Kentucky #9/Eagle Butte blend coals. Kentucky #9 contained little organically
associated material, whereas the Eagle Butte coal had large amounts of organically
associated calcium and magnesium. The quantity of organically bound material in the
Kentucky #9/Eagle Butte blend was intermediate between that of the two parent coals.

3.1.2.3 Small Particulate Analysis Method

A new technique, termed scanning electron microscopy with image analysis (SEM-
TIA), was developed for analysis of individual submicron ash particles (14). SEM-IA
provides data similar to that of the CCSEM technique, but for smaller particles. A freeze-
dried dispersion method was developed as an alternative sample preparation technique.
Using this method, ash particles are suspended in propanol and dispersed onto pieces of
vitreous carbon measuring approximately 1 cm® Freeze drying maintains an adequate
separation between particles, as required for SEM-IA. During analysis, size
measurements of the individual particles are not made in real time as they are in
CCSEM, but only after a large number of duplicate images of a sample field of view have
been acquired and averaged to remove noise. This additional image processing step is
necessary to obtain accurate size measurements for the smallest particles. The image-
averaging ability of the SEM-IA technique provides size and composition distribution data
for particles with diameters an order of magnitude smaller than those that can be
analyzed by CCSEM, or approximately 0.1-um minimum diameter.

3.2 Laboratory-Scale Combustion Testing

Coals contain a complex suite of inorganic species that include significant quantities
of both organically associated cations and discrete minerals. Problems associated with
inorganic constituents in coal combustion systems include ash deposition, fine particulate
formation, and corrosion and erosion of boiler parts. Of specific interest are the
interactions between those inorganic constituents that result in the formation of low
melting point phases during combustion and gas cooling. These phases are often the
cause of ash deposition problems on boiler heat-transfer surfaces. The formation of these
low melting point phases is a result of a combination of complex physical and chemical
transformations of inorganic components associated in and with the coal during the
combustion process. The primary objective of the drop-tube furnace task was to determine
the factors that affect the size and composition of the fly ash. This task was designed to
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study changes in the morphology and chemical associations of inorganic components in
coals during combustion in a drop-tube furnace designed to simulate the time-temperature
profile of a pulverized coal-fired utility boiler. The chemical and physical transformations
of the inorganic constituents depend upon their association in the coal and upon
combustion conditions. Volatilization and condensation of sodium was one of the key

transformations investigated to gain insight into the formation of liquid phases in and on
the surfaces of entrained ash particles.

3.2.1 Drop-Tube Furnace Construction and Qperation

The drop-tube furnace was constructed as a laboratory-scale, entrained-flow tube
furnace with the ability to combust coal and produce ash under closely controlled
conditions. Combustion parameters such as initial hot zone temperature, residence time,
and gas-cooling rate can be closely controlled and monitored (9-11, 15-19).

The furnace system is housed in a three-floor laboratory specifically designed for
clean and efficient operation of the system, as shown in Figure 1. The furnaces are
mounted on furnace bars extending through all three levels. The furnaces can be moved
to accommodate specific applications. The adjoining control room provides a clean,
climate-controlled environment for the electronic equipment associated with the drop-tube
system.

The furnace assembly consists of a series of vertically oriented tube furnaces. These
furnaces possess a total of five independently controlled, electrically heated zones. Each
of these furnaces can be used separately or in conjunction with the other furnaces. This
allows for maximum flexibility and precise control over combustion conditions.

Coal, primary air, and secondary air are introduced into the furnace system by
means of a preheat injector. This system injects ambient temperature primary air and
coal into the furnace from a water-cooled probe assembly at the center of the tube.
Secondary air is typically heated to 1000°C and introduced into the furnace through a
mullite flow straightener. Thus the material to be combusted is introduced into the top of
the furnace along with preheated secondary air and travels down the length of the
furnace in a laminar flow regime.

The coal feed system is designed to feed particles of various sizes at rates of 0.1 and
0.5 grams per minute and at primary carrier gas rates of approximately 1 liter per
minute. The basic apparatus consists of a pressurized plastic cone, a stepper motor, and a
feed tube. The cone acts as the coal hopper. As the motor rotates the feed tube, the coal
falls through the small holes in the tubes and is carried out by the gas into the injector.

Fly ash is cooled by means of a fly ash-quenching probe that is reliable and
versatile. Several collection devices can be added to the probe to collect the fly ash.

Size-segregating methods of fly ash collection can also be employed. The
Environmental Protection Agency Southern Research Institute five-stage cyclone
(EPAFSC) is used to make five equally spaced particle size cuts (ds,) on a logarithmic scale
within the range of 0.1 to 10.0 micrometers. The advantage of this system is its
capability of collecting the relatively large sample amounts needed for subsequent
chemical and morphological analyses.
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Figure 1. Drop-tube furnace laboratory.
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In addition to the EPAFSC, the University of Washington Mark 5 source test
cascade impactor (STCI) is used during selected combustion tests. The STCI was
developed as a means of measuring the size distribution of particles in stacks and ducts at
air pollution emission sources. The Mark 5 impactor produces even-size cuts of fly ash
particles by inertial separation. These data will be used for comparison with the EPAFSC
data and to provide more detailed information concerning the effects of combustion
conditions on the size distribution of the fly ashes.

A short residence time probe was designed and constructed to collect ash samples at
any residence time. The probe consists of a series of four concentric, water-cooled, steel
tubes. The outer shell is for introducing the quench gas at the top of the probe. The
innermost shell removes the combustion gases, and the remaining shells carry the cooling
water. The probe is covered with an alumina insulating cylinder 2 inches in outside
diameter.

The probe is inserted in the bottom of the furnace at a set distance that is calculated
from the desired residence time. The quench gas and the vacuum are turned on. The coal
is fed through the preheat injector and collected with a cyclone or with the multicyclones.

al Blend

The first step in the combustion testing phase of the CIT project was to select and
prepare test coals. Seven coals were selected including 1) Monticello lignite (Texas),
2) Robinson subbituminous (Montana), 3) Eagle Butte subbituminous (Wyoming), 4) Upper
Freeport bituminous (Pennsylvania), 5) Kentucky #9 bituminous (Kentucky), 6) San
Miguel lignite (Texas), and 7) Beulah lignite (North Dakota). A blend of 70% Eagle Butte
and 30% Kentucky #9 was also tested. The coals were pulverized and sized in order to
obtain a 53- to 74-um sample and bulk 80% -200-mesh sample for combustion testing. Fly
ash was generated by combusting the coal in an initial hot zone of 1500°C, with
subsequent collection of the fly ash after 2 to 3 seconds residence time in a zone of 1200°C.

The coals were analyzed using chemical fractionation, CCSEM, proximate/ultimate, and
XRF analyses.

The most abundant minerals found in the Monticello lignite were quartz, kaolinite,
Ca-clay, and mixed aluminosilicate (6, 7). Very little pyrite was found. Quartz, kaolinite,
and Ca-clay had grain sizes that were largely in the >11-um range. Some of the
aluminosilicate clays occurred as aggregates of 1- to 3-um particles.

Comparisons among original mineral matter, inorganic phases in early stage chars,
and final fly ash show a progressive reaction of organically bound Ca with quartz and
aluminosilicate species derived from kaolinite. Inorganic ash droplets on the surface of
Monticello short residence time char particles were very rich in CaO and consistently
showed an aluminosilicate component with an Al/Si ratio of 1/1. These particles were
generally 1 to 3 um in average diameter and were often rich in Fe,O,.

Analysis of Robinson coal size fractions by CCSEM indicated that quartz, kaolinite,
Ca-clay (montmorillonite), and pyrite were the most abundant mineral grains (7-9).
Quartz was found to be most abundant in the larger-size categories (>11 um). The size
distribution of pyrite and kaolinite was variable. Overall, the majority of the mineral
grains were greater than 11 ym.
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Short residence time combustion tests were conducted to produce chars from a
Robinson 74- to 106-um-sized coal sample (7-9). It appeared that after 0.2 seconds of
combustion, extensive fragmentation of larger-sized mineral grains occurred. The
mechanism proposed for the fragmentation phenomenon in the first 0.2 seconds of
combustion was based on the breakup of aggregates of aluminosilicate clays. At longer
residence times of 0.6 and 0.8 seconds, there was successive coalescence of finer-sized
inorganic phases. It is proposed that CaO, which was very abundant in the organic
fraction of the coal, reacted with aluminosilicate clays that were abundant as discrete
minerals. Calcium silicate formed as a result of the assimilation of vapor- or liquid-phase
CaO into the partially molten surface of quartz grains. Robinson char displays initial
inorganic ash droplet formation within the first 100 milliseconds of combustion at 1300°C.
The smallest-sized inorganic ash particles that begin to form on the surface of the coal
char range from 0.1 to 3 um in size. These initial combustion products are high in Ca,
and some contain significant amounts of Na. Robinson fly ash produced from the 53- to
74-um coal had major phases of quartz, amorphous kaolinite-derived, iron oxide,
anhydrite, melilite, and plagioclase. Melilite and anhydrite were concentrated in the
smaller-sized fraction of the fly ash, while iron oxide and quartz were concentrated in the
larger-sized fractions. Kaolinite-derived phases were distributed evenly in all size
factions. Average chemical compositions of the fly ash size fractions showed greater CaO,
Na,0, and SO, in the smaller-sized fractions.

The major minerals identified in the Beulah lignite were pyrite, kaolinite, and
quartz (8). The 53- to 74-um fraction of Beulah coal had much less pyrite than the 80%
-200-mesh bulk coal. Minor amounts of gypsum and Ca-aluminosilicate were also
observed. Quartz, kaolinite, and gypsum were most abundant in the 4.4- to 8.0-um size
range, while Ca-aluminosilicate was more concentrated in the 2.1- to 4.4-um range. Chars
were produced for this lignite in the drop-tube furnace and analyzed using CCSEM. The
most common phases identified in the chars were Ca-aluminosilicate, quartz,
aluminosilicate, gypsum, and iron oxide. Pyrite virtually disappeared from the chars
after 200 milliseconds of coal particulate residence time.

Distributions of major inorganic components in the chars and their comparisons to
similar components in the original coal revealed some interesting trends for the Beulah
coal (8). The overall area percent distribution of the inorganic phases showed a general
decrease in material with combustion residence time in the lower size ranges (<8.0 um)
and an increase in material with time in the higher size ranges (>8.0 ym). Quartz and
kaolinite decreased in concentration with residence time, and Ca-aluminosilicate
increased dramatically with time. The above data may be indicative of coalescence of
finer-grained minerals and interaction of organically bound inorganic constituents to form
larger fly ash grains. In the case of kaolinite (or aluminosilicate) particles, there is strong
evidence to suggest that these particles underwent a chemical transformation from
kaolinite to Ca-aluminosilicate particles of nearly the same size. This inorganic
transformation results in Ca-aluminosilicate particles having nearly the same size
distribution as the kaolinite particles (4.4 to 8.0 um). The infusion of calcium from
organically bound sites, with the mineral form of kaolinite, may have been the
mechanism by which Ca-aluminosilicate was formed.

The variation in composition and distribution of phases as a function of particle size

was determined for Beulah lignite fly ash. Each stage of the multicyclone was analyzed
using the scanning electron microscopy point count (SEMPC) technique. Iron oxide and
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quartz-derived particles were found in the larger sizes. Kaolinite-derived particles were

found evenly distributed in Stages 2 through 5. Sodium calcium sulfate was concentrated
in Stage 6 (<1.2 um),

Three size fractions and a bulk sample of Eagle Butte coal were analyzed for
mineral content using CCSEM (8). The major mineral phases observed were quartz,
aluminosilicate, a calcium-aluminum-phosphorus mineral (possibly crandallite), gypsum,
and calcite. Minor contents of apatite, K and Ca aluminosilicates, and barite were also
observed. X-ray fluorescence analysis revealed high CaO contents in all of the Eagle
Butte coal size fractions, ranging from 23%-27% CaO. Chemical fractionation revealed
that most of the calcium was organically bound or in a finely sized carbonate or phosphate
form for all three size fractions of the Eagle Butte coal.

The most abundant phases observed in the Eagle Butte fly ash multicyclone samples
were calcium oxide followed by quartz and gehlinite (8). Fly ash that was classified as
less than 6.0 um in the multicyclone showed very low amounts of crystalline or chemically
ordered phases. The amount of unclassifiable amorphous species seems to decrease with
decreasing size of fly ash. Iron in the Eagle Butte fly ash was more concentrated in the
smaller-size fraction, most likely because iron was associated in the coal as finely
dispersed carbonate or organically bound cations, or because iron particles in the largest
fly ash size fraction were being coated with calcium aluminosilicates or other materials
that mask the identity of an iron-bearing core material. Other trends noticed were that
Fe,O, and SO, contents increased with decreasing particle size, and SiO, increased with
increasing particle size. The SiO, and Al,O, contents in the fly ash follow trends observed
with the other test coals.

Chars produced from the Eagle Butte 5§3- to 74-um coal were all very high in CaO.
Other major phases produced during the combustion process were calcium silicate,
calcium aluminate, and calcium aluminosilicate. Quartz was drastically reduced in
content in the chars due to reaction with calcium aluminosilicate and CaO. Submicron
calcium-rich minerals or organically bound calcium are the source for ubiquitous CaO-rich
inorganic ash droplets that appear on the surface of early stage chars. By 0.8 seconds of
combustion, 95% carbon burnout had been achieved. The early stage chars show greater
quantities of discrete phases that are 1.2 to 8.0 um in size, which is evidence for initial
fragmentation of mineral grains. By 0.8 seconds, the char shows greater quantities of
discrete phases or particles that are >8.0 um in size, which is evidence for coalescence of
fly ash particles.

The major phases observed in the Upper Freeport coal by CCSEM were quartz,
mixed aluminosilicate (illite), kaolinite, and pyrite (8). Minor amounts of calcite and
gypsum were also noted. The quartz grains were evenly distributed in the various size
ranges except for the 74- to 106-um coal size fractions, where there was a high level of
>11-um quartz. Illite and pyrite were found most frequently in the >11-um-size fraction.
The chars were collected in the DTF at five different residence times for the Upper
Freeport coal. The general form of the mineral particle-size distribution remained the
same through 0.8 seconds of combustion. The coal mineral and the char inorganic phases
were bimodally distributed. Upper Freeport char morphologies were examined using the
scanning electron microscope (SEM), and qualitative analyses were performed on selected
particles to determine their relative elemental compositions (8). Thermogravimetric
analysis (TGA) was performed on the chars to monitor carbon burnout. Many of the Fe-
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rich particles showed significant quantities of aluminosilicate in their composition, and
illite-derived particles commonly had high Fe,0, contents. Illite in the coal had lower
Si/Al ratios than the illite-derived material in the char. The data suggest that a depletion
of Si in association with Al occurred during the combustion process.

An additional DTF run was made to collect Upper Freeport 0.05-second char,
whereby the char was quenched using the short residence time probe and then collected in
the multicyclone. The major phases present in the Upper Freeport 0.05-second char were
montmorillonite, illite, kaolinite, calcite or calcium oxide, anhydrite, plagioclase
(anorthite-albite), quartz, and unclassified material. When compared to the coal, the char
revealed a depletion of calcite, mixed aluminosilicate, illite, and pyrite; most likely
because of melting and interaction with other liquid- or gas-phase inorganic components.
The char showed an enrichment of quartz and kaolinite as compared to the coal.

Upper Freeport fly ash was generated from a 53- to 74-um coal size fraction and
analyzed for inorganic phases using SEMPC. Illite-derived was the most abundant phase

recognized by SEMPC. Illite-derived is an amorphous K-aluminosilicate derived from the
clay mineral illite.

Fly ash particle-size distributions were determined using the multicyclone and
impactor for Monticello, Beulah, Robinson, Upper Freeport, and Eagle Butte ashes
produced in the drop-tube furnace. The size distributions indicated that mineral
coalescence was a dominating influence on the particle-size evolution. CCSEM analyses of
coal minerals and bulk fly ash showed a similar result.

A fly ash particle classification scheme was developed based on particle morphology
and composition. Four general types of particles have been initially classified for Beulah
and Upper Freeport. Type 1 particles are spherical with a relatively smooth surface and
are usually composed of Fe-, Ca-, and Na-rich aluminosilicates. Type 2 particles display
complex crystalline patterns at the particle surface and are composed primarily of Fe with
minor amounts of Ca and Na. Type 3 particles are aluminosilicates with Al/Si ratios
similar to kaolinite and have irregular surfaces. Type 4 particles have angular shapes
and are rich in Si.

Electron spectroscopy for chemical analysis (ESCA) was used to determine the form
of selected elements and the composition of the surfaces of particles in the multicyclone
size cuts for the Beulah lignite ash produced in the drop-tube furnace (8). The highest
level of sodium was found on the surfaces of the particles in Stage 6 (<1.2 um).
Aluminum and silicon levels were relatively constant, but dropped off in Stage 6. Sulfur
levels increased with decreasing particle size. The forms of sodium, calcium, and sulfur
were determined for each stage of the multicyclone. Sodium was in a silicate form in
Stages 1 to 5 and a sulfate form in Stage 6 (<1.2 pm). Calcium was found to be in a
silicate form in Stage 1 and a sulfate form in Stages 3 through 6.

Combustion testing was also completed for Kentucky #9 coal, an Eagle Butte
75%/Kentucky #9 25% coal blend, and San Miguel coal (9). The coals were combusted at
1500°C. The coal was sized with Malvern analysis, and the fly ash particles and the
minerals in the coal were sized with CCSEM.
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The combustion of Kentucky #9 is highly dominated by the fragmentation process,
with slight amounts of coalescence and possible fragmentation of a few of the larger
mineral particles. Kentucky #9 coal contained about 15% ash and had high iron (20%)
and moderate calcium (3%) and potassium (3%) contents on & normalized oxide basis. The
most abundant minerals were quartz, aluminosilicate (degraded illite or mixed clay), illite,
pyrite, and, for the 74- to 106-um and unsized fraction, siderite. Ash content decreased
with increasing coal size, but mineral sizes increased. Variability in mineral content was
noted for the different coal sizes analyzed by CCSEM. An increase in pyrite with coal size
corresponded with an increase in iron oxide in the coal ash.

Kentucky #9 fly ash showed interaction between iron in the pyrite with
aluminosilicate to form Fe-aluminosilicates (9). Pyrite transformation was evidenced by
reduction from 28% to 0%, and iron oxide was increased from 8% to 22% of the minerals.
Kentucky #9 minerals that were <10 um underwent coalescence to a size range mostly
between 22 to 46 um, while the largest Kentucky #9 minerals (>46 um), which include
pyrite and illite, underwent fragmentation. Time-resolved studies showed that K-
aluminosilicate and iron oxide increased with time. Quartz content remained fairly
constant from the coal to 0.8-second residence time char. The finest fraction of the
Kentucky #9 size-segregated fly ash was enriched in Ca0, SO,, and TiO,.

Analysis of the fly ash resulting from combustion of the Eagle Butte/Kentucky #9
blend revealed definite interaction between the mineral components of the two different
coals (10, 11). Viscosity distributions of liquid phases in the fly ash under slagging
conditions for the blend were intermediate between that of a weighted average of the
parent fly ashes and the Kentucky #9. The base deposit of the blend grown under
slagging conditions was effectively the same as that of the Kentucky #9. Viscosity
distributions of the main portion of the deposits grown under fouling conditions were
similar for the blend and the parent coals. Iron-rich particles derived from the pyrite in
the Kentucky #9 coal experienced only limited interaction with aluminosilicates, most of
which had sources in the Kentucky #9.

The combustion of San Miguel demonstrates partial fragmentation followed by
coalescence (9). San Miguel lignite had about 53% ash on a dry basis and was very low in
iron (1.9%) and calcium (3.5%). Sodium content was intermediate at 2.5% of the ash.
Sodium and calcium were 65% and 72% organically bound, respectively. The major
minerals in the San Miguel lignite, as determined by CCSEM, were quartz, clinoptilolite,
and an unknown aluminosilicate that was probably mixed clay or montmorillonite.
Mineralogic compositions on a mineral basis were similar for 38- to 53-, 53- to 74-, and 74-
to 106-um coal fractions; however, larger minerals were observed with increased coal size.
The total ash contents and elemental oxide chemistry were similar for the different coal
size fractions.

Analysis of San Miguel short residence time char revealed that quartz and K-
aluminosilicate contents remained fairly consistent through the combustion process,
relative to their content in the original coal. Aluminosilicate was slightly reduced, and
Fe-aluminosilicate and calcium silicate were slightly increased. The particle-size
distributions of the inorganic phases in the chars showed coalescence with increased
residence time. Smaller minerals between 1 and 10 um decreased in abundance, and
large inorganic phases between 22 to 46 um increased in abundance progressively until
0.5 seconds into combustion. The 0.5- and 0.8-second chars were nearly identical in
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particle size and composition. This observation may be a result of near 100% carbon
burnout by 0.5 seconds of combustion.

Fly ash was produced at a residence time of about 2.6 seconds at 1500°C gas
temperature and collected on a bulk filter for the San Miguel 53- to 74-um and unsized
coals (9). In general, the fly ashes were similarly composed. Aluminosilicate and
K-aluminosilicate decreased with combustion because of interaction with the other
mineral components. SEMPC analysis of the size-segregated fly ash from the
multicyclone showed major phases of quartz or silica, amorphous illite, and amorphous
montmorillonite. The amorphous illite was evidently the derivative of potassium-rich
zeolites in the coal. Most of the fly ash mass (89%) was greater than 22 ym in average
diameter. It was observed that SiO, and K,O oxides increased with increasing fly ash
particle size, corresponding to greater amounts of the amorphous illite-derived phase. The
finer fly ash fraction had more CaO and Al,O,.

Fly ash generated from combustion testing of the Kentucky #9, Eagle Butte/
Kentucky #9, and San Miguel coals was collected on bulk filters and also aerodynamically
size-segregated in a six-stage multicyclone (9). The Kentucky #9 multicyclone and cascade
impactor data showed no change in particle-size distribution for different coal sizes or
combustion temperatures. The San Miguel size distributions changed with both coal size
and combustion temperature. The impactor and multicyclone data showed larger particle-
size distributions for smaller initial coal sizes. Coalescence seems more prevalent for
smaller coal sizes and lower temperatures, while fragmentation may dominate at higher
temperatures and larger coal sizes. For the Eagle Butte/Kentucky #9 blend, the fly ash
revealed very little interaction between the mineral components of the two different coals.

3.2.3 Combustion Testing of Synthetic Coal Model Mixtures

Synthetic coal model mixtures provide an excellent means of studying inorganic
transformations in a physically and chemically controlled system because the complexity
of inorganic reactions that occur in real coal systems is minimized. Accurate quantities
and sizes of known minerals can be included in a synthetic organic matrix in order to
isolate specific reactions and transformations of selected inorganic constituents. A
controlled combustion environment, such as a drop-tube furnace, is used to combust the
model mixture. Additional key phenomena to be studied include fragmentation of the
synthetic coal grains and coalescence of the inorganics within the synthetic coal particles.

The goal of the model mixture studies during this project was to produce and
perform combustion testing on four model mixtures, including:

Sodium-silica-sulfur system (organically bound Na simulation).
Calcium-silica-sulfur system (organically bound Ca simulation).
Calcium-silica-sulfur system (mineral-bound Ca as calcite).
Iron-aluminosilicate system (using pyrite and kaolinite).

Ll ey

Initial experiments were performed simulating the reaction between organically
bound calcium, quartz, and sulfur (10). Tests of sodium bicarbonate, quartz, and sulfur in
the drop-tube furnace showed progressively more chemical interaction between Na and
silica with increasing temperature. With increasing temperature, the sodium-silica
particles not only increased in abundance, but also showed marked increase in the
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amount of Si being incorporated into Na-Si particles. Auger surface analysis of Na-Si
particles from the highest temperature run (1500°C) showed that Na was present as a
surface enrichment product and that no deeper reaction had taken place.
Semiquantitative results from an ESCA survey scan of the same material showed atomic
concentrations of 43.3% carbon, 43.7% oxygen, 4.0% sodium, and 9.0% siiicon. The
interaction of sedium with sulfur was noted at temperatures between 900° and 1100°C at
longer residence times. This result was compared with SOLGASMIX calculations, and it
was found that SOLGASMIX predicts the same general trend.

Synthetic coals containing sodium, silica, and sulfur; calcium (inorganic and
organic), silica, and sulfur; and pyrite and kaolinite were produced and combusted in the
drop-tube furnaces (10, 11). Fly ash was collected and analyzed using CCSEM to examine
interactions among mineral species. The results obtained show that the Na(org.)-Si-S
system exhibits interaction among species at 900°C to produce sodium sulfate-silicate
phases; above 900°C, silica dominates due to the loss of sodium and sulfur by
devolatilization and decomposition. The particle-size distribution of the fly ash decreased
with increasing temperature, as the result of either char fragmentation or the loss of low

melting point sodium silicate or sulfate species which tend to "glue" or cause coalescence
of the ash particles.

The Ca(org.)-Si-S and Ca(min.)-Si-S systems exhibit interactions, primarily between
calcium and silica, throughout the 900° to 1500°C temperature range. Unlike the
Na(org.)-Si-S system, the calcium-containing system exhibited increased levels of Ca
silicates with increasing temperatures. This is primarily due to the lower volatility of
calcium as compared to sodium, allowing for more calcium to be retained on the char
particle during combustion. Some anhydrite was formed, but was probably the result of
SO, reacting with the surface of the calcium or quartz grains in the cooling zone of the
ash quench probe. Particle agglomeration was seen at the highest temperature studied
for the Ca(org.)-Si-S and Ca(min.)-Si-S systems.

Interaction between ash components occurs over a broader temperature range for
calcium-containing ash than for organic sodium-containing ashes. However, softening and
rounding of the particles occur at lower temperatures for the sodium-containing ash. An
enhanced rate of carbon conversion was observed for the Ca(org.)-Si-S over that of the
Ca(min.)-Si-S at 900°C. This is in agreement with previous studies showing the catalytic
effect of organically bound calcium during combustion. The Ca(org.)-Si-S and Ca(min.)-Si-
S systems give generally similar compositional diagrams over the temperature range
examined, except for the scarcity of calcium-sulfur species in the Calorg.)-Si-S system.

The Fe(min.)-Al-Si system loses nearly all the sulfur from the pyrite at 900°C,
leaving kaolinite and iron oxide. The system shows only a small degree of interaction
between the kaolinite and iron until 1500°C, when an increased amount of iron
aluminosilicate components form.

3.3 Prediction of Fly Ash Particle Size and Composition
Two models have been developed to predict fly ash particle size and composition
from initial coal composition: 1) a stochastic model, ATRAN1, which combines coal

inorganics in a random manner and outputs a predicted fly ash particle size and
composition; and 2) an expert system model, ASHPERT, which gives a first-order estimate
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of fly ash size and composition, relying heavily on a large empirical database. Both
models input data obtained through CCSEM, chemical fractionation, bulk elemental
composition, and proximate analyses.

3.3.1 Development of Mechanistic/Stochastic Model: ATRAN1

The stochastic model, ATRAN1, uses CCSEM coal data (10, 11, 20, 21). It is used to
predict the partitioning of inorganics during combustion. The locked minerals are
randomly coalesced by ATRAN1, based on their concentration in the coal and the degree
of fragmentation of the char. CCSEM data for the liberated minerals are then added to
the data for coalesced minerals to predict fly ash particle size and composition. A mass-
balancing algorithm is also included to extend ATRAN1 to lower-rank coals.

Four coals were used to test ATRAN1: Upper Freeport, Eagle Butte, Kentucky #9,
and a blend of Eagle Butte (70%) and Kentucky #9 (30%). Overall, the predicted and
experimental fly ash size distributions and compositions compared fairly well. The
predicted Eagle Butte fly ash contained a larger amount of nucleated submicron particles
due to the large amount of organically associated constituents present in the coal.
Experimental fly ash-produced using particle residence times and temperatures associated
with fouling and slagging conditions in a boiler, was generated from the coals in order to
compare experimental and predicted fly ash composition and size. Slagging conditions
include shorter particle residence times and higher gas temperatures at the point of
collection than fouling conditions. The CCSEM mineral-phase composition of the
experimental blend fly ash compared fairly well with that of the predicted compositions.
Particle-size distributions of the experimental and predicted fly ash also compared fairly
well.

3.3.2 Development of Expert System Model: ASHPERT

The expert system, ASHPERT, is the first step in developing a rigorous theoretical
predictive model (10, 11, 21, 22). The information input to ASHPERT consists of
proximate/ultimate, chemical fractionation, XRF elemental composition and CCSEM data
for a particular coal and corresponding fly ash. The fly ash included in the ASHPERT
database can originate from drop-tube furnace tests or from pilot- or full-scale combustion
sources.

Predicted (ASHPERT) versus experimental (drop-tube furnace) fly ash particle-size
distributions and compositions were compared for Eagle Butte and Kentucky #9 coals.
The particle-size distributions were in error by approximately 15% to 25% at any given
point along the particle-size distribution curve. Compositions were more in agreement,
showing only 5% to 20% error for any given element. These results are fairly good,
considering that only ten coals were loaded in the database at the time ASHPERT was
run. The ASHPERT database presently includes 45 coals and ashes.

The mineral particle-type classification program MINER has also been incorporated
into ASHPERT (11). This addition considerably enhances the applicability of ASHPERT
in other areas of combustion modeling.
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40 SUMMARY OF CONCLUSIONS

The results of this 6-year project represent significant advances in the under-
standing of inorganic transformations during combustion. The continuous improvement
and modification of analytical techniques, as well as the development and application of
new techniques, is essential to the progress of combustion research. Analytical techniques
have been emphasized in the Combustion Inorganic Transformations project, with the
result that the methods developed as part of the project have become established as the
standard for advanced characterizations of coals and combustion products. Laboratory-
scale combustion testing, an efficient alternative to full-scale testing, has been another
area of emphasis. As a result of these drop-tube experiments, our base knowledge of
combustion reactions has increased sufficiently to allow the development of predictive
computer models, the third area of emphasis in the CIT project. Work is continuing in all
three areas, as appropriate parts of smaller industry-sponsored projects.

Some of the major accomplishments and contributions to combustion technology that
resulted from this project are listed below:

1. Numerous reports, presentations, and publications have been generated through
CIT which have contributed significantly to academic and industrial combustion-
related technologies and knowledge bases. Appendix A contains a compre-
hensive bibliography of reported accessible literature related to the CIT project.
Highlights of this list are entries for nine peer-reviewed journal articles and six
published book articles which incorporated CIT funds and base research findings
for deriving the major parts or all of the scientific results described in the
publications. Also included in Appendix A are bibliographies of six final reports
that describe in detail the results of the research conducted for a particular year.

Appendix B gives the Table of Contents for each of the CIT final reports for each
of the 6 years of the project.

2. Several major joint DOE-commercial industry research programs have resulted
primarily due to the fundamental research efforts of the CIT project. Some of
these projects include:

e Project Calcium (consortium of ten private companies and DOE)--This program
studied lower-temperature ash deposition noted in the firing of many high-
calcium fuels. A computer model was devised that predicts ash deposition
rates in the cooler regions of a utility boiler convective pass, based on boiler
configuration, operating parameters, and coal mineral content.

¢ Combustion Characterization of Beneficiated Fuels (ABB-CE/DOE/PETC)--This
program examines the combustion behavior of beneficiated coals. The EERC’s
work involves characterization of the minerals behavior of these fuels during
combustion.

e Coal Ash Behavior in Reducing Environments (consortium of four private
companies and DOE)--This is a 3-year program studying inorganic transfor-
mations that occur in reducing environments, such as in an entrained flow
gasifier.
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¢ Clean Coal Technology I Program (DOE/PETC, ABB-CE, EPRD)--This is a
3-year program that will determine the effects of coal cleaning on utility
boiler performance and assist in the development of a model to predict coal
behavior in combustion systems. The EERC'’s role is to characterize coal, ash,
and deposits generated at full and pilot scale and to develop algorithms that
describe inorganic transformations, ash deposition propensity, and ash deposit
removability in a utility boiler during combustion.

¢ Development of Fireside Performance Indices (consortium of four private
companies, EPRI, and DOE)--The objectives of this project are to utilize
advanced analytical methods of analysis, fundamental knowledge of the
distribution of coal inorganic constituents, and experience in combustion ash
transformation and deposition mechanisms developed at the EERC to
formulate a series of fouling indices for low-rank coal, especially Powder River
Basin coal.

e Over ten projects with utility and coal companies seeking information on how
inorganics in their coals could be causing ash deposition and opacity problems
in utility boilers during combustion.

3. Several pieces of software have been developed as a result of work performed in
CIT, including a) PARTCHAR, a program that manipulates raw CCSEM data
into meaningful tables of coal or ash particle sizes and mineralogies; b)
ATRAN1, which predicts the particle size and composition of fly ash based on
CCSEM analysis of a coal; and ¢c) ASHPERT, an expert system model that
predicts combustion fly ash composition and size based on CCSEM and
proximate/ultimate data on a coal.

4. Finally, funds and resources provided by the CIT project have resulted in
educational opportunities and scientific work experience for 12 undergraduate
students, two masters students, and one doctoral student.
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LIQUEFACTION REACTIVITY OF LOW-RANK COALS

1.0 GOALS AND OBJECTIVES

Direct liquefaction of Tow-rank coals has been investigated at Grand Forks
and other laboratories for several decades. Some of the reasons for this
interest are the massive reserves of low-rank coals and the low cost of mining
these coals. The mine-mouth cost is about 0.3 times that of bituminous coals.
Low sulfur and nitrogen contents mean that Tess hydrogen is required to
effectively remove these elements during liquefaction and upgrading to an
environmentally acceptable distillate product. The low-rank coals contain more
aliphatic material which results in the formation of more paraffins in the
product.

There are, however, some inherent problems in low-rank coal liquefaction.
The high moisture content may require preliminary drying. The high oxygen
content of the Tow-rank coals increases the amount of hydrogen required during
hydrotreating. The oxygen-containing compounds may be factors in retrogressive
reactions leading to coking. Solid deposits, such as those that formed during
the Wilsonville tests, could severely hinder operation with low-rank coals.
High ash content, especially calcium salts, can result in very rapid
deactivation of catalysts. The expense of cleaning the coals prior to
liquefaction may be prohibitive. Low-rank coals are converted much more slowly
to the asphaltene/preasphaitene stage than the bituminous coals.

The objectives of this project were to investigate the Tiquefaction
reactions of low-rank coals and intermediate products formed during
liquefactions and develop a scientific database so that problems of slow
solubilization, retrogressive reactions, and catalyst deactivation can be
evaluated and solved. Methods for deashing were developed based on a two-step
process, so that soluble material is produced in high conversion in a first
stage (with CO as an effective reducing gas), and the deashed soluble material
is catalytically depolymerized and hydrotreated in a second stage so that
catalyst deactivation is minimized and hydrogen is not wasted on carbon dioxide
reduction. Novel catalysts for both the first-stage solubilization stage and
the second-stage hydrocracking/hydrogenation processing were developed. These
investigations required the development of new methods for analysis of polar,
very high molecular weight, first-stage intermediates and the highly complex
heteroatom-containing distillate compositions, as well as the initial coals.

The first-stage reaction in carbon monoxide converts coal to a soluble
form with minimal cracking and hydrogenation. This processing can be
accomplished without any catalyst or promoter other than the coal mineral
matter present, but addition of hydrogen sulfide was found in earlier projects
to promote the solubilization. A disadvantage of this method was that a
substantial amount of sulfur was incorporated into the first-stage product.
Removal of this sulfur consumed hydrogen in the second-stage hydrotreating.
Objectives of this project were to understand how the carbon monoxide functions
during the first-stage reaction of low-rank coals and what catalysts can be
added to increase rates and conversions.




The efficient production of environmentally acceptable distillate fuels
requires catalysts for hydrogenation and cleavage (depolymerization) of the
coal macromolecules during the second-stage reaction and removal of oxygen,
nitrogen, and sulfur heteroatoms. The chemistry of this processing can be
examined more cleanly using the solubilized coal intermediates from the first
stage. The catalysts currently used in direct coal liquefaction are the same
as those used in conventional petroleum refining; however, this application has
not been very successful. Improvements in efficiency could be obtained if
catalysts with longer 1life and better activity and selectivity were available.
Rapid deactivation of the conventional Co-Mo and Ni-Mo catalysts on an alumina
support have been attributed to coke formation (1), metals deposition (2), and
inhibition of the active center by chemisorbed compounds (3). Objectives of
this research project are to develop and test novel heterogeneous catalysts for
hydrotreatment upgrading of first-stage coal liquefaction products. The new
hydrogenation catalysts are based on pillared clays and hydrotalcites, which
have very large micropore dimensions to accommodate the coal macromolecules,
but yet do not possess strong acidities which Tead to coking at high
temperatures. Another objective is to develop a solid acid catalyst for
depolymerization of coal macromolecules. The acid catalysis process for coal
liquefaction is believed to operate by ionic mechanisms. Some molten acids
have successfully depolymerized coal, but the poor efficiencies of catalyst
recovery and the corrosive nature of the catalyst made the process uneco-
nomical.

2.0 ACCOMPLISHMENTS
2.1 Development of New Analytical Methods

2.1.1 Characterization of Oxygen Functional Groups

Oxygen functional groups are present in large amounts in low-rank coals
and even in the first-stage liquefaction products. These moieties are
believed to be important to both coal structure and coal reactivity.
Information on the loss of the oxygen as water, phenolics, or carbon dioxide or
the transformation to other groups is important obtain if we are to understand
the reactivity of low-rank coals. Accurate determinations of oxygen functional
groups is therefore essential. Progress was made in the methods for
determination of carboxylic acid groups, and the basis for a new hydroxyl
determination has been established.

Accurate methods for the quantitation of carboxylic acid groups is very
important, since the number of these is large and changes considerably during
coal processing above 300°C. The new method is a modification of the barium
jon-exchange method but uses high-speed blending which allows for a rapid and
reliable determination. The blending method gave results similar to those
obtained with the Schafer barium exchange method.

The quantitative analysis of hydroxyl groups in coals and coal lique-
faction products has been studied by esterification methods. It is extremely
important to have accurate determinations of hydroxyl groups since these are
the major oxygen functional group present, and any large errors in the hydroxyl
content value will thus significantly affect the values obtained for other
oxygen functional groups, especially ethers, which have been determined by
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difference between total oxygen and oxygen in hydroxy, carboxy, and other
carbonyl groups. The acetylation of coals with acetic anhydride using
dimethylaminopyridine was shown to proceed to completion. Similarly, the
hydrolysis of the acetate derivative also proceeded to completion, and the
liberated acetic acid was reliably determined without interference by an
isotope dilution/gas chromatography/mass spectroscopy (GC/MS) method. However,
considerable variance was obtained in the determination of hydroxyl groups
using this method. The acetylation method of Given, where the acetylation,
hydrolysis of excess acetic anhydride, and the titration are done in one pot,
was shown to produce substantial errors because of the hydrolysis of the
acetate esters in the coal in the pyridine water mixture. This method is still
being used elsewhere, but the results are far from the true values.

A novel method was developed for the determination of hydroxy] groups in
coals. The new method involves preparation of the acety]-l-’c derivative,
equilibrium exchange with a known quantity of acetyl-2-"°C chloride, and
determination of the exchange ratio (acetyl-1-'°C/acetyl-2-'°C) in the coal
derivative by solid-state cross polarization/magic angle spinning "°C nuclear
magnetic resonance (NMR), and in the recovered reagent by GC/Fourier transform
infrared (FTIR) of the dimethyltert-butylsilyl acetate esters. The acety]
concentration, and hence the hydroxyl content, was calculated from the
determined exchange ratio and the known amount of acetyl-2-'°C chloride used in
the exchange. The NMR was calibrated using integrated intensities from spectra
of derivatized coal samples prepared with known mixtures of C-1- and C-2-
labeled acetyl. These were simple two-peak spectra uncomplicated by the
natural abundance coal peaks. The GC/FTIR was similarly calibrated using silyl
esters from known mixtures of labeled acetyl chloride. Correspondence of the
values from the NMR and the GC/FTIR determinations provided a test of the
completeness of the exchange. The hydroxyl value for a Beulah lignite was
determined to be 8.00 mmol/g (maf) by the NMR and 7.80 by the GC/FTIR. The
closeness of these values (2% difference) indicates that the exchange was
complete.

A new method was developed for moisture determinations in coals. It is
extremely important to have accurate moisture content data in order to be able
to accurately track the oxygen groups and hydrogen in coals during processing.
Such data may not be provided by the ASTM drying weight loss method. An
isotopic dilution method was tested, where a known amount of ®*0-enriched water
was added to the coal, the water was allowed to equilibrate at 100°C, and the
isotope dilution ratio was determined by reaction with trimethyl orthobenzoate
to give methyl benzoate with the water oxygen appearing in the carbonyl oxygen.
GC/FTIR/MS analysis gave the isotopic ratio from the ratio of the integrated
intensities of the carbonyl stretching frequencies in the infrared spectra of
the labeled and natural ester and the (M-31)" ions in the mass spectra of the
labeled and natural esters over the eluted peaks. A linear calibration was
used for the mass spectral determination and a nonlinear calibration with
polynomial fitting was used for the infrared determination, since there was a
small amount of overlap between the carbonyl bands of analyte and standard
water. The method gave very low errors with water with known concentrations of
labeled oxygen. With an Argonne premium sample of Il1linois #6, a moisture
content of 12.2% was obtained by the infrared method and 12.4% by the mass
spectral method. Low-rank coals gave values a few percent higher than the ASTM
fast-drying method.




2.1.2 Development of a New Instrument for Analysis of Depolymerized
Coal Products

The analysis of liquefaction products containing oxygen functional groups
was significantly advanced by the development of combined instrumental
techniques which separated components of complex mixtures by GC and obtained
infrared and mass spectra of the eluting components. A serial GC/FTIR/MS
system has been developed using an ion trap detector or mass analyzer which is
interfaced to the 1light pipe in the FTIR spectrometer. A modification of the
manufacturer-supplied open-split interface to the ion trap was required to
obtain chromatographic results free of discrimination and activation effects.
The flow rate of the helium makeup gas in the light pipe was used to control
the amount of material which enters the jon trap. Hydrogen carrier gas was
used for the chromatographic separations with no adverse effects on the mass
spectra obtained.

The quantitative analysis of polar carboxylic acids has been advanced by
the use of isotopic dilution with standards enriched in deuterium and
oxygen-18, followed by GC/MS with an ion trap MS. Reliable and accurate
analyses were performed on a series of aliphatic and aromatic polycarboxylic
acids found in coal oxidation products. The GC/FTIR/MS system was used in
investigations of various oxygen-containing fractions from liquefaction tests.
It was very effective in characterizing different phenolic-type compounds and
in distinguishing dibenzofurans from aryl and alkyl ethers.

Analytical methods for oxygen compound identification were further
developed. A new method for ionization in an ion trap MS was devised. The
mass spectrometer in our GC/FTIR/MS system has been modified with an automatic
gain control so that the amount of ijons being analyzed is controlled. This
allows a greater dynamic range, more sensitivity, and the ability to vary the
storage time (cool time) of the ions. Thus spectra which closely resemble the
library electron impact (EI) spectra obtained with sector or quadrupole
instruments can be obtained with short cool times, or useful spectra which
result from self-chemical ionization can be obtained with long cool times. The
modified instrument has been useful in the identification of esters of the
oxidation products from low-rank coals and in the identification of polar
oxygen-containing components of liquefaction products, such as ketones,
alcohols, lactones, phenols, ethers, and quinones.

Significant improvements were made in the technique for quantitative
analysis by isotope dilution GC/~TIR spectroscopy. These improvements in the
analysis of carboxylic acids found in the products of low-rank coal processing
and oxidation resulted in a better statistical basis for the method. In the
calibration curves now being used, integrated intensity ratios from the
absorbance-reconstructed chromatograms are plotted versus the more precisely
measured weight ratios. The method was more accurate than a GC/MS method
developed with the same standards, analytes, and range of concentrations.

The addition of a helium afterglow discharge detector (HeAD) to the
existing GC/FTIR/MS system resulted in a powerful analytical technique, which
can provide high-confidence identification and quantitation of essentially any
organic component. Coupling the four instruments plus a flame ionization
detector required the development of a multiple open split interface. The HeAD
instrument generates an afterglow plasma by radio-frequency irradiation of
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helium, which then excites and decomposes the analyte molecules. Atomic
emission lines for carbon, sulfur, and phosphorus in the far ultraviolet are
measured with an enhanced-sensitivity photodiode array, and hydrogen, chlorine,
oxygen, and nitrogen are detected with a near-infrared-sensitive diode array.
Sensitivities for the latter two elements are not yet satisfactory. The HeAD
has been used in conjunction with the other instruments for qualitative
analysis of liquefaction products. The interfacing was perfected for the novel
coupled GC/FTIR/MS/atomic emission detection (AED)/flame ionization detection
(FID) system and recently patented.

2.1.3 Accurate Determination of Molecular Weights of Liquefaction
Intermediates

A more accurate method was developed for determining molecular weight
distributions by gel-phase chromatography coupled with low-angle laser light
scattering (LALLS) and differential refractive index (DRI) detection. In this
method, the second virial ccefficients were determined in each of 100 equal
time increments across the entire distribution of macromolecules eluting from
the gel-phase column. Concentration and Rayleigh scattering factor data sets
were obtained at each increment in successive analyses at four different
concentrations of the analyte. Thus the molecular weights for each increment
were determined from the increment data sets, rather than from one
concentration and Rayleigh factor and a second virial coefficient for the whole
sample (A,), which was determined by static LALLS. The method was tested with
polystyrene standards and applied to supercritical methanol extracts from
coals. Weight average molecular weights obtained from the molecular weight
distribution of the coal extracts were close to those obtained by static LALLS,
whereas the gel permeation chromatography (GPC)/LALLS values for a single
concentration of sample were significantly lTower than the static LALLS value.
The distribution of the incremental virial coefficients (A,;) showed the
expected inverse exponential relationship with molecular weights in the case of
polystyrene, but the relationship was more complex for coal macromolecules.

A second advance in the determination of accurate molecular weights of
coal macromolecules was the finding that light is scattered highly aniso-
tropically from all coal macromolecules in THF solution, in contrast with most
synthetic polymers, and that the scattering factors determined for molecular
weight determinations must be corrected for this anisotropic scattering in
order to obtain acceptable results. The degree of anisotropy is directly
related to the rank of the coal.

Several experiments were conducted to elucidate the discrepancy between
molecular weight determinations by light scattering and size exclusion
chromatography (SEC). These investigations used the model coal polymer
poly(2,6-dimethylnaphthaleno-1,4-dioxybenzene). The polymer was heated in
tetralin to convert most of it to a soluble form. The hexane-insoluble product
was shown to have a high molecular weight by light scattering and a very low
molecular weight by SEC (less than 1000 daltons). The latter result was then
proved to be erroneous by attempted GC in a 2-m column under high-flow
conditions with on-column injection, which showed that none of the material was
volatile and could not have molecular weights in the 300- to 800-dalton range.
The polymer liquefaction product possessed high depolarization ratios, high
dn/dc values, and high Rayleigh scattering factors similar to the nonvolatile,
coal-derived liquefaction products.




2.1.4 Hydroaromatic Group Determination

The method for determination of hydroaromatic groups in coals and coal
1iquids was further developed. This method involves dehydrogenation with
dichlorodicyanobenzoquinone (DDQ), followed by ruthenium oxide oxidation and
quantitative determination of the resulting aliphatic polycarboxylic acids. A
new, highly accurate, quantitation method for the acid products that utilizes
GC/FTIR was reported.

2.2 First-Stage Liquefaction
2.2.1 The Nature of the First-Stage Reaction

As discussed above in the objectives section, severe difficulties have
been encountered in low-rank coal liquefaction that may be related to the high
concentration of calcium and other possible inorganics in these coals. Rather
than cleaning the coals, this project used an approach where the coal is
converted to soluble form in a first-stage reaction, and most of the inorganic
matter of the coals can then be easily separated as an insoluble residue along
with a small amount of insoluble organic material. The solvent or vehicle for
the initial reaction could be almost any stable liquid. Organic solvents such
as aromatics, hydrogenated aromatics, recycled products, petroleum resids,
alcohol, and water have all been investigated in this and other liquefaction
projects.

Conditions for optimum production of soluble first-stage intermediate-
liquefaction products from three low-rank coals, Texas (Big Brown) Tignite,
North Dakota (Beulah) lignite, and Wyodak subbituminous, were obtained by
running a matrix of temperature/solvent/moisture conditions. Products obtained
after removal of solvent were extensively characterized with respect to oxygen
functional groups, molecular weights, hydroaromatic groups, etc.

Initial work in this project determined that a hydroaromatic solvent such
as tetralin gave superior conversions to THF-soluble products. Current
liquefaction processes generally utilize a hydrogenated recycle solvent
containing hydroaromatics that could serve as hydrogen donors. The tetralin
used in the experiments above was iitended to model this behavior. Reactions
carried out in water and in tetralin/water mixtures gave good conversions at
higher pressures when carbon monoxide was used as the reducing gas. Later
studies in first-stage catalysis used these aqueous conditions.

Carbon monoxide was successfully used as the reducing gas in these tests.
Hydrogen was not effective as the reducing gas unless a transition metal or
metal sulfide was used in the first stage, but we wished to avoid adding this
type of catalyst because of its rapid deactivation by the coal mineral matter.
Thus the majority of the studies in this project utilized carbon monoxide as
the reducing agent. Initial studies demonstrated that addition of hydrogen
sulfide to the CO gave 5% to 10% higher conversions of low-rank coals to THF-
soluble products. Some of this sulfur was incorporated into the first-stage
product, however. This sulfur could be removed in the second-stage
hydrotreating (at the cost of hydrogen). Because of the better product
quality, all the reactions carried out in this project with carbon monoxide in
organic solvents used hydrogen sulfide as the promoter.



The effects of reaction temperature were determined for the coals.
Reactions at 325° and 360°C gave poor conversions to THF solubles (<60%),
whereas reactions at 385° and 400°C gave high conversions (>90%) to THF-soluble
materials. Minor portions of the products were soluble in hexane or
gichl?romethane. After removal of the solvent, very little of the product was

istillable.

Molecular weights were determined for several of the reaction products.
The dark colored materials required dilution of the sample to concentrations
lower than usual, but since the molecular weights were very large, scattering
was still easily observable. The weight average molecular weight of the THF
solubles obtained from reactions at 363°C was 1.3-million daltons. Products
produced at higher temperatures were an order of magnitude lower in molecular
weight.

The high molecular weights observed for the first-stage products were
indicative that the initial solubilization stage is highly successful in
breaking down the cross-1inks between the coal macromolecules. Part of this
may be due to the fact that the products obtained at >360°C are completely
decarboxylated and partially dehydrated, thus ionic and hydrogen bonding are
significantly lowered and the macromolecules are considerably less polar.
Reduction of ketones and aromatic groups also occurs (see discussion below),
which will reduce the polarity. It is doubtful that much hydrocracking of the
C-C bonds occurred; however, cleavage of aryl-benzyl ether bonds is very
1likely. Evidence presented below suggests that cleavage of some diaryl ether
bonds may also occur in the presence of a suitable catalyst. Since the changes
to the coal structure are significant in the first-stage reactions, a term for
the process that is more representative than "solubilization" is needed. Thus
the term "degelation" is used to indicate loss of the gel structure in the low-
rank coal during the first-stage reaction.

A set of reactions was conducted with the Big Brown lignite in tetralin to
determine the effect of moisture content on the reaction. Reactions were
carried out with as-received, 15% moisture, and <5% moisture feed coal. The
coals were dried by distilling water from the slurry after addition of the
solvent. The 15% moisture coal gave the highest conversion to THF solubles.
A11 subsequent first-stage reactions were conducted at this moisture level.

Aqueous liquefaction reactions that utilize carbon monoxide as the
reductant gas have been extensively investigated in this and other laboratories
over many years (4-6). Basic catalysts have been employed to achieve higher
conversions. The CO/water reduction was shown to be superior to hydrogen/water
for the first stage of liquefaction. The CO/water first-stage reactions were
performed mainly in the presence of homogeneous catalysts (see discussion
below) or other added reductants, such as formate.

An interesting facet of these investigations was the discovery of unusual
and unexplored products from Tiquefaction of low-rank coals in aqueous media.
Products consisted of numerous Tactones and ketones, in addition to phenolics.
These products can help elucidate coal structure and formation. This work was
reported in ACS Div. of Fuel Chem., Preprints 1989, 34, 832-838.

A study of acid-catalyzed reactions of Tow-rank coal in phenol solvent was
completed. Results indicated initial dispersion followed by slight
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repolymerization, then slight depolymerization. Three coals gave similar
products with high molecular weights (over 1 million). This work was reported
in ACS Div. of Fuel Chem., Preprints 1989, 34, 597-600.

A flow-reactor was constructed to investigate reactions of coals in
aqueous and alcohol systems containing various other oxygen-containing
components (phenols, isopropanol, formaldehyde, formate) at temperatures up to
400°C. Interfacing of the reactor effluent stream (under pressure) with an
ultraviolet spectrometer was accomplished so that on-line measurements of rates
of formation of soluble coal products could be obtained.

2.2.2 Pretreatment of Low-Rank Coals

The effects of pretreating the coals for the purpose of breaking apart the
gel structure prior to heating were also investigated. If the coal could be
easily converted from the gel to a sol (colloidal solid dispersed in a liquid),
the mass transfer limitations of reductants accessing the coal molecules will
be minimized and the removal of reactive portions cleaved off the coal
molecules will be more easily accomplished without reverse reactions occurring.
High-shear/high-flow methods were developed for conversion of low-rank coals to
hydrosols in high yields. Coals were blended in base in inert atmospheres to
give the humate sols. Liquefaction experiments with the blended colloidal coal
materials gave exactly the same conversions as the raw coals under similar
conditions. Thus no advantage appears to result from this type of pretreatment
for liquefaction. When oxidized coals were used or when air was admitted
during the blending, high yields of humates with a much greater distribution of
molecular weights were obtained, but these more soluble materials contained
more oxygen than desired for the coal feeds. Other uses of the blended humates
are currently being explored.

2.2.3 Catalysts for First-Stage Degelation

Catalysis of the first stage of coal liquefaction involves improving the
rates of bond-cleavage reactions leading to breakdown of the gel structure of
the coal (degelation) and of preliminary reduction reactions so that oils and
asphaltene are produced without extensive retrogressive reactions. The
catalysts should be able to effectively interact with the solid and colloidal
coal matter, catalyzing the conversion to soluble oils at moderate temperature
and pressure, while minimizing problems due to low surface areas or mass
transfer. Thus the catalysts currently being investigated ure basically
homogeneous catalysts for preliminary reduction and other reactions that lead
to solubilization. Thus various inorganic agents that are soluble in the
reaction vehicle or solvent were investigated. Some of these (eg. sodium
aluminate) are polymeric at the reaction conditions and are precursors for the
clays and zeolites that are currently under investigation as second-stage
liquefaction catalysts.

Coal liquefaction has been effectively carried out in a number of
laboratories with carbon monoxide reductant in a water solvent (CO steam
process). Australian workers demonstrated that sodium aluminate is able to
catalyze the conversion of Australian coals in the CO/water system and in
water/hydrogen donor solvent mixtures (7,8). This project has focused on
demonstrating an economical process for liquefaction of Wyodak subbituminous
coal, and aqueous sodium aluminate has been utilized as the catalyst. The
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conversion of Wyodak subbituminous coal to THF solubles in the aqueous/CO
liquefaction with sodium aluminate was 89%. This was substantially higher than
that obtained with no added sodium aluminate. This high conversion was
comparable with those obtained with hydrogen-donor solvents and hydrogen
sulfide. Reactions utilizing hydrogen as the reductant gave low conversions
with sodium aluminate.

The composition of the distillate, oil, and asphaltene product obtained
after first-stage liquefaction of Wyodak coal in aqueous CO was determined for
comparison with that obtained previously in organic solvents with CO or with
hydrogen. As shown in Table 1, the toluene solubles amounted to 20% of the maf
coal, and 42% of the coal was converted pentane solubles, CO,, and H,0. The
asphaltene and oil fractions are suitable for second-stage catalytic
hydrogenation.

A large portion of the product could be distilled. The major products in
the distillate were oxygenated compounds, such as methanol, 2-propanol (from
acetone), and phenolics. In addition, there were hundreds of typical coal-
derived hydrocarbon components present in small amounts. These studies
indicated that the volatile first-stage product from aqueous liquefaction
contained large amounts of phenolics rather than hydrocarbons. This result
offers the possibility, in coal processing, of removing the distillate and
using it elsewhere, so that hydrogen needed for liquefaction is not wasted in
deoxygenation of phenols.

The use of a mixed-solvent system for the CO reduction was investigated.
A solvent composed of water and tetralin gave somewhat lower conversion with
the Wyodak coal, but the pressure was lowered by a large factor. Hydrogen was
donated to the coal from the tetralin, as well as from the water. Substituting
an aromatic solvent or an alcohol solvent for the hydroaromatic tetralin gave
lower conversions. CO/water reductions of Blind Canyon bituminous coal in both
water and water/tetralin mixture were also successful, but less so than the
reactions of the Wyodak coal.

A nonhydrogenated solvent could be used if it gave equivalent conversions
and product quality in the CO/mixed water-organic solvent liquefaction. In
order to determine the effects of the type of organic solvent on yields and
product quality in mixed water-organic solvent liquefaction, the reactions of
Wyodak coal were carried out in mixed solvents composed of water plus
1-methylnaphthalene and water plus ethanol, under reaction conditions similar
to the water/tetralin reaction described above. Sodium aluminate-catalyzed
liquefaction of Wyodak coal in water/l-methylnaphthalene and water/ethanol
solvent systems gave 71% and 75% conversions, respectively. Compared with the
water/tetralin system, water/l-methylnaphthalene and water/ethanol gave lower
conversions. The reduced yields obtained with the aromatic and alcohol
solvents mean that better results will probably be obtained in a process that
uses a hydrogenated recycle solvent, as in the current Wilsonville art. It
should also be pointed out that in the water/tetralin system, some of the
tetralin was converted to naphthalene (see discussion below); thus the tetralin
played some role in donating hydrogens to the first-stage liquefaction product.




TABLE 1
Catalytic Liquefaction of Coals

Reaction Temp. = 400°C, Reaction Time = 30 min
Reductant gas (C0) = 1000 psi (at room temp.)

Catalyst Coal (as-

(mmol/g received, Solvent(s) Conv.* Products (%)
coal) q) (9) (%) Tol-§ THF-S Pent-S°
NaAl0, Wyodak Water (20.0) 89 20 27 42
(0.5) (5.0)
NaA10, Wyodak Tetralin (5.2) 79 19 30 30
(0.5) (5.0) Water (3.5)
NaAlo, Wyodak 1-MeNaph (5.0) 71 11 27 33
(0.5) (5.0) Water (3.5)
NaAl0, Wyodak Ethanol (5.1) 75 14 28 33
(0.5) (5.0) Water (3.5)
NaVvo, Wyodak Tetralin (5.0) 72 14 30 27
(0.5) (5.0) Water (3.5)
NaAl0, Blind Water (20.0) 47 5 30 12
(0.5) Canyon

(5.3)
NaA10, Blind Tetralin (5.4) 58 14 25 19
(0.5) Canyon Water (3.6)

(5.4)

* Conversions are based upon the amount of initial coal (maf).
® Pentane solubles are by difference, also includes the products extracted by
ether from the distillate.

An understanding of how carbon monoxide reduces coal in first-stage
liquefaction is essential for implementing improvements to the process and
designing effective catalysts. Why does CO give better conversions to soluble
materials than hydrogen? After several decades, little is understood about the
mechanism of the aqueous CO reaction with coal or even with model organic
compounds. Jones and others have shown that an aryl ketone (benzophenone) and
an aryl carbinol are reduced (9). Bases were required for reduction of the
ketone, and higher conversions were obtained for the carbinol reduction in the
presence of base. Reduction of anthracene and quinoline were also effected
with aqueous CO; however, higher conversions of anthracene were obtained in the
absence of base (10). The reduction of ketones with CO in aqueous sodium
carbonate was explained by sodium-ion activation of the CO to give an
intermediate, such as formate, that can donate hydride to the carbonyl.
Reduction of anthracene or other hydrocarbons would appear to proceed by a
different mechanism.
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A better understanding of the activation of CO for both ketone and
aromatics reduction and the nature of the sodium aluminate catalysis is needed.
Sodium aluminate could probably activate CO for hydride reduction of ketones as
well as sodium carbonate, perhaps better. But does it also activate CO so that
hydrogenation of hydrocarbons occurs? Can it lower activation energies for
cleavage of bonds, such as in ether and carboxylate groups? The reactions of
numerous model compounds were investigated in water/CO conditions, and the
r$su1ts were compared with those obtained in the absence of the sodium
aluminate.

Naphthalene was not reduced by the CO/water system at 400°C with or
without the addition of sodium aluminate catalyst (11). In contrast,
anthracene was quite reactive under these conditions. This work demonstrated
that higher conversions of anthracene were obtained with sodium aluminate than
without this catalyst. But lower conversions were obtained with sodium
hydroxide, which was consistent with Stenberg’s results at higher temperatures.

Reactions of polycyclic aromatic hydrocarbons in the CO/water/NaAl0,
system showed that those aromatics with linear arrangement (annellation) of the
polycyclic rings are readily converted to hydroaromatics. The reactivities of
the aromatics correlate with the ability to accept electrons (electron
affinity) and form the radical anion intermediate. Thus a process involving
single electron transfer (SET) from CO or a CO aluminate complex to the
aromatic substrate is consistent with the reactivity data. With some aromatic
compounds, the resulting radical anion may react rapidly with a water or
hydroxyl such that a hydrogen ion (H+) is transferred. The rate of this
protonation reaction may differ considerably for the various anion radical
intermediates. In fact, the rate constants for protonation of perylene and
fluorene radical anions are much lower than those of other aromatics (12).

This may explain their lack of reactivity in the CO/water reduction tests
discussed above. As in some other SET reactions, the hydrogen ion could begin
bonding synchronously with the electron transfer in the more reactive aromatics
(13). The radical resulting from the H+ transfer will then react further with
an electron donor to give the carbanion intermediate, which is again
protonated. Further study of structure-reactivity data is needed to refine the
SET concept for CO/water reductions. The role of the sodium aluminate may
involve forming a complex with the carbon monoxide that can more effectively
donate electrons in the reaction. The effect of the sodium aluminate is not
large, but it may be very important in optimizing the conversion of coal
aromatic structures into hydroaromatic and other alkyl-bridged structures that
are important in subsequent thermal or catalytic reactions.

These reactivity data suggest that (linear) aromatic systems in coals will
be reduced in a first-stage liquefaction process that uses CO as the reducing
gas. Hydrogen is added at critical sites in the structures such that the
resulting hydroaromatic structures can effectively promote further reactions,
such as radical capping, and prevent retrograde reactions that may occur during
thermal processing. The effects of substituents on the reactivity of the
aromatics were not studied, but since reactivities are usually affected
significantly by substituents, especially heteroatoms, the reduction of these
types of structures in coal in the catalytic CO/water system may be
significant.
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The reactions of ketones with CO/water were also investigated as models
for possible reactions that would occur in coal liquefaction. Since most of
the aryl ketones have a high electron affinity, the reaction temperature was
reduced to 350°C, so that structure-reactivity effects could be more easily
distinguished.

The reduction of arthrone in CO/water with sodium aluminate catalyst was
slightly greater than in the reaction without sodium aluminate. The major
products were anthracene and dihydroanthracene. The intermediate alcohol
reduction product (anthrol) was not obtained, because it very rapidly
dehydrates to anthracene. The reduction of other aryl and diaryl ketones in
the absence of sodium aluminate were lower than that observed for anthrone.
Reactivity data for reduction of the various ketones also showed a correlation
with the electron affinities of the ketones.

The results of the model ketone reductions suggest that the
CO/water/NaAl10, reduction of coals that are believed to contain significant
amounts of aryl ketones will also produce significant reduction to less
oxygenated and perhaps hydroaromatic structures. The presence of these
structures may significantly lower the tendency of coal materials to undergo
retrograde condensation reactions during further thermal and catalytic cracking
reactions. Further work with quinones is planned to that we can determine
whether the products from these reactions with CO/water will also be Tess
1ikely to participate in the retrograde reactions.

The hydrocracking activity of the sodium aluminate-catalyzed CO/water
system was investigated using bibenzyl, diphenyl sulfide, and diphenyl ether as
the test compounds. The reaction of bibenzyl was carried out at 425°C for 2
hours with aqueous sodium aluminate in the presence of 1000-psig initial CO
pressure. A higher temperature was used, since the amount of hydrocracking
observed in the studies discussed above was very small at those temperatures.
The conversion of bibenzyl was 37%, which is comparable with sodium carbonate
catalyzed reaction (14). The major products were benzene, toluene, and
ethylbenzene.

Stenberg and coworkers reported that CO/water effectively cleaves aryl-
sulfur bonds in diphenyl sulfide (64.4% conversion) at 425°C in CO/water for
2 hours. Addition of sodium carbonate results in lower conversion (47%) of
diphenyl sulfide (15). However, we found conversions of only 18% for diphenyl
sulfide in reactions without sodium aluminate under above conditions. Addition
of sodium aluminate significantly improved the cleavage of the aryl-sulfur bond
(28% conversion). Benzene was the only reaction product.

The reaction of diphenyl ether in CO/water with and without sodium
aluminate were carried out at 350°C for 2 hours in the presence of 1000 psi of
initial CO pressure. The results indicated that CO/water, both with and
without sodium aluminate promoter, did not cleave aryl-oxygen bond.

Reactions of carboxylic acids in the CO/water/NaAl10, were investigated by
using several model compounds to determine if there are any catalytic effects
on decarboxylation or other reactions in this system. The reaction of
naphthoic acid in CO/water gave 10% and 18% conversions of l-naphthoic acid
into products at 300° and 350°C, respectively. The addition of sodium
aluminate increased the conversion to 17% and 37% for 300° and 350°C reactions,
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respectively. The dramatic catalytic effect of the sodium aluminate on
decarboxylation may have a very important role in first-stage liquefaction, and
more efforts to understand this effect are in progress. In addition to
naphthalene (major product), trace amounts of tetralin were also formed in the
sodium aluminate-catalyzed reactions. It is not known whether the naphthalene
reduction occurred before or after decarboxylation. It is clear that higher
temperatures are required for better decarboxylation kinetics for this type of
acid. Thus future work will be conducted at 385° and 400°C.

The CO/water reaction with sodium hydroxide in place of sodium aluminate
gave lower conversions (9%) of acid into naphthalene at 300°C. Also, sodium
hydroxide was added to the naphthoic acid to form sodium-1-naphthoate, and this
salt was tested with sodium aluminate to give 12% and 19% conversions at 300°
and 350°C, respectively. These reactions exhibit the lower reactivity of the
carboxylate salt compared with the carboxylic acid form.

Besides catalyzing the decarboxylation of carboxylic acids, sodium
aluminate may also have an effect on reactions of polyfunctional groups in the
coal. There is also the possibility that the aluminate could moderate the
alleged cross-linking effects during thermal treatments of coal. Therefore,
carboxylic acids that have the potential for cross-linking or undergoing other
reactions were investigated.

In contrast to the reaction of naphthoic acid, the reaction of
2-phenoxybenzoic acid with CO/water at 350°C for 2 hours (no sodium aluminate)
resulted in almost complete decarboxylation. The phenoxy group thus increases
the decarboxylation reactivity of the acid group by an electronic substituent
effect. The reaction was accompanied by a small amount of reduction of the
diaryl ether linkage to give benzene and phenol. No products resulting from
addition of species derived from the carboxylate group to the adjacent ring to
give a cyclic structure, such as dibenzofuran or xanthone, were observed. Thus
no evidence for a cross-linking type of activity during decarboxylation could
be obtained.

In the CO/water reaction of 2-phenoxybenzoic acid with added sodium
aluminate, a large portion of the substrate underwent a hydrolysis reaction of
the diaryl ether to give phenol as the major product. Since the hydrolysis
reaction did not occur in the sodium aluminate-catalyzed reaction of diphenyl
ether (see discussion above), the significant change in the reactivity of the
ether oxygen could be attributed to the effect of the ortho-carboxylate group
in the presence of sodium aluminate. Perhaps this large synergistic effect on
diaryl ether hydrolysis results from formation of a complex of the aluminate
with the carboxylate that can catalyze the hydrolysis reaction. Again, no
cyclic structure were found in the products.

The reaction of 2-benzylbenzoic acid with CO/water gave only 5% conversion
of acid to diphenylmethane. Addition of sodium aluminate increased the
conversion to 10%. Although decarboxylation was slow for this substrate, the
addition of sodium aluminate improved the reactivity by a large factor. No
cracking of the arylmethylene bond of the 2-benzylbenzoic acid occurred in
these reactions, and only a trace of anthracene, resulting from cyclization,
was found.

13



2.3 Catalysts for Coal Depolymerization

After the thermal degelation and dissolution of the coal, the intermediate
products must be depolymerized and hydrogenated to produce the distillate
product. This step requires higher temperatures and/or catalysts to be
effective. Coal liquefaction processes may conduct these steps either
separately or combined into a single operational stage as in the Wilsonville
Process. However, when Tow-rank coals were heated with the hydrogenation
catalyst present during the Wilsonville operation, the catalysts were rapidly
deactivated by deposition. Thus, in our project, the soluble products from the
thermal dissolution step are separated from the mineral matter and then
subjected to extensive depolymerization and hydrogenolysis in a second step in
order to convert the high molecular weight coal molecules to volatiles.
Conversion to environmentally acceptable distillate fuels also requires
catalysts for upgrading the distillate and removal of oxygen, nitrogen, and
sulfur heteroatoms.

The catalysts currently used in coal liquefaction for depolymerization and
hydrogenolysis of the solubilized coal macromolecules are the same as those
used in conventional petroleum refining; however, this application has not been
very successful. Improvements in liquefaction efficiency could be obtained if
catalysts with longer life and better activity and selectivity were available.
Rapid deactivation of the conventional Co-Mo and Ni-Mo catalysts on an alumina
support have been attributed to coke formation (1), metals deposition (2), and
inhibition of the active center by chemisorbed compounds (3).

Two types of hydrocracking catalysts were investigated in this project.
These are 1) solid supported acid catalysts, and 2) metal sulfides dispersed on
an acidic layered support. These are dic '~sed separately below.

2.3.1 Solid Supported Acid ( s

In the preceding decade, molten zinc chloride was demonstrated to be an
effective catalyst for the production of clean gasoline fuels; however, some
disadvantages relating to its corrosiveness and loss during regeneration were
noted. We have extensively investigated supported forms of zinc chloride which
may overcome these problems (16). Silica gel-supported zinc chloride (SZC) was
shown to be an effective catalyst for hydrotreating first-stage coal
liquefaction products to a distillate fuel containing no sulfur. Higher
conversions (53%-68%) were obtained with this catalyst than that with a
commercially available Ni-Mo catalyst (35%). Extensive studies with model
compounds were carried out with the objective of achieving a better
understanding of the chemistry of hydrotreating coal liquids with solid strong
acid catalysts. These studies showed that the SZC catalyst cleaves aryl
sulfides, ethers, phenols, nitrogen heterocyclics, and alkylaromatic compounds.
Alkyl transfer reactions also occur very readily. Molecular hydrogen is not
utilized directly in the cleavage reaction, but it is needed to prevent coking
and condensation reactions, and is indirectly incorporated into products.
Products are consistent with a mechanism involving formation of carbonium ion
intermediates, which are converted to products via hydride abstraction. The
sources of the hydride ions apparently are various aromatic condensation
intermediates. Tertiary alkanes are not effective hydride donors. Polynuclear
aromatics are hydrogenated and cracked, but single ring aromatics are not.

This is one of very few catalysts that can hydrocrack pyrene.
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Characterization of the SZC catalyst was carried out to provide further
information on the nature of the zinc chloride in the catalyst. The acidic
properties of the SZC catalyst were determined by several methods. Hammett
acidities obtained by titrations with various weak bases demonstrated that the
catalyst contained a relatively large number of highly acidic sites. Total
acidities (Brinsted and Lewis) were determined by thermogravimetric pyridine
adsorption-desorption experiments. Infrared studies of the pyridine-adsorbed
catalyst also gave relatively large amounts of Brénsted and Lewis acid sites.
Elemental analysis showed that very little of the chloride was lost in the
preparation of the catalyst. Scanning electron microscopy/energy dispersive
analysis (SEM/EDA) studies showed that the zinc chloride is evenly distributed
over the surface of the silica gel support. X-ray diffraction indicated that
recovered catalysts from hydrotreating tests had incorporated part of the
sulfur released from the substrates as zinc sulfide (the rest becomes hydrogen
sulfide). The zinc sulfide must be microcrystalline since it appeared in
SEM/EDA maps to be evenly distributed on the surface of the silica gel support,
rather than as crystals.

The optimum loading of zinc chloride on the silica gel support was
investigated. Results from hydrotreating tests with loadings of 5%, 16%, and
50% zinc chloride, by weight on the silica gel, indicated that the 16% and 50%
catalysts had essentially the same activity, whereas the activity of the 5%
catalyst was substantially less. The 16% composition may represent close to
exhaustive surface coverage by the zinc chloride. Because of the slow rates
for some of the hydrotreating reactions at temperatures less than 400°C, a
catalyst-to-substrate ratio of 0.5 was found to give decent conversions in a
reasonable time period. Carbon tetrachloride has been found to be a better
solvent than water for the preparation of the silica gel-supported catalyst.

A catalyst was prepared by supporting zinc chloride on montmorillonite
clay. This catalyst was effective in cleaving sulfides and alkybenzenes,
however, condensation reactions to oligomeric products were more extensive than
those with the silica gel-supported catalyst. Three hydrotreating tests with a
Tow-severity liquefaction product from Wyodak subbituminous coal gave
conversions of 53%, 57%, and 62% to distillable liquids. Pumice-supported zinc
chloride was a considerably less effective catalyst than the silica gel-
supported catalyst.

2.3.2 Metal Sulfides on Acidic Layered Supports

Catalytic functions required for hydrotreatment are hydrogenation of
aromatics and hydrocracking of C-C bonds as well as C-S, C-0, and C-N bonds.
Thus metal or metal sulfide sites provide activation activity for addition of
hydrogan to aromatic rings or for hydrogen transfer, and acidic sites are
essential for bond cleavage activity in coal liquefaction catalysts. High
surface areas for the metal sulfide sites are desired for high activity, and
this can be achieved by dispersion of the metals on a supporting material with
some acidic properties.

Novel catalysts for hydrotreatment of initial solubilized coal lique-
faction products were developed and tested in this project. The new
hydrogenation catalysts utilize pillared clays as the supports for the metal
sulfide sites. The structures of these support materials feature very large
interlayer spacings that have the potential for generating spacious micropores
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that could accommodate the large coal macromolecules. Although the supports
can possess strong acidities which could lead to coking at high temperatures,
these effects are moderated by the presence of the bimetallic sulfide.

Acid smectite clays have been used as catalysts in petroleum-cracking and
various other reactions. Unfortunately they dehydrate and collapse at
temperatures above 200°C. Acid zeolites are more stable at high temperatures;
however, the pores are too narrow to be useful for coal macromolecules, and
they are not effective in upgrading as compared with conventional Ni-Mo or
Co-Mo catalysts. In the pillared clays, large polyoxymetal cluster cations are
exchanged (intercalated) between the negatively charged clay layers in place of
the hydrated metal ions. When calcined to drive off the water, the
polyoxymetal cations form pillars that maintain the clay layer structure, thus
creating large spacings between the layers. These structures are stable to
450° and 500°C. Hypothetically, the micropore volumes will be large enough to
accommodate macromolecules of the feedstock, which will be hydrocracked.
Chromia-pillared clays, which have interlayer spacings somewhat larger than
those present in alumina-pillared clays used in petroleum refining, have
considerable potential for coal liquefaction.

The catalytic hydrocracking activities of various derivatives of natural
montmorillonite clay were investigated. These derivatives included both
pillared and unpillared forms of the clay, as well as the catalysts obtained by
impregnating nickel-molybdenum sulfide on the pillared clay as a support.

These tests were carried out in a rocking microreactor (tubing bomb) under 1000
psi of hydrogen at temperatures of 300° to 400°C. Bibenzyl
(1,2-diphenylethane), diphenyl sulfide, diphenyl ether, and other hydrocarbon
compounds were utilized as substrates to model the structural moieties of the
coal, especially the bridging groups that are believed to Tink the aromatic
clusters together. Some of the catalysts were then tested with first-stage
coal liquids (low-severity Wyodak liquefaction product), and conversions to
distillate materials were determined.

In order to study the effects of acidic sites present on a clay, the
concentration of acidic sites on montmorillonite was maximized by converting
the clay to an acid-exchanged form. This form of montmorillonite was prepared
by washing the cleaned sodium form of the clay with hydrochloric acid. The
reaction of the acid-washed clay with bibenzyl at 350°C gave a 75% conversion
of bibenzyl, whereas a blank hydrogenation reaction of bibenzyl with no clay or
catalyst gave only 1% conversion to toluene. The yield of benzene resulting
from the clay-catalyzed hydrocracking test was only 34 wt%. The yields of
ethyl benzene and toluene were very small (1.9% for each). A two-step reaction
of the bibenzyl is believed to occur, producing benzene and ethylbenzene in the
first step, with ethylbenzene further cleaved to benzene and ethane in the
second step. VYields of the gas products such as ethane were not measured.
Toluene is produced in a different type of reaction. The higher yield of
benzene compared with toluene in the montmorillonite reaction indicates that
Brinsted acid catalysis (ipso protonation mechanism) is more important in the
reaction than Lewis acid catalysis (17,18). Much cf the bibenzyl was converted
to condensation products such as phenylethylbibenzyl. These products are
formed from addition reactions (Friedel-Crafts reactions) of the carbonium ion
intermediates with bibenzyl or products. The large amounts of condensation
products observed in the reaction of bibenzyl with the clay indicate that the
selectivity of the acid-washed clay for condensation versus cracking is poor.

16



In previous liquefaction tests with coals that had been acid-washed, much
lower conversions to soluble materials were obtained. The reasons for the poor
yields from acid-washed coals may not be completely understood; however, the
results obtained for acid-washed montmorillonite with bibenzyl indicate that
increasing the acidity of the clay minerals in coal by acid washing may
increase the amount of condensation occurring during the liquefaction, leading
to formation of insolubles and coke.

Chromia-pillared montmorillonite was prepared with two different
concentrations of chromia pillars. The low concentration chromia-pillared clay
gave an 80% conversion of bibenzyl, but as with the acid-washed clay, low
yields of benzene (27 wt%), toluene (1 wt%), and ethylbenzene (3 wt%) were
obtained from hydrocracking. Condensation products were abundant in the
reaction products, indicating poor selectivity for hydrocracking. Results with
the clay having a high concentration of chromia pillars gave somewhat higher
conversion (93%) and more benzene (47 wt%). Formation of cyclohexanes by
single ring hydrogenation reactions was not observed with either of the
chromia-pillared clays or with the unpillared acid-washed clay.

A silica-pillared clay was also prepared and tested with bibenzyl. The
reaction gave only a 38% conversion. The products were the same as obtained
with the chromia-pillared clay: benzene and ethylbenzene. The relatively poor
result with the silica-pillared clay discouraged further testing and suggested
that new methods for pillaring with silica should be attempted.

Nickel and molybdenum were impregnated in the high chromia-pillared clay
and sulfided to give the active clay-supported catalyst, and the hydrotreatment
reaction with bibenzyl was conducted to determine the effectiveness. A
conversion of 91% was achieved at 350°C. This conversion is significantly
better than the 64% conversion obtained with the high chromia-pillared clay
support, which did not contain the nickel and molybdenum catalyst. The
conversion increased to 99% when the reaction was carried out at 400°C.

The products from the reactions of bibenzyl catalyzed by the nickel-
molybdenum high chromia-pillared clay (NMHCPC) were found to be a mixture of
aromatics and cycloalkanes. The major products were benzene and ethylbenzene,
and the minor products were cyclohexane, methylcyclohexane, and alkylbenzenes.
These products resulted from hydrocracking as well as hydrogenation of the
aromatic compounds. In contrast to the reactions carried out with high
chromia-piliared clay, the amounts of oligomeric condensation products formed
during the reaction with NMHCPC were negligible. From these data, we conclude
that the introduction of nickel and molybdenum has moderated the activity of
the support so that selectivity for hydrocracking relative to condensation is
obtained. The high conversion may be attributed to bimetallic sulfide
activation of hydrogen to effect at least partial hydrogenation of the aromatic
rings. Activation energies for bond cleavage reactions may be lower in the
reduced intermediates. Carbonium ion intermediates are more easily reduced by
hydride transfer reactions from the hydrogenated intermediates or dissociated
hydrogen on the metal sulfide. Thus the carbonium ions are rapidly reduced and
do not survive long enough to undergo addition reactions to aromatic rings that
result in condensation and coking.

Reactions of the Tow chromia-pillared montmorillonite with other
alkylbenzenes were investigated to determine if the reactions were consistent
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with the proposed carbonium ion mechanism. Isopropylbenzene (cumene) reacted
very rapidly, giving 100% conversion. Benzene was the major product. The more
rapid reaction is expected for a reaction invoiving cleavage of the aryl-alkyl
bond of the ipso protonated ring intermediate to give the secondary isopropyl
carbonium ion plus benzene. The reaction with phenyldecane occurred with 81%
conversion to give benzene as the major product. A large number of various
alkylbenzene and indan products were formed in the reaction as a result of
carbonium ion rearrangements and cleavage reactions. Cyclohexanes were not
observed in the reaction products.

Although single aromatic rings were not hydrogenated by the clay supports,
it was interesting to find out whether multiring aromatic systems could be
hydrogenated as they are with other acid catalysts such as zinc chloride. Thus
pyrene was reacted with the chromia-pillared montmorillonite to determine if
acid-catalyzed hydrogenation of the multiring systems could be effected. The
conversion of pyrene to a hydrogenated pyrene mixture was found to be 15%,
which is considerably less than that observed for zinc chloride catalysts. For
catalysts that contain molybdenum and other transition metals, hydrogenation of
multiring systems occurs readily, and the clay support-catalyzed hydrogenation
observed here is probably not going to be significant. The reaction at 350°C
did not result in hydrocracking or rearrangements of the pyrene or hydropyrene
rings to phenanthrene or other ring systems.

Ether cleavage reactions were investigated to determine the potential for
catalytic hydrodeoxygenation reactions. In reactions of diphenyl ether to
benzene and phenol, similar conversions were obtained with low chromia PC (30%
and 38%), high chromia PC (35%), and acid-washed montmorillonite (29%). Lower
conversion was obtained with silica-pillared montmorillonite (10%). When the
silica-pillared clay was used as a support for zinc chloride, the conversion
improved to 20%. These results are far inferior to that of zinc chloride
supported on silica gel which gave 60% conversion.

Reactions of diphenyl sulfide were extensively investigated in order to
determine the effects of pillaring and nickel molybdenum sulfide loading on
hydrodesulfurization activities. The acid-exchanged form of montmorillonite
gave a 99+% conversion at 300°C. The products were benzene and thiophenol in a
molar ratio of 9.3:1. The relatively high benzene-to-thiophenol ratio shows
that the catalyst is effective in cleaving both carbon-sulfur bonds of the
diphenyl sulfide; that is, the thiophenol intermediate is further converted to
benzene and hydrogen sulfide. The blank hydrogenation reactions of diphenyl
sulfide carried out with no clay or catalyst present resulted in conversions of
1% at 300°C and 10% at 400°C. The excellent conversion obtained with the acid-
exchanged clay may be attributed to the high acidity of the catalyst. The
anionic aluminosilicate layers of the clay may also have some ability to
stabilize cationic intermediates prior to a reduction step in the
hydrodesulfurization mechanism.

The catalytic activity of sodium-exchanged montmorillonite was also tested
at 300°C with diphenyl sulfide, and a conversion of only 11% was obtained.
Both benzene and thiophenol were formed (molar ratio of 6.9:1). The sodium-
exchanged clay has some residual Brinsted acidity due to polarization of the
water of hydration of the sodium cations and to hydroxyl groups of the clay
layers.

18




Our hydrodesulfurization studies were then extended to the chromia-
pillarea montmorillonites. Hydrogenation of diphenyl sulfide with the Tow
chromia PC resulted in a conversion of 95% to benzene and thiophenol in
equimolar amounts. The high conversion can again be attributed to the high
Bronsted acidity of the pillared clay. Catalytic acidic sites may be present
on the polyoxychromium cation pillars, since they retain some hydroxyl
functionality (19).

Formation of equal moles of benzene and thiophenol in the pillared clay-
catalyzed reaction suggests that cleavage of only one carbon-sulfur bond of the
diphenyl sulfide occurred. In order to determine if the second carbon-sulfur
bond can actually be cleaved in this catalytic system, a reaction of thiophenol
was carried out with chromia-pillared clay under the same conditions used for
diphenyl sulfide. Analysis of the reaction products showed 95% conversion of
the thiophenol to benzene. These results suggest that during the hydrogenation
of diphenyl sulfide, the acidic sites in the clay may be poisoned by the
hydrogen sulfide product. Further studies at higher temperatures are in
progress to determine if the deactivation can be reversed.

The high chromia-pillared clay was also tested in the reaction with
diphenyl sulfide. This catalyst gave a conversion similar to that obtained
with the low chromia-pillared clay, but a much higher molar ratio of benzene to
thiophenol (12:1) was found in this test. Thus the final step of the reaction,
which involves hydrogenolysis of the thiophenol, proceeded much more completely
with the high chromia-pillared clay catalyst.

Hydrotreating diphenyl sulfide with the nickel molybdenum HCPC catalyst
resulted in a 98% conversion. A nearly quantitative amount of benzene was
formed, with only a trace of thiophenol and small amount of cylcohexane from
reduction of the benzene.

Information about the numbers, type, and strength of the acidic sites on
the chromia-pillared clay and on the chromia-pillared clay-supported sulfided
nickel molybdenum catalyst was desired in order to achieve a better under-
standing of the reactivity and selectivity in hydrocracking reactions.
Thermogravimetric techniques were used to determine accurately the total number
of acid sites. In the TGA experiment, the weight increased by 5.9% for
chromia-pillared clay and 4.69% for sulfided catalyst. The weight increase is
due to the chemical adsorption of the pyridine at both Lewis and Briénsted acid
sites and is a measure of the total acidity of the materials. The total
acidity for chromia-pillared clay was calculated to be 0.75 meq/g and that of
the Ni-Mo catalyst was 0.60 meq/g. Slow heating of the catalyst at 2°C/min
resulted in desorption of all of the chemically adsorbed pyridine by a
temperature of 300°C. The majority of the pyridine, 4.16 wt% for chromia-
pillared clay and 3.31% for the Ni-Mo catalyst, was desorbed between 105° and
140°C, while the remainder was desorbed between 140° and 202°C. The inflection
points at 105° and 140°C are taken to represent the onset of pyridine loss from
weak and strong acid sites, respectively. From these data, the ratio of weak
to strong acid sites is calculated for chromia-pillared clay to be 2.42 and for
Ni-Mo catalyst to be 1.79. Thus the Ni-Mo catalyst, which has the lower total
acidity, has a larger proportion of strong acid sites.

Infrared spectroscopy of the pyridine complex was used to determine the
relative proportion of Lewis and Brinsted acid sites in these two materials.
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In the infrared spectrum of the pyridine-adsorbed chromia-pillared clay, the
bands at 1444 and 1541 cm™ are assigned to the pyridine-Lewis acid
coordination bond and the pyridine-Bréonsted acid bond, respectively. Similarly
in the chromia-pillared clay-supported nickel molybdenum catalyst, the bands at
1460 and 1530 cm™' were assigned to the pyridine-Lewis acid and pyridine-
Brinsted acid bonds, respectively. The relative intensities of these bands
were converted to the concentration ratio by using the respective extinction
coefficients. The ratios of the concentrations of Lewis sites to Bronsted
sites were 1.8 for chromia-pillared clay and 2.3 for the supported Ni-Mo
catalyst. This change in the distribution of acid sites may be attributed to a
decrease in the concentration of Brionsted acid sites. We do not yet know how
these findings are related to the numbers of weak and strong acid sites and the
relative reactivity of various supported catalysts. Much further work is
needed to elucidate the role of acidity in determining catalytic hydrogenolysis
activity.

Coal liquefaction tests were carried out with the first-stage product from
Wyodak subbituminous coal (LSW) and 1000 psi hydrogen at 400°C in rocking
microreactors without added solvent, and the product was distilled to determine
the conversion of the nonvolatile portion of the LSW to distillate. Acid-
washed clay, pillared clay supports, and pillared clay-supported Ni-Mo sulfide
catalyst, as well as a commercial silica-alumina-supported Ni-Mo catalyst, gave
results paralleling the reactions with the test substrates described above.
With a commercial nickel-molybdenum catalyst, the conversion Lo distillate was
only 20% under the conditions used. The LSW in the presence of acid-washed
montmorillonite gave a conversion of 10%. The low chromia-pillared
montmorillonite and high chromia-pillared montmorillonite with LSW gave very
poor conversions (2% and 8%, respectively) to distillate. Thus the supports by
themselves are evidently too acidic or too nonselective to be useful for coal
liquefaction, but the addition of metal sulfides to the support modifies this
behavior substantially. A conversion of 29% to distillate was obtained for the
nickel-molybdenum sulfide supported on the high chromia-pillared clay. This is
a significant improvement over the conversion obtained with the commercial
catalyst. Further testing is required to determine whether the catalysis is
actually occurring in the interlayer micropores or simply on the outer surface
of the clay. Higher conversions of the LSW to distillate were reported earlier
for montmorillonite-supported zinc chloride catalyst (16). Zinc chloride
complex catalysts are exceptionally active and efficient in cracking coal, but
suffer some disadvantages such as deactivation and emission of hydrogen
chloride in the presence of sulfur.

Elemental analyses of the hydrotreated LSW products obtained with the
various clay supports and catalysts indicate that sulfur and nitrogen were
totally removed in the distillate obtained by hydrotreatment with all of the
materials. Al1 of the sulfur was removed from the bottoms by the treatment
with the HCPC and the commercial catalyst, and most of the sulfur in the
bottoms was removed by the NMHCPC catalyst (0.2% remained). Nitrogen content
was reduced somewhat from the value originally present by treatment with the
HCPC and NMHCPC. The hydrogen contents in the bottoms fractions were increased
by treatment with the commercial catalyst and NMHCPC, but lower hydrogen was
found in the bottoms product from the acid-washed and HCPC clays.

Hydrotalcites were also investigated as supports for metal sulfide
catalysts, and as catalysts themselves. Both the pillared hydrotalcites and
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molybdenum-Toaded pillared hydrotalcites were ineffective in hydrocracking
alkylbenzenes. However, both catalysts were highly effective for hydro-
desulfurization of aryl sulfides and benzothiophenes. Hydrotalcite and
pillared hydrotalcite gave benzene as the major product, whereas the
molybdenum-loaded hydrotalcite gave cyclohexane in addition to benzene.
Promising results were also obtained for hydrodeoxygenation of aryl ethers to
benzene and hydrodenitrification of quinoline to various products.

3.0 CONCLUSION

First-stage liquefaction of U.S. low-rank coals was effected conveniently
and efficiently with carbon monoxide and added homogeneous catalyst in a
solvent system composed of water or a hydroaromatic compound or a mixture of
the two. The reaction involves breaking down the gel structure of the coal
into very high molecular weight macromolecules by a combination of reduction,
decarboxylation, dehydration, and other deoxygenation reactions. The reduction
mechanism is consistent with a single electron transfer step from the carbon
monoxide-catalyst complex. This procedure allows the soluble intermediate
product to be obtained free of inorganic species that will deactivate
heterogeneous or dispersed catalysts required for depolymerization and
hydrogenation of the coal material.

Hydrotreatment of first-stage coal liquids and model compounds with a
selection of acidic and pillared clays with and without incorporated bimetallic
hydrogenation catalysts showed that the combination of support acidity and
hydrogen activation catalysis was effective in cleaving C-S and alkyl-aryl
bonds and hydrocracking coal materials. Some differences in the activities of
the support were noted that depended on the nature and concentration of
oxymetal ion used in pillaring the clay. Further efforts are needed to clearly
understand these differences.
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3.5 Gasification Ash and Slag Characterization

Final Report IS NOT Included
(Project was extended to June 30, 1993)
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COAL SCIENCE
EARTH RESOURCE EVALUATION AND MANAGEMENT

1.0 INTRODUCTION

The general "Coal Science" objective of the Energy and Environmental
Research Center (EERC) North Dakota Mining and Mineral Resources Research
Institute (NDMMRRI) was directed towards a fuller utilization of energy and
associated energy-related data, available as published and unpublished
documents, to better evaluate resource potential through a thorough knowledge
and understanding of the geologic context of the resource. This objective was
implemented through computer-based data management systems involving specific
field examples. Much of the coal data for the nonmarine Upper Cretaceous and
Paleocene of the Western Interior of North America is locked into a historic
format that inhibits reinterpretation. Resource calculations are thus
necessarily made on data that have typically 1) never been reevaluated,

2) been based on land surveys prior to the U.S. Geological Survey (USGS)
7.5-minute series mapping program, 3) been based on coal bed correlations that
Tack regional synthesis, 4) been based on coal bed correlations that lack
temporal control, 5) been based on coal bed correlations that have not
integrated surface and subsurface observations, and 6) been based on geologic
observations that predate more rigorous approaches to stratigraphic
nomenclature and field practices.

The initial development of the Coal Science project was based on previous
knowledge as to the generalization and underutilization of a considerable
amount of coal data in far-western North Dakota of the Williston Basin.
Earlier work (Hartman, 1984) clearly indicated that the only expedient means
of evaluating the numerous available geologic observations was to establish
various systems that would allow for a wide variety of geologic observations
to be easily cataloged, upgraded, and maintained. The Coal Science program
was begun with these objectives.

Within the last three years, the central focus or theme of the Coal
Science project has remained consistent. The focus was o develop and
implement a (nonmarine) coal-oriented database management system that would
permit (and document) the reevaluation and incorporation of a wide variety of
data types (and qualities) to produce a uniform means of upgrading our
understanding of the stratigraphic context of coal observations. A paramount
objective of this system was that access to databases, their subsequent
modifications, and the input and output of data be under the control of the
primary user. The key word exemplifying the design of the computer system
would be flexibility. In addition, the development of the databases would be
based on a variety of test-case examples specifically chosen for their utility
and variation. With this approach, databases would be revised or modified
numerous times to meet specific project demands. Eventually, with the
stabilization of the database design and field structure, database enhance-
ments were added, such as improved relational database management features,
that provided the user with considerably more computing power in the analysis
and display of information.

In summary, the various databases of the Coal Science project, developed
for the management of diverse coal-related stratigraphic and geochronologic
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information, have evolved from relatively simple useful designs to a system or
complex of relatively sophisticated databases that are still fundamentally
simple to operate, fulfilling the goal of maintaining user compatibility.
Because of the basic software programming and the database design, established
databases continue to grow and be utilized for a wide range of energy data
management tasks.

2.0 GOALS AND OBJECTIVES

A summary of the tasks undertaken through the course of the Coal Science
project represents a number of basic objectives. These include A) review of
available database systems; B) acquisition of hardware; C) database design of
the primary databases (e.g., *MNOS, *UNIT, *LOC, and *SPP [see Section 3.3,
Task C]); D) database input and augmentation; E) drilling project, used to
assess and characterize database management of subsurface data through a
specific case study; F) database design assessment and modification; G)
geochemical database studies; H) data presentation, including various form
designs, reports, export to graphic programming, and map display; and I)
database implementation. Each of these lettered tasks was accomplished as
part of an evolving process towards refining the capability of documenting and
assessing the geologic context of coal bed data. There has not been, to my
knowledge, a comparable approach to the reevaluation of historic coal
stratigraphy within the context of modern geologic terminology and current
field studies.

3.0 ACCOMPLISHMENTS

The following section will briefly detail the results of the various
tasks as listed above. This approach will show the continuity of the
development of database management systems with the incorporation of old and
new data to produce a synthesized product fully capable of resolving current
resource assessment problems. As different tasks were assigned for each
project year, the following task letters (e.g., "A") do not conform to
previous usage. As enumerated here, these tasks represent a composite or
synthesis of the goals and objectives of the Coal Science project.

3.1 Task A-Review of Database Systems

Previous experience suggested that currently available "off-the-shelf"
data management and related programs were sufficiently robust to form the
basis of the development of a Coal Science data management system. The
following factors were considered in this decision: 1) the rapid and likely
continued development of sophisticated commercial database management
programs, 2) the substantial cost of in-house development of computer
programming, and 3) the difficulty of assessing the NDMMRRI’s overall long-
term computer programming needs. Thus various programs were acquired and
tested to determine the best data management system for use at the NDMMRRI.
The general data management philosophy was to grow into a system, rather than
force an approach because of programming Timitations. The basic requirements
of the system were that the 1) program designs be easily modifiable, and
2) data once entered be transferrable to other programs as new applications
arise.




The initial approach taken in database design and programming was to
utilize a combination of a flat or semirelational data manager with a fully
relational data managing system. This approach provided a powerful, yet
easily modifiable, programming foundation, compatible with the then-current
NDMMRRI user needs. The programs chosen for this purpose were Q&A® by
Symantec and PARADOX® by Borland. Both programs are powerful, but differ in
their approach to data management applications. Q&A® is essentially a flat
file manager with semirelational capabilities. PARADOX® is a fully relational
data management system with its own programming language.

Q%A® has served as the main program for inputting, manipulating, and
reporting lignite, stratigraphic, and paleontologic data. Q&A® differs from
many programs (considered both a weakness and strength depending on the
application) in its use of the "form" (versus table design) as the basis for
data retrieval. The main strengths of Q8A® are its 1) ease of data manipula-
tion (within and between forms or as reported in tables), 2) available screen-
length fields, 3) use of internal and multiple external (semirelational)
lookup tables, 4) simple but powerful programming procedures, 5) full-feature
use of macros, 6) special function keys for data entry replication, and
7) integration of file data with word processing and form merge capabilities.
In regards to this later feature, Q&A® contains a word processor, known as the
Write Module, that can be employed to utilize information from databases
within Q&A®’s File Module. Thus text and data can be merged in any number of
formats without redesigning files. Enhancement features (e.g., bold, italics,
font scale) available to word processors can be added to data to clarify and
augment data presentation. Bitstream fontware was acquired to permit the
construction of Prestige fonts of any size and style (e.g., bold, italic,
etc.) to allow for greater display power.

The cleverness of the overall design of Q&A® permitted the effective use
of its most advanced functions without delay. Relational and programmable
programs, such as PARADOX®, which are also simple to use at their basic Tevel,
become relatively complicated to achieve comparable Q&A® results. For
interactive daily use, where application needs change frequently, a computing
system that is easily modified is required. Q&A® works well as a flexible
on-line system for data inputting, updating, and retrieval. PARADOX®, which
is ultimately more powerful, represents application-oriented programming,
which at this point in NDMMRRI data management considerations, is less ,
important than flexibility. Compared to major-market database systems, such
as dBASE®, rBASE®, and PARADOX®, Q&A® provides the on-line user with the
opportunity to control the data environment without elaborate ritual or
protocol. In addition, the cost of Q&A®, through the University of North
Dakota, is inexpensive, and has now been acquired by a number of NDMMRRI users
interested in expanding their database applications. PARADOX® was initially
used with Q&A® for certain data filing maintenance applications. PARADOX® and
Q&A® data files were exchanged using a common dBASE or ASCII interface. With
the subsequent release of version 4.0 of Q&A®, there has been no need for the
continued use of PARADOX® within the developed Coal Science data management
system. New Q&A® program features include 1) extended relational data
management capabilities; 2) extended programming language; 3) increased
(effectively unlimited) field length, with the capability of designing forms
with portions of lengthy entries "hidden"; and 4) the ability to select data
from pop-up windows for ease of database entry. Important secondary features
include 1) word processing capabilities in the File module (e.g., within a
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given field), 2) spell checking in the File module; 3) the ability to change
field names ("Set Field Names") for the purposes of programming and designing
new forms in the Write module; 4) expanded macro program facilities, including
creation of custom menus to manage access to directories and data; 5) new
export and import capabilities with other database managers; 6) greater font
control in the various modules; 7) a new compression backup utility; and

8) the ability to check for duplicate forms. Substantial use of these
features has been made in the current design and implementation of NDMMRRI
Coal Science databases.

3.2 Task B—-Acquisition of Hardware

The decision was made early on that purchased computers would have to
provide the most computing power for the available dollar. At the time the
Coal Science project was undertaken, computing power, rated as machine clock
speed, available RAM, caching systems, and available hard disk memory, was
improving as the price was coming down. In effect, personal computers
purchased through discount houses were never more powerful and, for the power,
never cheaper. Through the course of the Coal Science project, computing
power has continued to increase, and price has continued to drop. The major
decision was to decide on the manufacturer. Gateway 2000 was chosen for the
Coal Science project because, at the time, the prices of its computers were
the least expensive, and the company’s reputation was comparable to other
discount mail-order houses. The more expensive computers, such as those
manufactured by IBM, were as much as three to four times more expensive to
achieve computing parity. In addition, there was no guarantee that the IBM
machines would be more durable. An important earlier question was whether or
not programming manufactured to run on IBM machines would properly run on IBM
clones. To a large extent, these compatibility problems were becoming a thing
of the past and were not found to be a problem using Gateway machines.

Through the course of the first year of the project, a computing systen
was established that used old and newly acquired components. The main data
management computer was a Gateway 2000 386-25 mHz machine, with a math
coprocessor, 150-MB hard drive, and memory and disk caching. A previously
acquired EERC NDMMRRI computer was used for data input by NDMMRRI staff. This
machine was a Standard 286, with a math coprocessor and 40-MB hard drive. The
computers of the Coal Science data management system were cabled together for
the transfer of files (not representing a true network). Data from either
computer were outputted to either a Epson LQ-1050 wide carriage line printer
or to a Hewlett-Packard Laser Jet II. Bitstream fontware was acquired to
extend the flexibility of the output format to data management programs. The
data and programming on the main data management computer was archived using
an Everex external cassette tape backup system. Input devices include a
previously acquired large format GTCO 2436L digitizing board and a video
capture system by Jandel and Imaging Technology. Communication devices
included a hardware link to the mainframe computing system at the University
of North Dakota and a previously acquired MultiTech 1200-baud modem.

The above computing system has remained fully functional throughout the
course of the project. Important changes to the system have been upgrades to
various component parts to improve performance. These changes basically kept
pace with changes in technology and advances in software capabilities, which
almost required faster machines with bigger hard drives. The current
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operating system employs a Gateway 486-33 mHz machine with a 650-MB hard drive
and caching capabilities as the main Coal Science data management computer.
The 386-25 mHz machine is used in software program development and data input,
as well as in generating reports and other documents. In addition, a Gateway
386sx and a Standard 286 computer serve as data inputting devices, most
frequently staffed by students. Upgrades to the computers include another
150-MB hard drive for the 386 machine and another 40-MB hard drive for the 286
machine. In addition to the large-format GTGO pad, used primarily for
digitizing large maps, a small-format Summagraphics SummaSketch™ II

digitizing tablet was installed to function with various types of software
used to construct charts and maps (see Task A). In addition, the Hewlett-
Packard Laser Jet II was replaced with a Laser Jet III to improve graphic
capabilities and provide for significantly greater font control.

To explore the capabilities of image analysis, which represents an
important developing technology, a video system was acquired to capture and
analyze a variety of image types that would otherwise have to be manually
digitized or be treated qualitatively. The video system hardware runs on the
main data management computer utilizing a PCVISIONplus™ framegrabber from
Imaging Technology. This video image is derived from a Cohu CCD camera, lens
(12.5- to 73-mm zoom), and TOYO diopters and is displayed on a high-resolution
SONY Trinitron monitor. Photographs of captured or live video images are
acquired from a SONY UC-850 video graphic (thermal) printer. The video system
uses specialized programming to capture gray tone images for digitizing and
numerical analysis. Initial hardware system incompatibility problems
consisted of memory conflicts between video cards, capture programming, and
the EVEREX tape backup system. These problems were initially resolved by
establishing appropriate protocol (programming) to reconfigure the hardware
for different applications. Thus the video system runs under its own
configuration to resolve its hardware-specific requirements. In addition,
high-contrast image problems, resulting primarily from camera low-light over-
sensitivity, were resolved through the acquisition of programming that permits
control of image contrast outside of the imaging software environment.
Subsequently, both the capture board and software (see Task A) were upgraded
to take advantage of significantly improved image capture features and
extended analysis capabilities. The older capture board will be installed on
a different computer and used for macroimaging (discussed below) when
laboratory space becomes available with the completion of a current
construction project at the EERC.

As developed, the video system can capture images for analysis at three
scales or levels of magnification: 1) large or macrosize objects (from 10 to
500 mm in length), 2) small three-dimensional objects (from 1 to 50 mm in
length), and 3) very small or microsize, effectively two-dimensional, objects
(less than 1 mm in size). Large-scale objects are viewed directly with the
Cohu camera system. The camera and attachments are mounted directly to a
modified Kodak MP3 copy stand. To facilitate the control of Tighting during
video photography, the copy stand was rewired so that each of the four high-
intensity lamps could be individually regulated. Relatively small specimens,
or the closeup study of large specimens, require macrophotography. To achieve
the ability to examine samples of this small size, a video-ready Olympus
stereomicroscope was acquired and integrated through a coupler to the video
camera. This video system provides magnification from about 2.5x through
about 50x and was used for image capture analysis and photography of nonmarine
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mollusks and mammals used in the environmental reconstruction and
biochronologic organization of coal strata. Objects of microsize are studied
under thin-section with high-powered stereomicroscopes. An EERC Zeiss
microscope has been available for the purpose of video imaging of pollen for
analysis. A video/microscope coupler, specific to Coal Science imaging
research, was manufactured by Diagnostic Instruments to permit video numerical
analysis of objects magnified up to 500x.

3.3 Task C—Database Design and Modifications

Several purposes are served by database management procedures. The
foremost is the utilization of data in an effective manner. "Effective,”
however, is relative depending on goals and means of analysis available at a
person’s disposal. An understanding of coal resources and their 1itho- and
chronostratigraphic context were "effectively" met 70 years ago under the
goals of the time. Today’s goals are different only in that we require (or
want) greater precision in our assessments of resource characterization and
context, which necessitates more data more rigorously controlled to serve
specific purposes. Resource management is in a state of flux, in part,
because the techniques of database management are undergoing a revolution for
the individual user due to advances in computer technology and software
development. Computer-based data management applications require flexibility
(and transportability) while we take advantage of developments in off-the-
shelf data acquisition, management, and display programming.

The data management program Q&A® by Symantec is particularly well-suited
to the nature of geologic data where 1) a wide range of information types are
employed to manage closely related and disparate data types; 2) applications
vary, and form and report modifications are made frequently; and 3) extended
documentation is necessary to track on inputted numeric and descriptive data.
The primary Q&A® form design is more appropriate than a table design employed
by most other data managers.

Four main Q&A® databases control NDMMRRI data types: 1) geologic section
or observation location information (*MNOS), 2) geologic section unit
descriptions (*UNIT), 3) paleontologic specimen location and stratigraphic
information (*LOC), and 4) taxon identification information (*SPP). The
prefix "*" denotes a specific file name, such as "WB" for Williston Basin. A
number of other databases are employed to "feed" basic information to these
primary databases. These secondary databases serve several useful functions
in promoting control over frequently general (descriptive) information.
Examples of secondary databases include EPCODES (chronostratigraphic
terminology), FMCODES (lithostratigraphic terminology), COLOR (color coding,
as per the Geological Society of America’s Rock Color Chart (with Munsell
color standards), and MAPS (U.S. Geological Survey 7.5-minute, 1:24,000-scale
topographic quadrangles).

The *MNOS files contain information on the location of geologic
observations, such as surface and subsurface measured sections. The *MNOS
form contains 141 fields, representing four major types of field data:

1) reference information, including numbering systems; 2) location and
landowner information; 3) litho- and chronostratigraphic information,
including section thickness and elevation data; and 4) sample and specimen



information. A detailed description of *MNOS field types, along with examples
of forms and data, was presented by Hartman (1992).

The companion file to the *MNOS database is the *UNIT database. Like
*MNOS files, a number of *UNIT databases use fields designed for restricted-
value internal lookup tables. *UNIT files have 84 fields specific to the
reference, measurement, and description of a unit (or bed) in a geologic
section. A "unit" is a stratigraphic interval, identified by the geologist,
that is sufficiently distinct from Tithologies above and below to represent a
discrete portion of the overall geologic section. *UNIT databases can be
related to *MNOS databases through the creation of derived fields in the
Report Module of Q&A®, thus expanding the capability of sorting *UNIT files on
additional reference and location information. The majority of the *UNIT
fields concern the naming, measurement, and description of unit data. As
examples, the unit (bed) name and formational assignment are given also with
necessary comments on revised lithostratigraphy. The unit thickness can be
directly inputted in English (including nondecimal entries) or metric units,
with automatic conversion to respective fields, or the thickness can be
calculated from scaled measurements taken from drawings or photographs. Unit
thickness can also be calculated from original structural data (e.g., pace and
compass method) associated with the measurement of either the unit itself or
the section in which it is found). The unit (or bed) description can be
quoted in full from the original source and can be separated into its
component parts to permit uniform interpretation and sorting on specific data
types (e.g., fresh and dry colors, as per the Geological Society of America).
*UNIT files use the COLOR and STRATCOL/STRATA files as external lookup tables
to import color values and graphic and weathering symbol codes directly into a
*UNIT database. Other fields manage information to provide uniform coding
procedures for specific projects (e.g., NCRDS data fields) or computer
programs (e.g., STRATCOL/STRATA). For example, the *UNIT database is designed
to generate reports for the program STRATCOL/STRATA. With only minor
modifications, these files can be directly read by STRATCOL/STRATA, thus
quickly producing a graphic representation of the geologic unit. A detailed
description of *UNIT field types, along with examples of forms and data, was
presented by Hartman (1992).

*L.0C files contain records on fossil localities and are specifically
designed for micro- and macrofossil specimens. The *LOC file is similar to
*MNOS files in general design, containing the nearly the same fields for
reference and location data. Like the *MNOS form design, *LOC files contain a
number of coding fields that are used for sort routines of age-related
information and use the MAPS file as an external lookup table for map
reference information. Also like *MNOS databases, *LOC databases use fields
designed with restricted-value internal lookup tables (see discussion under
Q&A® file modifications). *LOC files contain 138 fields organized into the
following major field types: 1) reference information, including numbering
systems, and a number of specialized fields for record management; 2) location
systems, including elevation data; 3) litho- and chronostratigraphic informa-
tion; and 4) paleontologic data. The *LOC database stratigraphy fields differ
from *MNOS databases, in part, in that fields are designed to permit precise
reference of a fossil locality to an intra- or extraformational stratigraphic
marker or horizon. In addition, a locality can be placed in reference to the
base or top of the enclosing formation. Various code fields document the
predicted error associated with the placement of a locality relative to any of
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these horizons. Besides these "relative" stratigraphic fields, the elevation
of a locality and its interpreted error can also be inputted. A1l of these
fields can be entered in either English or metric units, with automatic
conversion to respective fields. *LOC database fields specific to
paleontology are primarily concerned with the record of fossil discovery,
collection, and identification. A detailed description of *LOC field types,
along with examples of forms and data, was presented by Hartman (1992).

The *SPP database is a companion to *LOC files’ and records’ detailed
information on the identification of taxa from a particular locality. The
*SPP database can be used as an external lookup table to combine taxon
identifications with stratigraphic and location data. Field types of the *SPP
database include 1) taxon identification, 2) a simplified classification of
the taxon, 3) repository and specimen numbers, 4) number of specimens, and
5) identification comments. Both old and revised identifications are recorded
to provide a history of study on specific specimens and taxon names. *SPP
uses the database MCLASS as an external lookup table to extract classification
data. With *SPP, *LOC, and MCLASS databases, the stratigraphic range of taxa
can be determined through a merge of the data from the three files.

3.4 Task D-Database Input and Augmentation

The geologic exposures of far-western North Dakota are largely derived
from the drainage patterns produced by the Little Missouri and Missouri
Rivers. The relatively good outcrops along these rivers and some of their
tributaries have been the source of many independent coal and noncoal studies.
Much of these data has never been assimilated for the purposes of detailed
coal correlation, and is, for the most part, not part of any database system.
As part of this Coal Science database design and management program for
Williston Basin, selected stratigraphic data were cataloged and computerized
from data sources relevant to exposures along the Little Missouri and Missouri
Rivers in western North Dakota and adjacent areas in the drainage of the
Yellowstone and Missouri Rivers in eastern Montana. Input study areas in
North Dakota included 1) Bowman, Slope, and western Adams and Hettinger
Counties; 2) Billings and Golden Valley Counties; and 3) McKenzie and Williams
Counties. These county-based areas represent, to a certain extent, well-
defined input data sets, based on the nature of available outcrops and county
surface and subsurface studies. The input coverage in the adjacent counties
in Montana is less comprehensive, which -simply reflects project goals focused
in North Dakota. Coverage in Montana included Roosevelt, Richland, Dawson,
Wibaux, and Fallon Counties. The stratigraphic data inputted for North Dukota
represent primarily the Fort Union Group, which includes the Ludlow,
Cannonball, Slope (upper Ludlow of some authors), Bullion Creek (= Tongue
River in adjacent Montana), and Sentinel Butte Formations. The following
M-number geological observations have been recorded in North Dakota: 1) 609
in Bowman County, 2) 49 in Adams County, 3) 1675 in Slope County, 4) 63 in
Hettinger County, 5) 423 in Golden Valley County, 6) 344 in Billings County,
7) 178 in McKenzie County, and 8) 203 in Williams County. In Montana,
M-number geological observations have been inputted as follows: 1) 64 in
Roosevelt County, 2) 72 in Richland County, 3) 151 in Dawson County, 4) 110 in
Wibaux County, and 5) 56 in Fallon County. In addition to these records,
geologic observations were also recorded in the Williston Basin of north-
western South Dakota and east-central Montana. As part of this research, an
annotated bibliography of unpublished and published coal-related observations
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has been compiled to facilitate computerization (see Hartman, 1992). In
total, over 33,000 *UNIT forms were entered as part of the data input and
augmentation portion of the Coal Science project.

Although *MNOS and *UNIT information is computer-accessible, data manage-
ment procedures were facilitated for a number of purposes by the creation of a
paper-based "library" of computerized data. This entails, as necessary, the
assembly of the original published and unpublished sources of the M-numbered
sections (*MNOS and *UNIT databases) and ordering them in a set of (currently
30) ring binders for archival purposes. An archived hard copy system provides
a permanent method of verifying the use of the M-number assigned to a
particular geological observation.

3.5 Task E-Drilling Project

The drillirg and logging of test holes in far-western North Dakota was
undertaken to 1) provide fundamental information on data management problems
associated with subsurface 1litho-, bio-, and chronostratigraphic correlation
of Paleocene lignite-bearing strata in western North Dakota and easternmost
Montana, and 2) determine the most useful means of incorporating, managing,
and interpreting the derived information. The two sites chosen were in
northwestern Slope County (M2187) and in southwestern Golden Vailey County
(M2188), North Dakota. The strata represented by these sites include
uppermost Cretaceous Fox Hills and Hell Creek Formations and the lower and
middle Paleocene Ludiow, Slope, and basal Bullion Creek Formations. One of
the sites (M2187) is located in the immediate vicinity of the stratotype of
the Slope Formation. Both sites are on U.S. Forest Service property and
required permits for access and drilling. As per permit requirements,
geophysical and lithic data were submitted to the U.S. Forest Service as part
of permit obligations associated with the driiling of two holes in Slope and
Golden Valley Counties, North Dakota.

Hole M2187 was drilled through strata of the Slope and Ludiow Formations
of the Fort Union Group, the Hell Creek Formation, and into the Fox Hills
Formation to a depth of 1040 ft. Hole M2188 was drilled from a higher
stratigraphic level, intersecting strata of the Bullion Creek, Slope, and
Ludlow Formations of the Fort Union Group and ended in the Hell Creek
Formation at a depth of 760 ft. A record of lithic samples and a driller’s
log were made at both holes. Subsequently, both holes were plugged and
restored.

During the course of the drilling activity, two surface sections were
measured adjacent to the drill sites (M2252 for hole M2187, and M2253 for hole
M2188). These sections were completed specifically to provide control on
subsurface interpretation of the geophysical and drill sample record. A
detailed comparison was made of the various overlapping portions of these
records (see Hartman, 1991a). The primary data associated with drilling
project included 1) the driller’s record, 2) the Tithic log, and 3) the
geophysical logs. As a result of the drilling program, minor modifications
were made to *MNOS and *UNIT files (designed under the program Q&A® by
Symantec). Data from both drill holes were incorporated into geologic cross
sections summarizing the coal bed stratigraphy of Slope, Golden Valley, and
Billings Counties. Secondary data derived from the drill hole were the
palynomorph analyses of "mud" lithic samples. Selected horizons were
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processed for palynomorphs to derive biochronological and environmental
information on the coal-bearing strata associated with the transgressive-
regressive events associated with the Cannonball Sea and the coal strata
generally marking the Cretaceous-Tertiary (K/T) boundary. Palynomorph and
associated sedimentological studies were undertaken by Mr. Timothy J. Kroeger
of the University of North Dakota Department of Geology and Geological
Engineering (additional discussion under Research Studies).

3.6 Task F-Database Design Assessment and Modifications

The designs of all of the Coal Science databases were assessed and
redesigned essentially on a continuous basis. Early changes in *MNOS, *UNIT,
and *LOC database designs usually were the result of the determination of the
need for a new field based on implementation of a database (as per examples in
Task I, Section 3.9) and the drilling project (Task E, Section 3.5) Thus
user needs were clearly defined by test case examples indicating what type of
data control was required to produce the desired results. The designs of
databases were also modified as a result of database augmentation. The need
for faster and more accurate methods for data entry produced a number of
substantial improvements in both field structure, nomenclature, and associated
programming. Many of these improvements would probably not have been
developed if relatively large and varied data sets had not been part of the
Coal Science program. Many advanced data entry features, such as lookup
windows for restricted data entry, required more initial setup on the part of
the systems operator, but these efforts were more than repaid by the reduction
in subsequent editing of inputted data.

Selected modifications to Q&A® *MNOS, *UNIT, and *LOC databases included
the following types of programming statements: 1) referential structure
within a database, 2) set initial values, 3) data management of forms, 4) data
management of forms between related databases, 5) conversions of various types
of numeric data for ease of data entry and reporting, 6) numeric calculations
to acquire standard input values, 7) internal lookups for data entry, and
8) external lookups for data entry. "Referential structure within a database"
refers to the existence of the appropriate numbering system (e.g., M-number)
and reference occurring at the top of each screen (e.g., five screens are used
for the *LOC database). "Set initial values feature" refers generally to
log-on dates, enterer, or other consistent information for a data set to be
entered in a form. This information is automatically entered upon adding a
new form to a database. "Data management of forms" refers to date and time
fields that automatically record any changes occurring to a particular form.
"Data management of forms between related databases" refers to external lookup
checks to determine if certain forms or values of importiance to related forms
in different databases have been entered and/or entered correctly. "Conver-
sions of various types of numeric data" refers to 1) English-metric conver-
sions for elevation, distances from section lines, relative stratigraphic
horizons, unit and section thickness; 2) lettered section subdivision (e.g.,
abcd sec. 2) conversions to legal subdivision (e.g., NE% NW% SW% SE% sec.

2); and 3) generalized legal subdivision conversions from given distances from
section lines. "Numeric calculations to acquire standard input values" refers
to 1) the (automatic) determination of cumulative footages (in *UNIT
databases) of geologic sections; 2) the determination of unit or section
thicknesses from strike, dip, and pace information (various trigonometric
calculations); and 3) the determination (under certain circumstances) of the
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stratigraphic horizon (such as the bottom of a unit) from other given values.
"Internal lookups for data entry" refers to the use of popup windows for the
selection and entry of (restricted) field values. Internal Tookups of this
type have been designed for STRATCOL/STRATA lithic categories, names of forma-
tions, crew chiefs, collectors, discoverers, reference citations, institu-
tions, states, field areas, and regions. "External lookups for data entry"
refers to the use of external (other) databases to enter specified values into
appropriate (programmed) fields. External lookups are used in access
quadrangle data (e.g., year, series, contour interval, etc.), color
nomenclature, codes for series (epochs), stages (ages), formations, levels,
and STRATCOL/STRATA graphic parameters.

Besides the *MNOS, *UNIT, and *LOC file modifications mentioned above,
database "form" design modifications were made to a number of Write module
output forms. Also, databases, such as SPEC, were constructed for the purpose
of controlling data associated with collected samples and for printing
collection labels. The greater font control, available with Version 4 of
Q&4A®, makes possible the printing of the necessarily small form designs and
associated data. Multiple copies of appropriate forms (for samples from the
same location) are then easily produced in the merge-data portion of the Write
module.

3.7 Task G—Geochemical Database Studies

In the context of the present Coal Science program, the purpose of
designing a coal geochemical database, or any other similar analysis-type
database, was to place such observations into a geologic framework. Thus
geochemically oriented data can be integrated with stratigraphic and
paleontologic databases to better facilitate the reconstruction of
paleoenvironments and produce more definitive coal-related stratigraphic
correlations (e.g., coal bed finger printing). Such abilities thus afford a
more comprehensive and meaningful interpretation of geologic history.
Isolated coal analyses, without geologic context, have limited (almost no)
value in providing a means to correlate coal beds and ceal-forming
environments or to interpret depositional or diagenetic histories.

For the purposes of present database considerations, coal and rock
geochemical data were downloaded from a mainframe database constructed for
another project by LeFever and Murphy (1983). This data set was chosen
because it was originally constructed using mainframe programming for the
purpose of posing questions of concern to individuals in coal resource
assessmcnt. These databases incorporate standard analytical data (e.g., Btu
value, sulfur content, etc.) along with stratigraphic and geographic data.
Utilizing Q&A®, *MNOS, and *UNIT files and formats, relatable geochemical
databases were designed for 1) geographic, geologic, and bibliographic data;
2) Tithologic data; and 3) coal chemistry data (see Hartman, 1992 for
discussion of databases and examples). All of the available data, repre-
senting several thousand initial observations, were incorporated into the
above specifically designed Q&A® databases. Unfortunately, very few chemical
observations can be tied to specific stratigraphic sections, let alone their
placement relative to specific horizons. The use of the LeFever and Murphy
(1983) database clearly illustrates the problems attendant in the taking,
recording (in the field), and tracking of geochemical data by earlier coal-
oriented projects. A very low percentage of the "coal geochemistry" data can
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be specifically tied to a specific coal bed or even to a specific point on the
ground. Thus much good geochemical data is of immediately limited value
beyond its original intent.

3.8 Task H-Data Presentation

Display of information in maintained databases is the most important
aspect of database utilization for the research scientist. Database
management programs, such as Q&A®, provide a means to show data in various
output formats used to organize data for research and general publications,
technical reports, presentations, and for the construction of illustrations,
tables, and slides. Data are most commonly displayed in tables, as rows and
columns of observations, or in forms, depending on the nature of the intended
use. In addition, graphical representation of data is particularly important
where data are inherently visual (e.g., geologic sections) or numeric (e.g.,
analyses). Of considerable importance to data visualization is the ease with
which the data can be displayed. The visualization of data should be used as
a tool in data analysis and not as an end in itself. The more easily data can
be viewed, the more likely it will be used as a tool to permit the researcher
to make better interpretations.

Along this line of reasoning, a number of modifications were made to the
public domain program STRATCOL by Peter Guth (now referred to as
STRATCOL/STRATA to denote the substantial number of changes that have been
made to the program). STRATCOL/STRATA produces a graphic presentation of
geologic logs from Q&A® *UNIT database files. Improvements that have been
made to STRATCOL include 1) a more comprehensive and realistic symbol 1ibrary,
maintained as the Q&A® external lookup file STRATCOL; 2) an accurate
representation of metric or English scale (at whatever scale chosen); 3)
available choices of geologic column width; 4) appropriate column display for
either surface or subsurface sections; 5) two columns for unit annotations;
and 6) elimination of restrictions on input file size and scale selection.
Through the use of Q&A® and STRATCOL/STRATA, a graphic representation of a
geologic column can be produced with a laser printer in a matter of a few
minutes. Several hundred stratigraphic columns were produced at a variety of
scales for numerous purposes through the course of Coal Science studies (see,
for example, Hartman, 1991a).

A dual base map system was also developed to display and document Coal
Science project data for detail and general purposes. Geological and
paleontological observations in *MNOS and *LOC databases were plotted on U.S.
Geological Survey (USGS) 1:100,000- and 1:24,000-scale topographic maps
covering far-western counties of North Dakota and adjacent areas in Montana.
Most locations were plotted on linen-backed mosaics of 0.5° x 1°, 1:100,000
topographic quadrangles for general display purposes. These mosaics were
constructed to best reflect the likely distribution of data for certain study
areas, including 1) the Fort Union corridor of Williams and McKenzie Counties,
North Dakota, and Roosevelt and Richland Counties, Montana; 2) the northern
portion of the Little Missouri River, McKenzie County, Montana; 3) the main
north-south drainage system of the Little Missouri River in Billings and
Golden Valley Counties, North Dakota; and 4) additional natural outcrop and
subsurface study areas in Slope and Bowman Counties, North Dakota. Large-
scale maps (i.e., 1:24,000 scale) have both utility for both display and
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documentation of location and topographic information. Note that many coal-
related observations were originally collected without regard to elevation.
Plotting on Targe-scale topographic maps provides the opportunity, given the
nature of the observations, to closely approximate the elevation of a
particular observation. Such controlled information is of considerable
importance in attempting to correlate and contour a variety of geological data
types. These maps can also be used as the basis for digitizing coal and
related geological observations for use in geographic information system
programming and geologic software.

In addition, numerous Q&A® Write module form reports were implemented
throughout the course of Coal Science studies. These reports constitute a
combination of primary text and merger of information from selected databases
(for examples, see Hartman, 1992). Write module forms provide an additional
means of cataloging selected data into whatever project-specific format is
appropriate. Effectively, databases can be redesigned to meet any display
need without affecting the primary form of the database file.

3.9 Task I-Database Implementation

Implementation or utilization of a database is the best means to realize
the requirements for its effective use. Field, laboratory, and computer-based
activities have greatly facilitated the diverse requirements for the
construction and revision of Coal Science database systems. The use of
databases as tools in research, rather than as a means simply to gather data
for the purposes of generalization, provides a much more rigorous basis for
testing their design and utility. A few selected projects are discussed in
the following section (see the section on Information Dissemination for a
comprehensive 1ist of projects utilizing Coal Science databases). 1In
addition, I have included graduate and undergraduate student projects that
have substantially benefitted from Coal Science databases. These projects
included sedimentologic, lithostratigraphic, biochronologic, and
paleoenvironmental research directed towards establishing a more rigorous
basis of interpreting the coal-bearing strata of the northern Great Plains.

Research was undertaken in preparation of a manuscript with Dr. Alan
Cvancara of the University of North Dakota Department of Geology and
Geological Engineering on the "Paleocene Stratigraphy and Molluscan _
Paleontology of the Cannonball (Brackish) and Ludlow (Nonmarine) Formations in
Southwestern North Dakota." This work represents the essence of coal-based
data management for the purposes of coal correlation. The above project
represents the correlation of coal-bearing strata of the Slope (Ludlow of some
authors) Formation in southern Golden Valley and Slope Counties, southwestern
North Dakota. This work summarizes the stratigraphic occurrence of coal-
bearing strata relative to the occurrence of brackish water and freshwater
fossils. A1l of the 110 plus sections and isolated geological observations
are managed in Q&A® databases and have been graphically illustrated through
modifications to the program STRATCOL/STRATA developed over the last one and a
half years. On the basis of the stratigraphic framework 1) revised coal
correlations has been proposed, 2) coal bed nomenclature has been revised,

3) the distribution of the tongues of the Cannonball Formation has been
graphically illustrated, 4) the tongues of the Cannonball Formation will be
formally named, and 3) the stratigraphic distribution of over 150 fossil
localities has been plotted, providing a temporal and environmental context
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for interpreting the geologic history of the area. This work permits the
construction of coal isopach and structure contour maps for the area. This
study thus provides a foundation for the stratigraphic and paleoenvironmental
interpretation of lower and middle Paleocene coal-bearing strata in
southwestern North Dakota.

Research presented at an annual meeting of the Geological Society of
America (GSA) summarized research conducted on the stratigraphy and molluscan
paleontology across the Cretaceous-Paleocene boundary in the northern Great
Plains (Hartman, 1991b). Information utilized in the preparation of this
paper was derived from databases maintained in Q&A® for the Williston, Powder
River, and Crazy Mountains Basins in the northern Great Plains of the United
States and Canada. Research delimited the occurrence of certain taxa through
the uppermost Cretaceous Hell Creek and Lance Formations and Paleocene Ludlow,
Tullock, and Bear Formations, providing biochronologic control for temporal
correlations across North Dakota, Montana, Wyoming, and Saskatchewan.

A publication with Dr. Allen J. Kihm of Minot State University was
presented as a poster session at the Sixth International Williston Basin
Symposium (and Fourth Saskatchewan Petroleum Conference) in Regina,
Saskatchewan. This paper concerned the stratigraphic and biochronologic
context of pantodonts (vertebrates) in North Dakota. By more rigorously
defining the stratigraphic and geographic position of a number of localities,
the stratigraphic distribution of this group has been shown to be more
temporally restricted than previously understood. This type of information
permits more precise temporal (biochronologic) correlation of the coal-bearing
strata of the upper Bullion Creek (Tongue River of some authors) and Sentinel
Butte Formations. A1l of the stratigraphic and paleontologic data used to
construct this paper and associated figures were organized through Q&A®
databases developed and tested through Coal Science field and laboratory
research.

Collaborative research, undertaken with Dr. David Krause of the State
University of New York at Stony Brook, has resulted in a number of ongoing
projects concerning the temporal organization of coal-bearing strata in the
northern Great Plains. Such information bears on the development of an
understanding of the chronology of the Cretaceous/Tertiary transition,
representing a shift in paleoenvironments from noncoal to coal-dominated
settings in this area and in the timing of the advances and retreats of the
Cannonball Sea and associated coal-forming environments.

Research of T.J. Kroeger. Mr. Kroeger, a Ph.D. candidate in the
University of North Dakota Department of Geology and Geological Engineering,
undertook dissertation studies entitled "Paleoecology of Palynomorph
Assemblages in the Upper Ludlow Formation (Paleocene), Southwestern North
Dakota." Mr. Kroeger’s research has made extensive use of Q&A® Coal Science
databases, including the *MNOS and *UNIT databases, as well as others that
have been specifically designed for sample record keeping in the laboratory
and as accession records into the collections of the University of North
Dakota. HMr. Kroeger is in the process of analyzing and interpreting the
palynomorph-bearing sediment samples for brackish and marine indicators to
provide greater resolution in interpreting these environments in the western
Slope and southwestern Golden Valley Counties, North Dakota, and in Dawson
County, Montana. In addition to his dissertation studies, his research has
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identified the Cretaceous-Tertiary boundary in surface and subsurface samples
in Slope County, North Dakota, and in surface samples from Makoshika State
Park, Dawson County, Montana. This information will be used in conjunction
with age information interpreted from the nearby Hiatt mammal locality for the
purposes of establishing a chronostratigraphic framework for the transition
between largely nonlignite-bearing to lignite-bearing strata along the
Yellowstone River and elsewhere.

Research of W.D. Peck. Mr. Peck completed his Master of Science degree
in the Department of Geology and Geological Engineering at the University of
North Dakota. His project was entitled "The Stratigraphy and Sedimentology of
the Sentinel Butte Formation (Paleocene) in South-Central Williams County,
North Dakota." Mr. Peck made extensive use of Q&A® *MNOS and *UNIT databases
for his stratigraphic and sedimentologic studies. As a part of current
related studies, Mr. Peck, with Dr. Allen J. Kihm and this writer, has
attempted to construct a coal-based correlation framework for the area between
the Nesson Anticline and Fort Union. This effort utilizes the relatively
numerous isolated reports of coal along the Missouri River that have been
computerized into *MNOS and *UNIT databases. Aspects of our study were
incorporated into Mr. Peck’s thesis research.

Research of M.M. Rolland. Ms. Rolland has undertaken a senior thesis
project, under this writer’s supervision, in the Department of Geology and
Geological Engineering at the University of North Dakota. The project is
entitled "A Faunal Comparison of Selected Freshwater Mollusks from the Upper
Cretaceous (Edmontian?) Fruitland Formation of the San Juan Basin, New Mexico,
with the Hell Creek Formation (Lancian) of the Williston Basin, Montana-North
Dakota." Ms. Rolland’s study involves the paleontologic and stratigraphic
study of nonmarine mollusks from the coal-bearing strata of the Williston
Basin of North Dakota and Montana and the San Juan Basin of New Mexico.
Research will be directed towards understanding the evolutionary history of
selected nonmarine molluscan taxa to provide a more rigorous biochronologic
framework for the correlation and palecenvironmental interpretation of
nonmarine strata in the Upper Cretaceous strata of the western interior of the
United States. Studies to date have utilized Coal Science data management
systems (i.e., *LOC database) to revise geologic and paleontologic data
concerning relevant strata in North Dakota.

4.0 FUTURE STUDIES

Coal Science data management research effectively represents an ongoing
process of development and utilization. The Coal Science database management
system serves and can serve in the future as 1) a means of tracking coal-
oriented geologic data, regardless of current project needs; 2) a means of
utilizing these data for projects that can be specifically generated within
the framework of established or possible Q&A® database programming; and 3) a
front end for generating information in a format acceptable to other programs
that may inherently not be well suited for data management (e.g., various
types of graphics, or modeling, mapping programs). The approach taken in the
Coal Science program has shown considerable success in all aspects of the
three avenues of future studies given above. In almost all ways, these uses
of Coal Science database management research are mutually compatible and
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necessary pathways to productive and rigorous use of any and all geographi-
cally and stratigraphically oriented coal data.

5.0 SUMMARY AND CONCLUSIONS

The general Coal Science objective of the EERC NDMMRRI was directed
towards more effective and efficient use of geologic observations specific to
the correlation and assessment of coal-bearing strata. The utilization of
these observations required streamlined but flexible user-oriented data
management programs that incorporated straightforward data inputting and
output in the form most convenient for the user. Substantial amounts of
currently useful and historically invaluable geologic data bearing on the
correlation of coal beds are available for most coal-bearing areas. This is
certainly the case in the lower Tertiary strata of the northern Great Plains
in general and in western North Dakota specifically. This information exists
as published and unpublished but accessible documents. The specific objective
of this project was to implement, through computer-based data management
systems, site-specific test-case field studies that utilized all currently
available information for the assessment of efficient database management
techniques in the evaluation of specific coal correlation problems. This
project was fundamental to coal resource and geologic studies undertaken by
the EERC. By its very nature, the Coal Science project has been unique in its
blend and utilization of 1) historic and current coal-oriented geologic
observations, and 2) in its use of litho-, bio-, and chronostratigraphic data
to forge a geologic framework for refined coal correlation. The approach has
been multidisciplinary and aimed at resolving specific questions beyond the
scope of narrowly focused vested interests.

The focus of the first phase of this project was to establish the
computerized basis for reevaluating North Dakota’s lignite resource in a
stratigraphic and paleontologic context. The goal of the second phase of the
project was to establish realistic database case studies, including surface
and subsurface data specifically taken with the design and construction of
stratigraphic and paleontologic databases as a resulting product. The third
phase was to set new and greater demands on the stratigraphic database design.
Several thousand surface and subsurface data entries have been compiled from
the uppermost Cretaceous and Paleocene Fort Union coal region of the Williston
Basin, including far-western North Dakota and adjacent easternmost Montana.
Database designs have continued to be modified to reflect a greater knowledge
on the demands and needs of the end user. Unlike other databases that are
constructed to summarize the data compiled, database research under the Coal
Science program has attempted to design a flexible data management system that
serves an ongoing interactive need to answer previously unconsidered resource-
based questions.
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Hartman, J.H., 1989a, The T Cross Coal Bed (Pa]eocene, North Dakota): The
importance of reevaluating historic data in geologic research: North
Dakota Academy of Science, Proceedings, 8lst Annual Meet1ng, v. 43, p.
49 (includes presentat1on)

Hartman, J.H., 1989b, Stratigraphy of uppermost Cretaceous and Paleocene
nonmarine Mollusca in the Crazy Mountains Basin, south-central Montana:
Montana Geological Society, 1989 Field Conference Guidebook, Montana,
Centennial Edition, Geologic Resources of Montana, v. I, p. 163-172.

Hartman, J.H., 1989c, Coal science: Quarterly technical progress report for
the period July-September 1989: DE-FC21-86MC10637, EERC publication.

Hartman, J.H., Buckley, G.A., Krause, D.W., and Kroeger, T.J., 1989,
Paleontology, stratigraphy, and sedimentology of Simpson Quarry (Early
Paleocene), Crazy Mountains Basin, south-central Montana: Montana
Geological Society, 1989 Field Conference Guidebook, Montana, Centennial
Edition, Geologic Resources of Montana, v. I, p. 173-185.

Hartman, J.H., Krause, D.W., Buckley, G.A., and Kroeger, T.J., 1989, Paleocene
biochronology in the northern Great Plains: Nonmarine Mollusca and
mammals from the Crazy Mountains Basin: Montana Geological Society,

1989 Field Conference Guidebook, Montana, Centennial Edition, Geologic
Resources of Montana, v. II, p. xii-xiii (includes presentation).

Hartman, J.H., 1990a, Coal science: Quarterly technical progress report for
the period October-December 1989: DE-FC21-86MC10637, EERC publication.
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Hartman, J.H., 1990b, Paleocene and Lower Eocene nonmarine molluscan
biostratigraphy of the Powder River Basin, Wyoming-Montana: Geological
Society of America, Rocky Mountain Section, Abstracts with Programs, v.
22, no. 6, p. 14 (includes presentation).

Hartman, J.H., 1990c, Coal science: Quarterly technical progress report for
the period January-March 1990: DE-FC21-86MC10637, EERC publication.

Hartman, J.H., 1990d, Coal Science: Annual technical progress report for the
period July 1, 1989, through June 30, 1990, including the quarterly
technical progress report for the period April through June 1990:
DE-FC21-86MC10637, EERC publication.

Hartman, J.H., 1990e, Coal science: Earth resource evaluation and management:
Quarterly technical progress report for July-September 1990: DE-FC21-
86MC10637, EERC publication.

Kihm, A.J., and Hartman, J.H., 1990, Chronostratigraphic implications of the
mammal and nonmarine mollusk record of the Paleocene Fort Union Group in
North Dakota: North Dakota Academy of Science, 82nd Annual Meeting,

v. 44, p. 70 (includes presentation).

Hartman, J.H., 1991a, Coal Science: Quarterly technical progress report for
the period October-December 1990: DE-FC21-86MC10637, EERC publication.

Hartman, J.H., 1991b, The stratigraphic distribution of nonmarine Mollusca
across the Cretaceous-Tertiary boundary in the northern Great Plains, in
the theme session "Nonmarine fossil record at the Cretaceous-Tertiary
boundary": Geological Society of America, Abstracts with Programs,

v. 23, no. 5, p. A359 (includes presentation).

Hartman, J.H., 1991c, Biochronology and evolution of early and middle
paleocene nonmarine Mollusca of the Northern Great Plains: Final report
to National Science Foundation: EERC publication, January.

Hartman, J.H., 1991c, Coal science: Earth resource evaluation and management:
Semiannual technical report for the period January-June 1991: DE-FC21-
86MC10637, EERC publication.

Hartman, J.H., and Kihm, A.J., 1991, Stratigraphic distribution of Titanoides
(Mammalia: Pantodonta) in the Fort Union Group (Paleocene) of North
Dakota, 7n Christopher, J.E., and Haidl, F.M., eds., Sixth International
Willisteon Basin Symposium: Saskatchewan Geological Society, Special
Publication no. 11, p. 207-215 (includes poster session).

Kihm, A.J., and Hartman, J.H., 1991a, Titanoides primaevus, the first
described Paleocene mammal from North Dakota: North Dakota Academy of
Science, 83rd Annual Meeting, v. 45, p. 31 (includes presentation).

Kihm, A.J., and Hartman, J.H., 1991b, The age of the Sentinel Butte Formation,
North Dakota: Society of Vertebrate Paleontology, Journal of Vertebrate
Paleontology, v. 11, supplement to no. 3, p. 40a (includes
presentation).
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economics in North Dakota: North Dakota Academy of Science, v. 46 (84th
Annual Meeting), p. 2 (includes presentation).

Hartman, J.H., 1992b, Fossil invertebrates as a resource in research,
education, and economics in North Dakota: North Dakota Academy of
Science, v. 46 (84th Annual Meeting), p. 4 (includes presentation).

Hartman, J.H., 1992c, Biochronology of uppermost Cretaceous and lower Tertiary
nonmarine Mollusca of the northern Great Plains, U.S.A. and Canada, in
the Fifth North American Paleontological Convention (Chicago), Abstracts
with Programs: The Paleontological Society, Special Publication, No. 6,
p. 123 (includes poster session).

Hartman, J.H., 1992d, Coal Science: Earth resource evaluation and management:
Semiannual technical report for the period January-June 1992: DE-FC21-
86MC10637, EERC publication.

Hartman, J.H., 1992e, Coal Science: Earth resource evaluation and management:
Semiannual technical report for the period July-December 1991: DE-FC21-
86MC10637, EERC publication.

Hartman, J.H., and Kihm, A.J., eds., 1992, A symposium on the "Paleontology in
North Dakota: Fossils as a resource in research, education, and
economics": North Dakota Academy of Science, v. 46 (84th Annual
Meeting), p. 1-10.

Hartman, J.H., and Kihm, A.J., (in press, 1992), Chronostratigraphy of
Paleocene strata in the Williston Basin, in Finkelman, R.B., Daly, D.J.,
Tewalt, S.J., eds., Geology and utilization of Fort Union Region
lignites: UND Press, Environmental and Coal Assoc.

Krause, D.W., Wunderlich, R., Hartman, J.H., and Kroeger, T.J., 1992, Latest
Cretaceous and early Paleocene mammals from Makoshika State Park,
Williston Basin, eastern Montana: Journal of Vertebrate Paleontology,
Abstracts of Papers, 52nd Annual Meeting, Royal Ontario Museum
(Toronto), v. 12, supplement to no. 3, p. 38a.

Krause, D.W., Wunderlich, R., Hartman, J.H., Kroeger, T.J., and Peck, W.D.,
(for 1992 submission), Latest Cretaceous and early Paleocene mammals
from Makoshika State Park, Williston Basin, eastern Montana.

Hartman, J.H., (for January 1, 1993 submission; invitation accepted),
Cretaceous and Paleocene stratigraphy and paleontology of eastern
portion of the Crazy Mountains Basin, Montana: Road log and overview of
recent investigations: Montana Geological Society, Energy and Mineral
Resources of Central Montana, 1992 Field Conference Guidebook.

Hartman, J.H., Roth, B., and Kihm, A.J., (for 1993 submission), Stratigraphy
and paleontology of a diverse assemblage of nonmarine Mollusca from the
Sentinel Butte Formation of North Dakota (for submission to the North
Dakota Academy of Science).
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Hartman, J.H., Peck, W.D., and Kihm, A.J., (for 1993 submission), Paleocene
stratigraphy of the Nesson Anticline: Placement of the Bullion
Creek—Sentinel Butte formational contact (for submission to the North
Dakota Academy of Science).
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Annual Field Guidebook.
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FLUIDIZED-BED COMBUSTION OF LOW-RANK COALS

1.0 BACKGROUND

The main driving forces behind the use of fluidized-bed combustion have
primarily been environmental concerns, fuel flexibility, and compatibility
with lTow-cost fuels. Both bubbling and circulating designs have been
developed for operation at atmospheric pressure, and many industrial-scale
units of both types are currently in operation. A limited number of larger
utility boilers have recently been commissioned. In addition, pressurized
fluidized-bed combustion (PFBC) is making its entrance on the utility scale
with the PFB installed at the Tidd Station.

Even though fluidized-bed combustion technologies are being commer-
cialized, a number of areas require further research. An integrated approach
should be taken toward fluidized-bed combustion research, interrelating those
problems generic to bubbling, circulating, and pressurized fluidized-bed
combustion systems. The program should also be designed to address specific
problems related to each of these areas. Major issues facing fluidized-bed
combustion are listed below:

e Methods are needed to minimize corrosion and erosion of in-bed and
convective pass tubes, refractory and support surfaces, and expander
turbines. Work should focus on the following:

- Understanding mechanisms involving
» Mineralogical properties of the bed and coal
» Fluid mechanics of the bed
» Corrosion versus erosion
» Stress forces on tubes
- Assessing acceptable wastage levels
- Identifying cost-effective methods of combating tube wastage
- Developing systematic test devices

o Retrofit applications should be addressed for all types of FBCs.
According to information from the American Boiler Manufacturing
Association (ABMA), approximately 200 existing units are candidates
for retrofit technologies. The FBC retrofits at Northern States
Power’s (NSP) Black Dog Station, Montana-Dakota Utilities (MDU)
Heskett Station, and Colorado Ute’s Nucla Station have demonstrated
the feasibility of such applications.

e Fuel flexibility and characterization issues should be addressed to
help users understand constraints of fuel switching, design
considerations, and, most importantly, the economics involved in
having fuel flexibility for the FBC.

e Agglomeration/sintering of bed material and deposition on tubes,
support surfaces, and refractory, has been identified as a problem by
both manufacturers and users of FBC technology. Problems have been
documented for both bubbling and circulating beds, using a variety of



fuels, including coal. The University of North Dakota Energy and
Environmental Research Center (EERC) has extensive experience in this
area to help understand and solve this operational problem.

e Scaleup effects need to be addressed so that vendors and users can
take pilot-scale data and be assured that the large-scale system will
perform as anticipated. This database has been growing rapidly with
all of the new units starting operation; however, much information is
still required.

e Advanced systems should be designed to resolve problems and improve
overall FBC performance. These systems should:

- Increase volumetric heat release rates.

- Improve overall boiler efficiency.

- Simplify fuel feed and ash removal systems.

- Decrease capital and operating costs.

- Improve turndown.

- Decrease the size of units to enable modular construction.

e Several problems related to emissions from FBC systems need to be
addressed:

- Better sorbent utilization would improve the economics of FBC.

- NO, control is currently not a major problem, but could become more
difficult with bubbling beds if standards become more stringent.

- Information indicates that particulate control problems may exist
for certain types of ash. These ashes should be identified, and
specific equipment and conditioning of other methods should be
applied to resolve the problem.

- Hot-gas cleanup is required for PFBC to meet turbine
specifications, in addition to new source performance standards
(NSPS) .

These problems and concerns could limit FBC from reaching its full potential.
Special efforts should be taken to perform the necessary research to help FBC
evolve to a mature technology, meeting the technical, economic, and
environmental needs of the future.

2.0 OBJECTIVES

A number of major issues have been identified that warrant further
research. The EERC has the capability to investigate several issues in
bubbling atmospheric fluidized-bed combustion (AFBC). Some of these issues
are proposed in this work plan. Other FBC research should be funded, at least
partially, by the industrial sector, either through Electrical Power Research
Institute (EPRI) or private companies. Efforts should continue to transfer
the expertise gained under previous Cooperative Agreements to the private
sector.




The overall goal of the low-rank coal (LRC) FBC program at the EERC is to
develop a technology database so that industry can introduce economically and
environmentally acceptable coal technology options to the marketplace.
Research will address those areas where data gaps exist in fuel flexibility
and performance, potential operating problems, environmental compliance,
advanced concepts, and system simplification.

3.0 CHARACTERIZATION OF COALS

The main purpose of the coal characterization portion of the program was
to examine the differences that exist between different coals, both as a
function of rank and as a function of ash properties independent of rank, and
to relate these differences to the design and performance of an AFBC.
Knowledge of specific properties is critical in the design phase, while an
understanding of other properties is more critical during operation. The
information presented here was obtained from the published literature and is
supported with test results generated on the pilot-scale AFBC test facilities
at the EERC. Since all of the data was generated with different fuels burned
in the same unit, the differences in performance should be a clear depiction
of the effects of coal properties, independent of system design. A summary of
the effects of coal properties on AFBC system design and performance is
presented in Table 1.

3.1 Comparison of Coal Properties

Coals are ranked based on established ASTM guidelines, according to their
heating value, amount of volatiles, and fixed-carbon content. The low-rank
coals are characterized as having low heating value, high volatile content,
and high moisture. Conversely, the higher-rank coals are characterized by
high heating values and a high fixed-carbon content. Generally speaking, the
reactivity of the fixed carbon, or char, increases as rank decreases.

The quantity and nature of ash can vary widely, and is more a function of
the region of the country and the geological conditions under which the coal
was formed, rather than a function of rank. Many western coals have
relatively high alkaline content as compared to their eastern counterparts;
however, many of the coals in the Southwest have several of the same ash
components as typical eastern coals. Sulfur, another critical coal property,
is also more dependent on location than on rank, although most eastern coals
have higher sulfur contents than do western coals. Therefore, when comparing
the effects of coal properties on AFBC performance, it is critical to compare
performance based on individual coal parameters, independent of rank.

The EERC has built an extensive database characterizing the performance

of a variety of coals of all ranks. The analyses of these coals are shown in
Table 2.

3.2 Description of Equipment

A bubbling AFBC design was used for the evaluation of the general system
effects described here, and all pilot-scale work was performed in the bubbling
mode. The system consists of:



TABLE 1

Effects of Coal Properties on AFBC System Design and Performance

Coal Property

Effect on System
Requirements and Design

Effect on System
Thermal Performance

Effect on System
Environmental Performance

Heating Value

Moisture Content

Ash Content

Volatiles/Fixed
Carbon Content

Sulfur Content®

Nitrogen Content

Chlorine Content

Alkaline Ash
Content

Sodium and
Potassium
Content

Ash Fusibility

Determines size of feed subsystem, combustor,
particulate collection equipment, and hot duct.

Can impact feed system design and capacity
and size of convective pass.

Determines size and type of particulate-control
subsystem and size of ash-handling
subsystems.

Impacts fuel feed method.

Determines required capacity of sorbent
subsystem and ash-handling subsystem.
Higher sulfur usually dictates use of solids
recycle.

None, with common designs and typical
regulations.®

Can impact selection of materials for cool end
components. May cause higher corrosion rates
of in-bed tubes.

Can reduce size of sorbent subsystems.

High sodium can dictate fouling prevention
measures and allowance for agglomeration
{e.g., soot blowing, frequent bed draining).

Low-fusion temperatures can impact design,
due to allowance for fouling and agglomeration
potential.

Efficiency impacted by moisture and ash
content (see below).

Higher moisture lowers thermal efficiency.

Higher ash lowers thermal efficiency via
heat losses from hot solids removal.

Lower combustion efficiency for fuels with
low V/FC content.

Higher sulfur can lower thermal efficiency
via heat losses from added solids for SO,
control {see ash content above).

None, with common designs.®

Typically none. Very high chlorides can
lower thermal efficiency by requiring
operation at higher exhaust temperatures.

None.

Higher sodium can lower thermal efficiency
via tube fouling and heat losses from more
frequent hot solids removal.

Lower fusion temperatures impact thermal
afficiency in the same way as higher
sodium.

Size of particulate collection devices.

Very high moisture can increase CO emissions due
to afterburning.

None, with proper design.

None, with proper design.

None, or proporticnal,b if regulated by site and
system size. Determines SO, emissions (in
conjunction with aikaline ash) if uncontrolied.

Impacts NO, emissions.

Impacts HCI emissions.

Higher ash alkalinity lowers uncontrolied SO,
emissions.

Higher sodium lowers uncontrolled SO, emissions.
Sodium tends to reduce fly ash resistivity for ESP
performance improvement; may also enhance fabric
filter performancs.

Typically none.

The forms of sulfur can have an impact,
blower capacity.

Sulfur content can determine SO, emissions, depending on which regulation applies (e.g.
For low-NO, regulations, a staged combustion of postcombustion NH;-based suppression design may be requir
emissions. Postcombustion NO, suppression subsystems can lower the thermal efficiancy slightly and do emit NH;.

with high pyrite content requiring longer gas residence time in the bed. The result may be increased operating pressure and

NSPS regulations stipulate fractional removals).
ed. Staged combustion designs can have higher co




TABLE 2

Analyses of Coals Used in EERC Comparative Study

Coal Name: Gibbone S. Hallsville  Beulah Sarpy Creek Navajo River King #1
Creek
Source: Texas Texas N. Dakota Montana New Mexico Winois
Formation/Field: Jackson Wilcox Fort Union Tongue River Fruitland Herrin #6
Region: Gulf Coast  Gulf Coast Great Plains  Powder River San Juan Basin inois Basin
Rank: Lignite B Lignite A Lignite A Subbituminous B Subbituminous A High Vol. C
Bituminous
Proximate Analysis,
% Aas-Fired
Moisture® 329 29.1 23.2 24.2 13.4 7.3
Ash 25.0 12.4 10.8 10.0 21.2 20.3
Volatile Matter 256.3 29.5 31.0 28.8 29.8 29.8
Fixed Carbon 16.8 28.9 36.0 37.2 36.7 42.8
HHV, Btu/lb 5028 7268 8037 8843 8771 9724
Ultimate Analysis,
% Dry Basis
Carbon 419 68.8 62.2 65.8 56.8 54.1
Hydrogen 3.8 4.8 2.7 4.5 4.3 4.6
Nitrogen 0.6 1.6 0.8 0.8 1.1 1.0
Sulfur 2.2 1.7 3.0 0.8 0.8 3.8
Oxygen 13.6 16.8 17.2 16.1 12,56 16.1
Chiorine - 0.02 - 0.02 0.03 -
Ash 379 17.5 14.1 13.2 248 20.3
Ash Apalysis,
% of Ash
Sio, 62.0 38.0 28.5 33.0 59.4 50.5
Al,0, 18.5 16.0 8.1 19.2 27 .1 18.5
Fe,0, 38 12.0 9.9 4.1 4.1 14.1
Tio, 1.0 1.2 1.1 1.1 1.2 1.0
P,O¢ 0.2 0.5 0.9 0.9 0.2 0.8
Ca0 6.2 13.0 16.4 20.4 2.6 5.4
MgO 1.4 3.9 5.7 33 1.6 1.8
Na,O 05 0.2 4.0 2.9 1.4 0.8
K,0 0.8 0.9 0.2 0.4 1.0 2.7
SO, 5.9 14.8 28.2 14.7 1.8 4.8
Caiculated Values
Ca/S Molar Ratio 0.81 0.78 0.89 1.92 0.48 0.16
Na/$S Molar Ratio 0.04 0.01 0.30 0.28 0.22 0.02
AP/S Molar Ratio 0.85 0.78 1.39 2.17 0.68 0.19
Base/Acid® 0.2 0.5 1.1 0.6 0.1 0.4
Fc9/Volatiles 0.7 1.0 1.1 1.3 1.2 1.4

Q0o oo

As-mined maisture levels are higher for several of the coals tested.

Ca + Na.

{Fe + Ca + Mg + Na + K) /(Si + Al + Ti),

Fixed carbon.



e Fuel feed--screw-feed underbed or gravity-feed overbed.

e Sorbent/additive feed--solid sorbent was either fed separately, via
gravity-fed overbed pipes, or premixed with the coal.

e Combustor--heat-exchange tubes in the bed, on-1ine bed draining
capabilities, and with or without recycle subsystem for recycling

elutriated solids/ash back to the combustor via cyclone and pneumatic
reinjection.

e Particulate control--multicyclones/cyclones, baghouse, and

elecﬁrostatic precipitator, alone or in combination, followed by a
stack.

e Associated equipment, such as: blowers, fans, pumps, hoppers, bins,

tanks, ash conveyors, instruments, and controls, to permit operation
of the system.

The typical operating ranges of the EERC pilot unit for these tests were
1400° to 1700°F combustor-bed temperature, 4- to 9-ft/sec superficial gas
velocity, 17- to 26-inch static bed depth, ash recycle ratio of 0.0 to 1.0,
sorbent add rates of up to 5.5 alkali-to-sulfur ratio, and 0.5 to 2 second gas
residence time. Detailed descriptions of the EERC AFBC test facilities are
provided elsewhere (1,2). '

3.3 Thermal Performance

In comparing the properties of some common solid fuels, the lignitic and
subbituminous coals fall between the high carbon content and heating values of
the higher-rank fossil fuels and the more reactive, high-volatile content
biomass. Reactivity of the low-rank coals is related to porosity and surface
area, volatiles-to-fixed carbon ratio, partially oxygenated organic struc-
tures, and catalytic effects of metallic cations within the coal structures.
Thus the lower-rank coals will burn more completely and more rapidly than will
a bituminous coal under similar operating conditions. Higher reactivity gives
greater combustion efficiency, as measured by carbon conversion. Typical
combustion efficiencies for low-rank coals range from 95% to over 99% in an
AFBC, even without solids recycle, while bituminous coals typically have lower
combustion efficiencies (3,4). Combustion efficiencies for all coal types are
greatly improved with ash recycle.

As the bed temperature increases, more carbon is burned out in the bed
and combustion efficiencies increase. This is true for all the coals tested.
At the higher bed temperatures, differences in carbon burnout between the
various types of coals decrease.

Thermal performance is also influenced by the amounts of moisture and ash
in the fuel. About 1000 Btu are required to evaporate each pound of water
entering with the feed coal. Since low-rank coals contain higher levels of
moisture than do bituminous coals, more heat is lost during the combustion of
low-rank coals as a result of evaporation. When operating at a specific
temperature and excess air, the high-moisture, low-rank coals generate
increased mass flows through the system per delivered Btu than the lower-
moisture coals, resulting in a higher fraction of the energy being recovered
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in the downstream convective pass heat recovery unit. The overall system
thermal efficiency is reduced due to greater stack losses for the high-
moisture coals. Overall system thermal efficiency is also reduced by heat
loss in the discharged ash of high-ash coals. Unrecoverable heat losses due
to moisture effects were as high as 10.4% for the Gibbons Creek lignite, but
only 3.8% for the River King bituminous. Heat losses due to ash and spent
sorbent are much lower and depend on the total ash content of the coal
relative to its heating value and sorbent requirements needed to meet NSPS.
System efficiency can be improved by beneficiation of the coals and by ash
removal and drying before combustion, but any modifications to improve coal
quality would need to be determined before the design of the combustion system
to take full advantage of the improvements.

Coal rank will have an effect on the initial design of an AFBC and the
operation of an existing system. For example, a system designed for a low-
rank coal would require a larger fuel feed system to generate the same amount
of steam or electricity as a unit designed for a bituminous coal. Downstream
heat transfer area would have to be greater for higher-moisture fuels to
account for the higher flue gas flow rates due to the moisture. Units
designed for bituminous coals would likely be required to utilize ash recycle
to obtain acceptable levels of carbon burnout, while carbon burnout of many of
the more reactive lower-rank coals are acceptable without recycle.

3.4 Environmental Performance

Emissions from an AFBC operating with a given coal can generally be
controlled using proper system design and operation. While system
requirements are dependent on coal properties, the actual emissions are
dependent on the system design and operation. It is currently possible to
meet all present or proposed national standards with state-of-the-art AFBC
technology.

3.4.1 Sulfur Oxide Emissions

While firing coals in an AFBC, the amount of sulfur captured is primarily
determined by the total alkali-to-sulfur ratio. The alkali (predominantly
calcium and sodium) is provided by the mineral matter and cations contained
within the coal and any added sorbent. The forms of alkali occurring in the
coal and combustor operating conditions, especially temperature, are also
important. Once the coal and sorbent properties are known, system design and
operating specifications can be set to achieve virtually any level of sulfur
capture. Although theoretical sulfur captures approaching 100% are possible,
only 90% to 95% capture is considered economical (5). This is more than
adequate to meet current NSPS.

The quantity of available alkali, from the coal itself or added sorbent,
largely determines the sulfur oxide emissions generated from an AFBC. Most
coals have some alkali in the ash material or as cations in the organic
structure that is available for sulfur capture. Inherent alkali-to-sulfur
ratios ranged from 0.2 for River King bituminous coal to 2.2 for Sarpy Creek
subbituminous coal. This inherent alkali accounted for sulfur retentions of
up to 55% in the case of the Beulah lignite and as low as 5% for the River
King coal under optimal conditions. The optimal conditions for maximum sulfur
capture vary with coal.




Although the total amount of alkali is indicative of how much sulfur
capture to expect, it is the degree of availability of the inherent alkali and
total sulfur in the coal that really determines the rate of sorbent alkali
addition required to meet a particular emission standard. The form of the
alkali has a significant effect on its ability to capture sulfur. Alkali
utilization is a function of a variety of coal and sorbent properties. Coals
in which the alkali is tied up predominantly as cations in the coal structure
exhibit higher levels of alkali utilization than do those in which the alkali
exists in the mineral matter of the extraneous coal ash. This is because of
the more rapid release of the organically bound alkali, and its more intimate
contact with the SO, that is formed during combustion. The alkali utilization
for coals containing a high ratio of organically bound alkali is much better
than for those with a low ratio. Another factor affecting utilization of
inherent alkali is the base-to-acid ratio. Those coals with a relatively high
basic content have available alkali and a high driving force for sulfur
capture. However, the sulfur must compete with silicates and other acidic
components for available alkali in those coals with a low base-to-acid ratio.

The optimum bed temperature resulting in maximum sulfur capture varies
somewhat with coal type. Bituminous coals tested at the EERC and by other
researchers (6) show optimal sulfur capture at a bed temperature of
approximately 1550°F. Most of the low-rank coals tested, however, exhibit
maximum sul fur capture at temperatures approximately 100°F lower. This is
partially due to the coal structure and the forms and relationships of the
sulfur and alkali in the coal itself. For the low-rank coals, the optimal
temperature shifts upward with the use of ash recycle and approaches 1550°F at
high ash recycle and sorbent addition rates.

In specifying design and operating conditions for an AFBC, it is critical
to know how much sorbent addition is required to meet applicable emission
standards. This can vary greatly with coal and sorbent types. For the coals
tested, in order to retain 70% sulfur in the bed, the required alkali-to-
sulfur ratio ranged from 1.7 to 4.4, depending on coal type. Looking only at
the alkali-to-sulfur ratio, however, can be misleading. For example, although
an alkali-to-sulfur ratio of 4.4 is required to meet 70% sulfur retention for
Navajo subbituminous, compared to 2.5 for the River King bituminous, the total
amount of sorbent added for the Navajo was much less, 5.9% of the coal feed
compared to 18.5% for the River King, due to difference in the levels of
sulfur and alkali in the coals. Emissions standards vary with coal type and
typically range from 70% to 90% retention. Additional sorbent would be
required to meet more stringent requirements.

When designing a new unit, or when considering fuel switching with an
AFBC, it is important to understand the characteristics of the coal and
sorbent to be used. As pointed out here, the alkali-to-sulfur ratio will have
the greatest impact on sulfur retention and emissions. However, the required
alkali-to-sulfur ratio will depend greatly on fuel properties. Likewise, the
utilization of sorbent alkali can vary greatly between sorbents, and have a
significant effect on the amount of sorbent addition required. It is,
therefore, recommended that new designs or new fuels be based on either pilot
plant testing of each specific fuel/sorbent combination or operating data from
an existing unit burning that or a similar fuel.



3.4.2 Nitrogen Oxide Emissions

The only emissions which are significantly affected by fuel properties
(beyond the effects of system design and operation) are nitrogen oxides. The
level of NO, emissions is determined by the coal nitrogen content and by the
ratio of nitrogen content to large organic char-forming structures (7,8).
Testing at the EERC indicates that although nitrogen emissions are somewhat
dependent on total nitrogen in the coal, a better correlation exists between
the percent of fuel-bound nitrogen converted to NO, anc the nitrogen content
of the coal on a dry ash-free basis. For all the coals tested, the NO,
emissions increased with increasing bed temperature and increasing excess air.

Nitrogen oxide emissions from AFBC are inherently low, and experimental
work and experience from operational AFBC facilities have indicated that NO,
emissions beyond the low thermal NO, "background" levels can be controlled by
the proper design and operation (e.g., staged combustion) of AFBC systems.
This indicates that AFBC systems may not be limited by fuel nitrogen content,
and that the fuel properties only determine the system requirements to achieve
the desired level of NO, emission control. There are also several types of
NH,-based postcombustion NO, suppression subsystems which can be applied to
AFBC systems if further reduction of NO, emissions is required. This
indicates that, although for a specific design and operating scenario NO,
emissions are fuel-specific, the emissions can be controlled within a given
range by proper design and operation.

3.4.3 Particulate Emissions and Characterization

In the fluidized-bed combustion process, coal is burned in a bed of
noncombustible material. This noncombustible bed consists of some combination
of coal ash, added sorbent for SO, capture, and/or another selected inert
material. A significant portion of the bed material is generally entrained
with the flue gas leaving the combustor and must be collected by particulate
control equipment. The particulate matter entrained from an AFBC has
different physical and chemical properties than fly ash generated in a
conventional pulverized coal combustor due to the lower temperature at which
an AFBC is operated and because of the sorbent or inert bed material entrained
along with the coal ash in the AFBC flue gas. These chemical and physical
differences, as well as potentially higher particulate concentrations, will
affect the design and operation of the final particulate control device,
whether it be a fabric filter or an electrostatic precipitator (ESP).

When considering the use of a fabric filter as the final collection
device for FBC particulates, two important considerations arise. The first is
control of pressure drop at reasonable air-to-cloth ratios. Studies performed
outside the EERC have shown that higher tube sheet pressure drops are observed
when collecting FBC fly ashes than when collecting pulverized coal fly ashes
at the same air-to-cloth ratios (9). The second important consideration is
the collection efficiency of fabric filters when collecting FBC particulates.
The collectibility of several coals has been evaluated at the EERC using a
baghouse with woven glass bags. Though particulate collectibility was not the
primary focus of the pilot-scale combustion studies, some general comparisons
can be made for the coals tested. A general trend of increasing collecti-
bility with increased pressure drop (caused by a buildup of fly ash dust cake
on the bags) was observed. More importantly, significant differences are seen
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in the relative collectibility of FBC fly ashes from various coals. Collec-
tion efficiencies greater than 99.0% were observed for the River King and
Sarpy Creek coals. However, efficiencies dropped off significantly for the
Navajo and Gibbons Creek fly ashes, ranging from 97.5% to 98.0% for the
Navajo, down to 92.8% to 97.0% for the Gibbons Creek fly ash. Particulate
emiss ‘ons ranged from a low of 0.0015 1b/MM Btu for one of the River King
tests to greater than 0.30 1b/MM Btu for some of the Gibbons Creek tests,
which is significantly higher than the 1979 NSPS limit of 0.03 1b/MM Btu.
This data indicates that differences exist in the collectibility of various
AFBC fly ashes, and care must be taken in choosing the proper air-to-cloth
ratio, bag material and weave, number of compartments (affects increase in aP

during cleaning), use of sonic horns, and type of baghouse to ensure adequate
particulate removal.

To evaluate the potential effectiveness of ESP systems collecting FBC-
generated particulates, laboratory measurements have been made at the EERC on
composite samples of fly ash collected during pilot-scale fluidized-bed
combustion tests with several coals. The laboratory resistivity measuring
apparatus used allows simulation of the actual flue gas conditions encountered
during the combustion tests. Measurements made on fly ashes collected from
baseline tests (inert bed material without ash recycle or sorbent addition)
with several coals indicates that, while there is much variability in fly ash
resistivity based on chemical composition, there was not a significant
difference between FBC ash resistivity and that of fly ashes generated in a
conventional pc-fired unit. The addition of sorbent can greatly increase the
resistivity of FBC fly ash by changing the chemical composition. Large
increases in resistivity with limestone addition were observed for the Gibbons
Creek lignite, but were not as evident for the Navajo and Sarpy Creek coals.
The effect of ash recycle on fly ash resistivity appears to be relatively
insignificant.

3.5 Bed Material Agglomeration

Uniformity of AFBC bed conditions is maintained by the active nature of
the suspended particles within the size range compatible with the velocity of
rising gases. When particles within the bed grow in size due to the
accumulated deposition of fine-sized fuel ash onto the particles
(agglomeration), maldistribution of air, fuel, and gases can occur, and the
uniformity of the bed conditions is lost. If the upset is sufficiently large,
the maldistributed region affects thermal performance of the system via
reduced local heat transfer to the immersed heat-extracting surfaces in the
bed. If agglomeration is not controlled, the inactive region can increase
sufficiently so that performance deteriorates, and major areas of the bed are
defluidized. In extreme cases, massive solidification of solids within the
combustor can occur, resulting in premature shutdown and permanent damage to
the combustor refractory, distributor surfaces, and in-bed tubes.

Although there are a number of factors affecting agglomeration, the
properties of the coal ash are the most significant. Extensive work at the
EERC (10) and Babcock and Wilcox (11) in the operation of the MOU 80-MW
Heskett Station AFBC has shown that aggliomeration under normal AFBC operating
conditions can be expected for those coals with high levels of sodium and
potassium in the ash. An example is testing performed with Beulah North
Dakota Tignite, which has from 6% to 12% sodium in the ash. During pilot-
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scale testing performed at the EERC and Babcock and Wilcox, and in the
operation of the MDU 80-MW Heskett Station AFBC, agglomeration of the bed
material was observed. The agglomeration appeared shortly after start-up of
the system in all cases, and caused catastrophic shutdown after only 50 hours
of operation in tests at the EERC, which used no bed drain and no fresh bed
material makeup.

The detrimental performance of a system with agglomeration of bed solids
can be reduced by several possible modifications to the system operating
procedures, or to the fuel. Extra calcium-rich sorbent or "sodium-getter"”
additives could be fed to the system. The system could be operated in a Tow-
agglomerating temperature regime or at higher bed material drain rates. The
sodium content of the fuel could be reduced by ion exchange. Each modifi-
cation exhibits economic limitations which must be considered when evaluating
the effectiveness of the procedure. To determine the best option for
minimizing the impact of agglomeration, the properties of each coal and the
interaction of coal ash with sorbent and bed materials should be evaluated.
High bed material drain rates and fresh bed material addition are currently
being used at the Heskett Station to control agglomeration.

3.6 Summary

Coals are ranked by ASTM according to heating value and the volatiles and
fixed-carbon contents. These differences mainly affect the thermal
performance of the AFBC. Other properties, such as the ash level and chemical
composition of the ash, are not rank-specific. The low-rank western coals are
typically characterized as having a high volatile content, high moisture, high
ash content, low sulfur, and high alkali content in the coal ash. The high-
rank eastern coals are characterized by high heating values, high fixed
carbon, low moisture, and high sulfur. There are many variances to these
general trends, including variations within the same mine. These variances
can have a major impact on the design and performance of the AFBC; therefore,
actual coal properties, independent of rank, should be used to evaluate a
specific application.

Although the properties of the fuel determine potential emissions of SO,,
particulates, €O, and hydrocarbons, these can all be controlled to acceptable
1imits by proper combustor design and operation. Even the emissions of NO,
and HC1, which are highly dependent on fuel properties, can be controlled with
additional subsystems at extra cost. Thus the environmental performance for
NO,, HC1, and sometimes SO, are determined by the fuel-specific properties,
while particulates, €O, hydrocarbons, and usually SO, are determined by
system-controllable parameters. The thermal efficiency of AFBC systems is
dependent on moisture, ash, sulfur, sodium, and fouling components in the
coal,

The design fuel and any potential fuels that may be used in an AFBC
system must be specified prior to the design of the system, as fuel properties
have a significant impact on design and operation. These design-point
conditions can be projections from pilot-scale tests, extrapolation from
similar fuels or systems, or copies of existing successful systems. Care must
then be taken to ensure that the system is designed to handle not only the
typical properties of a particular coal supply, but also the extremes. With
proper information, experienced designers and operators can exercise

11



independent control of many parameters to achieve desired performance and
costs, while taking into account fuel type and fuel properties.

4.0 COAL-WATER SLURRY

Testing has been performed at the EERC assessing the technical
feasibility of burning low-rank coal-water fuels (CWF) in a fluidized-bed
combustor. The objectives of the low-rank CWF testing were twofold. The
first objective was the design and fabrication of a probe for the direct
injection of slurry into the dense-bed zone of a bubbling FBC. The second
objective was the actual combustion testing of a low-rank CWF in the 18" x 18"
bubbling FBC at the EERC. The lTow-rank CWF used for the testing was prepared
using the EERC’s hydrothermal coal dewatering process, a process for the
removal of liquid water from high-moisture coal by heating the coal under
pressure in a water medium.

The bubbling-bed test furnace was modified to allow for the slurry feed.
The skid-mounted feed system includes a progressive cavity pump which is
gravity fed from the feed tank. A variable speed drive on the pump controls
the CWF feed rate, which is measured by a Micromotion flowmeter with digital
indicator. The CWF is generally agitated before introduction to the feed

tank. An air-operated mixer is also provided in the feed tank to continuously
mix the CWF during the test.

A CWF injection probe was designed and fabricated for this testing. The
steel probe’s simple design consisted of a straight, water-cooled stainless
steel pipe. The major difference between this probe, designed for low-rank
CWF, and those used by other investigators (12-14) for higher-rank coals is
the absence of atomizing air, which inhibits the agglomerating tendencies of
higher-rank CWFs. CFW was introduced into the FBC bed approximately 3 inches
above the nozzle air distributor. Air was continuously supplied through the
probe during start-up (before feed was initiated) to prevent any plugging of
tha probe by the bed material. This air was discontinued when CWF feed was
started.

4.1 Test Description

The CWF used for these tests was produced from a Powder River Region
subbituminous coal from the Absaloka Mine (Sarpy Creek field, Rosebud-McKay
bed), which is located in the northeastern part of Bighorn County in Montana.
This coal was chosen for CWF testing because as-received Sarpy Creek coal had
been previously well characterized with the 18" x 18" FBC at the EERC.

The CWF combustion test matrix is presented in Table 3. The test series
consisted of five separate test periods. A superficial gas velocity of
5 ft/sec and 20% excess air were specified for all tests in the matrix.
Silica sand (No. 10) was used for bed material (static bed depth was
maintained at 2.8 feet for all tests). Tests 1 through 3 were run at
different bed temperatures, ranging from 1450° to 1650°F. Tests 4 and 5 were
designed to compare the effectiveness of adding sorbent (limestone) mixed with
the CWF versus adding dry limestone separately to the bed.
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TABLE 3
CWF Combustion Test Matrix®

Test Number Bed Temperature (°F) Limestone Addition

1 1450 None

2 1550 None

3 1650 None

4 1550 Pulverized limestone mixed

with the CWF

5 1550 Dry limestone (-8 x +20

mesh) added separately to
the bed

* A1l tests were performed at 5-ft/sec gas velocity and 20% excess air.

No. 10 silica sand was used as bed material. Static bed depth was
maintained at 2.8 ft.

4.2 Coal-Water Fuel Properties

Approximately 10,000 pounds of Sarpy Creek CWF (60 wt% solids) were
prepared using the hydrothermal dewatering process. The coal was processed at
625°F and then centrifuged to 65 to 70 wt% dry solids cake for storage. A
coal-water/limestone fuel was prepared for Test 4 by adding pulverized
1imestone during the reslurrying process. This coal-water/limestone fuel was
also mixed to produce a fuel that was 60% solids by weight. Dry limestone was
crushed to -8 x +20 mesh for Test 5. The limestone was obtained from the Big
Horn Limestone Company in Montana. Analyses of the coal-water and the coal-
water/limestone fuels are presented in Table 4.

Both fuels showed stability up to eight hours, and have been stable up to
five days in some cases. The fuel with added limestone was slightly more
stable than the CWF without Timestone. These fuels were prepared without any
chemical additives to enhance flow behavior or stability. Therefore, any
favorable flow behavior or stability of the fuels as compared to similar sized
and quality as-mined coal were a result of the EERC hydrothermal dewatering
process or the limestone addition.

4.3 Results and Discussion

After the slurry-feeding probe was designed and fabricated, the entire
CWF feed system was tested during a short shakedown run. The following week
the unit was restarted, and testing was performed according to the test matrix
outlined in Table 3. A summary of the data from the five test periods is
presented in Table 4. The data for each test period was collected and
averaged during steady-state operation of the FBC unit.

Combustion efficiencies were determined for each test period using the
input-output method. This method of calculation determines the amount of
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TABLE 4

Average Test Conditions and Results

Test Test Test Test Test
No. 1 No. 2 No. 3 No. 4 No. 5§

Bed Temperature (°F) 1450 1547 1654 1553 1550
Freeboard Temperature (°F) 1670 1734 1797 1788 1735
Gas Velocity (ft/sec) 5.0 5.1 5.1 5.0 5.1
Excess Air (%) 19.9 19.6 20.6 20.7 21.1
Static Bed Depth (ft) 2.8 2.8 2.8 2.8 2.8
Slurry Feed Rate (1b/hr) 146.1 140.5 135.8 147.6 141.2
Total A/S Mole Ratio 1.68 1.66 1.84 2.69 3.01
Sulfur Retention (%) 47.5 34.0 22.9 51.8 59.9
Total Alkali Utilization (%) 28.3 20.5 12.5 19.2 19.9
SO, Emissions (1b/MM Btu) 0.84 1.06 1.17 0.85 0.69
NO, Emission (1b/MM Btu) 0.18 0.21 0.26 0.22 0.22
Combustion Efficiency (%) 99.4 99.7 99.7 97.4 99.3

uncombusted carbon in the fly ash as a fraction of the total carbon input with
the fuel. Combustion efficiencies of the first three test periods (all
without limestone addition) were very high, ranging from 99.4% to 99.7%. The
efficiency appeared to increase slightly with increasing bed temperature.
These values are equal to or somewhat higher than combustion efficiencies
previously determined when testing Sarpy Creek as-received coal (as-received
coal screw fed into combustor). More freeboard burning than normal was noted
during the CWF testing, as evidenced by high freeboard temperatures. The
freeboard temperature was generally between 140° and 230°F higher than the
average bed temperature, with less temperature difference at the higher bed
temperatures. The freeboard burning is probably not a significant problem,
but will shift additional heat transfer into the convective passes of an
actual boiler. For previous testing with as-received coal (-1/4 in.) screw
fed into the bed, freeboard temperatures were generally less than 100°F higher
than the average bed temperature.

Combustion efficiencies, although determined for tests with Timestone
addition (Tests 4 and 5), should not be compared to the tests without
limestone addition. Uncalcined limestone (CaC0,) can add significant
quantities of CO, to the uncombusted carbon in the fly ash, thereby
"artificially" lowering the combustion efficiency.

Carbon monoxide (CO) emissions were lTow during the CWF testing, generally
less than 200 ppm. Some small intermittent CO spikes were seen throughout the
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testing. The low CO levels at excess air levels of approximately 20% were
another indication of good fluidization and combustion stability.

Emissions of NO, were very low when burning the CWFs, ranging from
0.18 1b/MM Btu at 1450°F to 0.26 1b/MM Btu at 1650°F. These emissions are
significantly lower than those when burning the same coal as-received into the
FBC, which resulted in NO, emissions ranging from 0.24 to 0.58 1b/MM Btu. The
emissions of NO, when burning the CWF are well below limits set by the 1979
New Source Performance Standards (NSPS) of 0.6 1b/MM Btu.

In Tests 1 through 3, the emissions of SO, were investigated when burning
CWF at various bed temperatures. Additional sorbent was not used during these
three tests in order to quantify the sulfur capturing capacity of Sarpy
Creek’s alkaline ash. Sulfur retention was highest at 1450°F (47.5%) and
decreased as bed temperature was increased, dropping to 22.9% retention at
1650°F. These results are not significantly different than those observed
previously when testing as-received Sarpy Creek coal. In the previous
testing, the maximum sulfur retention also occurred at 1450°F.

To meet NSPS, additional sulfur capture is required when burning Sarpy
Creek coal. Therefore, Tests 4 and 5 were included to compare the
efficiencies of two different methods of adding limestone to the bed. In
Test 4, pulverized limestone was added directly to the CWF during the
slurrying process. Pumping this coal-water/limestone fuel into the bed
resulted in a very simple feed system for both the coal and limestone. 1In
Test 5, dry limestone (-8 x +20 mesh) was added to the bed pneumatically,
separate from the CWF. A higher retention was observed for the separately
injected 1imestone (59.9%) than for the limestone mixed with the slurry
(51.8%). This difference is due to the fact that more limestone was added in
Test 5 (dry limestone feed) than Test 4 (limestone mixed in slurry). The
total molar alkali-to-sulfur ratio (A/S) for Test 5 was 3.01, which is
somewhat greater than 2.69 for Test 4. The total A/S takes into account the
calcium and sodium contributed by both the inherent coal ash and the added
limestone. To compare the sulfur capture in Tests 4 and 5 on an equal basis,
it is necessary to look at the alkali utilization rather than simple sulfur
retention. Alkali utilization is calculated by dividing the sulfur retention
by the alkali-to-sulfur ratio. Alkali utilization, like sulfur retention,
increases with decreasing bed temperature over the range of temperatures
studied. The form of calcium (there was no detectable sodium in the limestone
and only very little in the coal ash) or the method by which it was added had
little effect on its utilization. All three tests run at the same bed
temperature (1550°F), which included the two methods of limestone addition and
a test without limestone addition, had essentially identical alkali
utilizations: 19.2%, 19.9%, and 20.5%.

Samples of bed material drained from the FBC after each test period were
submitted for elemental and size analysis. From the sieve analysis, little
particle growth was evident. Visual observation of the bed-material particles
and elemental analysis indicated very 1ittle ash deposited on the surface of
these particles. The fine ash was elutriated from the bed before it was able
to react with the silica sand bed material. Since ash does not collect in the
bed, it is probable that a continuous bed removal system will not be required
when burning CWFs of the coal.
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4.4 Summary

A low-rank CWF prepared from a Powder River Region subbituminous coal
using the EERC’s hydrothermal coal dewatering process was successfully burned
in a 18" x 18" atmospheric bubbling FBC. The 60-wt% dry solids CWF was pumped
directly into the dense-bed zone through a simple, water-cooled pipe without

the aid of a nozzle or atomizing air. Significant results from the testing
include:

e The CWF exhibited flow behavior that was acceptable for short-term
handling and ease of feeding. In addition, there was no detrimental
rheological effect to hydrothermally treated low-rank CWF from the
addition of limestone for sulfur capture.

e Limestone utilization for the reduction of SO, emissions was equal for
pulverized 1imestone added directly to the CWF versus dry limestone
added separately to the bed (-8 x +20 mesh). The utilization
appeared significantly dependent on bed temperatures.

e Combustion efficiency as measured by carbon burnout was very high,
ranging from 99.4% to 99.7%. These efficiencies are equal to or
slightly greater than efficiencies previously obtained for the as-
received Sarpy Creek coal when screw fed into the same FBC.

e Emissions of NO, when burning CWF were significantly lower than
previously seen when burning the same coal as-received. Emissions
ranged from 0.18 to 0.26 1b/MM Btu, increasing slightly with
increasing bed temperature.

o Little growth in bed particle size or increase bed weight was noted
during the CWF testing. Therefore, a continuous spent-bed removal
system may not be required when burning CWFs produced from similar
coals.

5.0 CORROSION, EROSION, AND DEPOSITION OF FBC BOILER TUBES

Systematic studies were performed at the EERC investigating the effects
of coal properties on corrosion, erosion, and deposition of fluidized-bed
combustion heat-transfer surfaces. Seven coals were tested covering a range
of ash properties and coal rank. The test coals included two Texas and one
North Dakota lignite, a Montana and a New Mexico subbituminous coal, and an
I11inois and a Kentucky bituminous coal. The 1000-hour tests were performed
using an 8" x 8" bubbling fluidized bed operated at a velocity of 7.5 ft/sec,
an average bed temperature of 1550°F, and an excess air level between 20% and
30%. Limestone was used as the bed material and was fed at a rate to achieve
NSPS for the coals tested.

The goal of this work was to identify differences and similarities in
materials performance between the different tests. Individual measurements
for each metallographic feature were taken. Results presented in this summary
are generally averages for different categories. Data anomalies are averaged
out, and an overall picture of how metal loss was affected by the various
parameters under study is presented. Therefore, this summary is meant to
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present the relative trends observed. Absolute numbers for metal loss,
sulfide penetration, deposit/scale formation, and other metallographic
features at full scale will vary from unit to unit, depending on geometry,
operating conditions, and other factors. With this qualification, the general
trends observed are shown in Table 5 and listed below:

Coal type, metal type, and surface temperature all had a statistically
significant effect on the amount of metal loss. As determined by
diameter-loss measurements, the following trends were observed:

The ranking of metal loss as a function of coal type, from highest
to lowest, was Pyro, South Hallsville, Gibbons Creek, Beulah, River
King, Sarpy Creek, and Navajo. Average metal loss ranged from 122
microns across the diameter for the Pyro test to 41 microns for the

Navajo. This would relate to 61 and 20 microns for each wall,
respectively.

Metal loss was 5 times as great for the carbon steel as compared to
the 304-, 316-, and 347-stainless steels. The 347-stainless steel
was the best performer of the stainless steels tested.

Metal loss decreased with increasing temperature for the in-bed
tubes and increased with increasing temperature for the convective
pass tubes.

No statistical differences in metal loss were observed between the
in-bed, splash zone, and convective pass tubes.

The amount of metal loss increased with an increase in the calcium
and limestone feed rates, but decreased with an increase in the

sul fur and sodium feed rates. Bed chemistry parameters causing a
higher metal loss included the S/Ca ratio and the Ca0 content in
the bed. Bed chemistry parameters causing less metal Toss as they
increased were the mean bed particle size, the sodium and potassium
concentrations, the SO, concentration, the Si0, and A1,0, weight
ratios, and the base-to-acid ratio.

Measurements of metal loss determined across the diameter of the
tube differed from those taken across the tube wall for some cases.
The diameter loss measurements are believed to be more accurate, as
they were a direct before-and-after measurement at the same
location, where wall loss measurements were not.

Coal type, metal type, surface temperature, and location all had
statistically significant effects on the amount of sulfide penetration
resulting from the 1000-hour exposure. The following trends were
observed:

The greatest amount of sulfide penetration was observed for the
test using Pyro coal, followed by Beulah, Gibbons Creek, Sarpy
Creek, South Hallsville, Navajo, and River King. Pyro, the worst
case, had an average sulfide penetration of 52 microns, while the
sulfide penetration of the River King test averaged 12 microns.
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TABLE 5
Summary of Test Data from 1000-Hour Tests

Average Measurements for all Tubes in Category, microns

Diameter Wall Sulfide Deposit/ Pit
Loss Loss Penetration Scale Depth

Coal Type
Beulah 70 82 47 502 117
Gibbons Creek 74 161 31 65 105
Navajo 41 116 18 19 59
Pyro 122 185 52 188 174
River King 70 285 12 43 82
Sarpy Creek 54 233 32 30 86
South Hallsville 84 50 31 20 115
Metal Type
304 SS 70 133 44 104 114
316 SS 50 69 27 96 77
347 SS 4 154 24 82 28
Carbon Steel 234 372 28 285 262
Location
In-Bed 62 163 37 163 99
Splash Zone 77 135 55 91 132
Convective Pass 86 164 15 88 101
Surface Temperature, °F
400 142 237 25 317 167
1100 56 127 43 104 99
1550 -11 127 54 50 43
250 23 96 10 42 33
700 47 133 18 115 65
1200 196 270 15 105 211

- Sulfide penetration was the greatest for the 304-stainless steel
tubes, and was similar for the 316-stainless, 347-stainless, and
carbon steels.

- The depth of sulfide penetration increased with increasing metal
surface temperature.

- Sulfide penetration was greatest in the splash zone, followed by

the in-bed tubes, with the least amount of penetration occurring in
the convective pass tubes.
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An increased sulfur feed rate caused deeper sulfide penetration and
thicker deposits on tubes. As the mean bed particle size
decreased, sulfide penetration increased.

Coal type, metal type, and surface temperature had statistically
significant effects on the amount of deposit/scale buildup on the
heat-transfer tubes. The following trends were observed:

The largest amount of scale/deposit was observed with the Beulah
lignite. In this case, deposits as thick as % inch were observed.
Deposit/scale thickness from the other tests ranged from 19 to 188
microns. Deposit/scale thickness increased in the following order:
Navajo, South Hallsville, Sarpy Creek, River King, Gibbons Creek,
Pyro, and Beulah.

The carbon steel tubes had almost three times as much buildup as

the stainless steel tubes. Little difference was noted between the
stainless steels.

Deposit/scale was much greater for the in-bed tubes than for the
splash zone and convective pass.

Analysis of the deposit/scale showed that the majority of the
matrix was calcium sulphate- or sodium sulfate-based.

The deposit/scale thickness increased with increases in the sulfur
and sodium feed rates and decreased with increases in the Timestone
feed rate and average bed particle size.

The heat-transfer coefficient was significantly reduced, up to 40%

in the worst case, as a result of the deposit/scale buildup on the
tube surfaces.

Similar deposit/scale buildup was noted at the MDU 80-MW Heskett
Station and the NSP 130-MW Black Dog Station when firing coals
similar to those used in the EERC tests.

Of the materials tested, 347-stainless steel showed the best overall
performance, followed by the 304- and 316-stainless steels. The
carbon steel tubes, in most cases, exhibited performance that would be
unacceptable to a boiler operator.

Several coal-related properties affect metal performance. Some of
these are measured directly, while others, such as the composition of
bed material, are measured indirectly. Trends were as follows:

As the sulfur feed rate increased, so did metal loss, sulfide
penetration, and the amount of deposition.

Increasing amounts of calcium fed with the coal (not including that

contributed by the limestone) tended to increase metal loss and
sulfide penetration.
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- The deposit/scale thickness and sulfide penetration increased with
an increasing sodium feed rate.

- Higher limestone feed rates tended to reduce metal loss, sulfide
penetration, and deposit/scale thickness.

- Tests with smaller bed particle size exhibited more metal loss,
sulfide penetration, and deposition than tests with larger bed
particle size.

- An increase in the silica-to-alumina and base-to-acid ratios
decreased metal loss.

It is hoped that this information will help designers and users of
bubbling fluidized beds to evaluate the impact of coal properties, metal type,
metal surface temperature, and location of the corrosion, erosion, and
deposition on tubes in the FBC. This data should be used carefully, as this
summary was based on average values for different categories. As in most
cases, there may be exceptions for different cases, and results should be
examined on a tube-by-tube basis if trying to match a specific application.

It should be remembered that other factors, including tube bundle geometry and
operating conditions, also influence the level of corrosion and erosion and
must be taken into consideration when evaluating potential wear. Details of
this work are presented in the EERC topical report entitled "Corrosion,
Erosion, and Deposition of AFBC Boiler Tube Surfaces."

6.0 ADVANCED CONCEPTS: COAL PRETREATMENT CELL

The coal pretreatment cell was developed as a new process for an advanced
FBC system. The impetus of the original program was to develop a new system
or improve existing equipment to realize a reduction in overall capital and
operating costs, increase boiler and overall efficiency, and/or reduce
emission levels.

A multiphasic approach was taken to accomplish the goals of this task.
Initially, a systematic listing of identifiable problems in current FBC
technology was developed. A second step involved breaking down the FBC
process into individual processes, such as calcination, sulfation, drying,
devolatilization, carbon burnout, etc. Conditions needed to optimize each of
these processes, independent of the rest of the process, were determined,
based on EERC experience, FBC theory, and published results.

Using the 1list of problems and the individual process constraints
developed in the first two steps, new concepts that could be incorporated into
a design to solve a particular problem or improve performance of a certain
subsystem were formulated. These ideas were qualitatively screened and
refined based on technical, environmental, and economic criteria.

Based on these preliminary efforts, the EERC focused attention on
developing a pretreatment cell to be used in conjunction with any number of
FBC designs. The operation and function of the pretreatment cell, as
developed, begins with raw coal being fed into the pretreatment cell. In the
pretreatment cell, moisture will be driven off, some devolatilization will
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occur, and the coal will be fragmented into smaller pieces. The extent and
severity of these processes can be controlled by varying several operating
parameters. Air-to-fuel ratio and residence time are the primary control
variables. The reactions and changes will occur using heat generated from

combusting a small portion of the coal, so no external heat source will be
required.

The pretreatment cell will be operated as a fluid bed. Velocity and
vessel design are chosen to allow classification of the fuel. Existing data
show that an optimal size exists for fuel fed into an FBC, in terms of both
top and bottom size. As a result, coal sizing is often a significant
operating cost. Large-sized coal (top size determined by testing) will be fed
into the pretreatment cell. The vessel is designed with less cross-sectional
area on the bottom (high velocity) than at the top of the bed surface (lower
velocity) so that the entire bed will be fluidized even when feeding large
coal particles. Smaller chunks of coal will be removed from the top of the
bed to be fed into the combustor. The larger chunks will remain in the lower
level of the bed until they become reduced in size due to drying, volatiliza-
tion, and the action of the bed. This action will allow the use of coal with
a larger top size, thereby reducing coal preparation costs.

In most combustor designs, excessive fines cause reduced combustion
efficiency due to elutriation. In the pretreatment cell, velocities will be
maintained at a sufficient level to remove fines below 200 mesh. These fines
will be removed from the top of the pretreatment cell with the moisture and
volatiles and will become a part of a low-Btu gas stream that can be burned
using conventional burners, as will be discussed later. Therefore, only a

minimal amount of fines will be fed into the combustor, and carbon burnout
should increase.

Moisture and some volatiles will be driven off in the pretreatment cell.
This will be done at a very low air-to-fuel ratio, using only heat from the
coal. The gas stream from this process, combined with the coal fines, will
make up a low-Btu gas that can be used somewhere else in the system, such as
in the freeboard or convective pass of the combustor. Pretreatment can have
several applications, but maintaining steam quality during turndown may have
the greatest potential benefit. Coal pretreatment can not only smooth out the
steps when load is controlled by removing segments of bed, but should also
increase the range of turndown.

Removal of the moisture and volatiles in the pretreatment cell will also
act as an "equalizer" for the fuel being fed into the main combustor. A1l
fuel burned in the combustor will be similar in terms of moisture and
volatiles and should vary only in the ash. This feature should increase the
overall fuel flexibility of the unit.

Mass and energy balances have been performed using this concept. A
comparison was made using a conceptual 200-MW bubbling FBC with and without a
pretreatment cell. Data for the FBC under normal operation was taken from a
previous EPRI study (15). For the case using the pretreatment cell, data
taken from previous work (16,17) was used to generate material and energy
balances around the pretreatment cell. For the combustor, velocities and
excess air levels the same as the base-case FBC were used. This anaiysis
showed a reduction of 17% in the overall plan area, even with the pretreatment
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cell included. This will be accompanied by a significant reduction in height
for the pretreatment cell versus the height of the fluid bed it replaces.
This should result in substantial reductions in capital costs.

Mass and energy balance calculations also indicate an optimal total air-
to-fuel ratio of 1.105. This calculation was done assuming an air-to-fuel
ratio of 1.20 for all combustion processes and is compared to a total air-to-
fuel ratio of 1.20 for the base-case FBC. The resulting lower air-to-fuel
ratio indicates higher overall boiler efficiency and should result in lower
capital costs because of reduced fan requirements. Figure 1 shows a

conceptual drawing (relatively to scale) on how the pretreatment cell would be
incorporated into a CFBC.

To summarize, the proposed advanced concept should have many advantages
over conventional fluid-bed combustion, including the following:

e Minimal coal preparation will be required. Both fines and large coal
particles will be efficiently handled.

e The pretreatment cell will be smaller, requiring fewer feed points and
less plan area than the equivalent amount of combustor that it
replaces. The total height requirement for the pretreatment cell will
also be less than that of the combustor it replaces.

e Fuel flexibility will increase by "equalizing" the fuel (in terms of
moisture and volatiles) that is being fed into the combustor.

e The total plan area of the pretreatment bed and the combustor will be

approximately 17% less than for an equivalently sized conventional
FBC.

e Turndown will be improved by maintaining steam quality at low load
conditions.

e Higher volumetric heat-release rates are expected.

e Tighter constraints on coal size, both top and bottom size, will
result in higher combustion efficiency and higher heat removal in the
fluid bed.

e Staging of air and lower total air usage should result in lower NO,
emissions.

e Separate burning of the volatiles and char may result in lower N
emissions.

e Start-up may be accomplished without the use of an auxiliary burner.

e The pretreatment cell may be retrofittable to existing units, with
similar benefits realized.

e The pretreatment cell will be small enough to allow for modular
construction.
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Figure 1. Coal pretreatment cell with CFBC (100-MW capacity).
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7.0 SYSTEM SIMPLIFICATION

As more and more boilers utilize fluidized-bed combustion systems because
of their efficiency, fuel flexibility, and low emissions capability, it
becomes increasingly important to understand the control philosophy required
to optimize these features. A FBC consists of a large number of interrelated
variables which must be carefully controlled for optimum performance. The
level of control is dictated by the type of FBC system, the application of the
system, and the availability of trained personnel to operate the system. A
study was completed that evaluated existing control systems and needs and
proposed alternatives for improved control. Results are summarized below.

Market potential for the use of AFBC technology in the commercial and
industrial sectors is great; however, to increase the acceptability of this
technology, low cost, reliability, and ease of operation must be inherent to
the system. This can be accomplished, in part, by the development of a good
control system. The control system must be developed to the point where the
boiler will be controlled within desired operational parameters without the
availability of highly trained operators. One method of accomplishing this is
to establish expert systems that will become the "trained experts" to perform
the bulk of control activities, thereby allowing the owners of small boilers
to operate with minimal personnel. Optimizing the control of the operating
parameters should make the FBC easier to operate, reducing operating costs
while increasing system reliability.

An expert system is a knowledge-based computer system that can mimic the
human thought process. The computer is able to reason according to a set of
predefined rules to solve a problem that would otherwise require an expert or
significant expertise to solve. Expert systems can capture a lifetime of
individual expertise and make that expertise available to practitioners who
Jack comparable abilities for solving problems in the field. An expert system
augments a process control system by evaluating the data and drawing
conclusions. The common goal of all expert systems is to tap the ability of
the computer to store large amounts of technical know-how, to access this data
when needed, and to make intelligent judgments about likely causes of failure
or poor performance.

The function of control systems is to compare desired values (set points)
and actual values (output variables) to adjust the amount of fuel, air, and
water (manipulated variables) to make the output variables match the set
points. A skillful operator manipulates the control variables to optimize the
boiler performance, rather than simply making the system run. An expert
control system would be expected to do the same.

A number of different and sometimes conflicting factors go into the
control philosophy of a plant. Some of these factors are operating
objectives, economic operating conditions, regulatory requirements, and
physical process constraints. Specific priorities must be established, such
as the choice between maximum efficiency and maximum reliability and the
choice between equipment protection or continuity of operation.

Many operations may be controlled automatically, rather than manually,

for several reasons. A degree of automation keeps operator work load at
manageable levels; if an operator is relieved of routine tasks, he can
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concentrate on optimizing plant performance, with a corresponding increase in
plant efficiency. Limiting the number or complexity of operator functions
will reduce the possibility for human error and, thereby, decrease equipment
damage. Adding automatic functions can reduce the amount of time required for
start-up and shutdown. Increased automation does require additional capital
cost for computers, controllers, software, and instrumentation, so the desired
level of automation must be carefully considered.

The most effective boiler control system is one which is stable and
responsive; that is, the controlled variables remain close to their set point

values without cycling and recover quickly from system disturbances without
excessive overshoot or oscillation.

As power plants become more complex, improved control systems, state-of-
the-art diagnostics, and expert systems will become essential. Technology has
progressed to the point where we can make available, quickly and accurately,
knowledge that only existed before in the minds of a few scattered "experts."

8.0 AGGLOMERATION AND DEPOSITION

Although FBCs typically operate at low temperatures (1450° to 1700°F),
evidence from pilot, industrial, and utility boilers indicates that certain
ash components have the potential to cause ash-related problems. These prob-
lems can manifest themselves as agglomeration and sintering of the bed materi-
al, or as deposition on the heat-exchanger tube surfaces. The EERC performed
bench- and pilot-scale tests, in addition to sampling from full-scale units,
to uncover the underlying mechanisms of agglomeration and deposition. Results
from this work are summarized below.

8.1 Agglomeration

Under steady-state conditions, reaction between various ash species and
the bed particles occurs. At the initial stages, ash species deposit on the
surface of the particles. The process has been observed for both quartz and
limestone particles. The species that deposit tend to be sulfate-rich,
indicating that the overall process at this stage is that of sulfate-to-
sulfate sintering. At this stage, limited evidence of localized melting
exists. The process continues, resulting in the formation of a thick ash
shell (about 10% of the particle diameter). The next stage can be seen as the
onset of agglomeration. This occurs when two or more ash-coated bed particles
cohere to form a larger particle. The cohesion is via the sulfate-rich ash
coating due to sulfate-to-sulfate sintering. If the cohesion continues, the
next stage will occur, which is the most serious, and may result in the
formation of large agglomerates and the eventual slumping of the bed.

A fluidized bed is capable of tolerating a fraction of bed particles in
the oversized range; however, once the oversized particles exceed a critical
value, the degree of mixing will be reduced. With poor mixing, localized high
temperatures are reached for relatively extended periods of time. This leads
to the melting of ash species and, in some cases, the bed material. The
cohesion under these condition is via a silicate matrix. This matrix results
in accelerated cohesion, reaction, formation of a more liquid phase, and
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growth of agglomerates, compared to the sulfate sintering that occurs at the
earlier stages.

The critical stages of agglomeration can be summarized as follows:

1. Initial deposition/condensation of volatile alkaline ash species and
fine-grained calcium on the surfaces of bed particles.

2. Sulfation of the alkalies to form alkali sulfates. This may occur
before, during, and/or after deposition.

3. Adhesion and cohesion of additional ash species on the initial ash
Tayer.

4. Cohesion of two or more particles to form an agglomerate via sulfate
sintering.

5. The formation of a large agglomerate.

6. The fraction of oversized particles exceeding the critical value for
the fluidizing conditions.

7. The formation of high-temperature zones within the bed due to poor
fluidization.

8. The high temperature causing ash melting and the formation of a
molten silicate melting.

The initial stages have been shown by detailed surface science and
scanning electron microscopy to be due to sulfate formation at the surface of
the bed particle (1,18-22). The importance of sulfate in the agglomeration
process was shown by Bobman (2,23) during experiments with a 2" fluidized-bed
reactor. It was shown that agglomeration of fly ash particles with quartz and
limestone beds only occurred when SO, was added to the fluidizing air.
Furthermore, the tests had to be conducted for relatively long periods, at
least 48 hours, before significant agglomeration occurred. This further
confirmed that the agglomeration was occurring due to the sulfate sintering
mechanism, as liquid-phase sintering associated with an aluminosilicate melt
would be expected to be rapid.

The importance of the form of sodium in the coal is evident when compar-
ing results from tests with a North Dakota lignite, a Texas lignite, and an
I1Tinois #6 bituminous. Although the coals had sodium plus potassium levels
of 9.1%, 7.2%, and 3.4%, respectively, agglomeration was only noted for the
case with the North Dakota lignite where the sodium occurred in a form that
allowed volatilization during combustion (1).

8.2 Deposition on Tube Surfaces

Sodium, potassium, calcium, and sulfur can play a similar role in
deposition on in-bed and convective heat-transfer surfaces in the fluid bed.
Evidence accumulated by the EERC (24,25) and other researchers (26-28)
indicates that tube deposits are the result of a combination of fine-grained
deposit-forming particles arriving at the tube surface followed by
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sticking/bonding of those particles onto the surface. Condensation of
alkaline salts from the vapor phase occurs in the temperature range of 1000°
to 1475°F. At the same time as these alkali salts are condensing and forming
sticky surfaces, fine-grained ash particles (<l micron) are arriving at the
tube surface. These fine-grained particles are predominantly calcium oxides
and sulfates. These particles then become bonded to the tube surface via a
sintering process. Sintering of the deposits continues after initial
deposition, forming deposits with a dense matrix. Other ash species can then
be trapped within this captive surface, as noted by inclusion of iron oxide
and other ash constituents in analyzed deposits.

Based on the proposed mechanism and on results from pilot- and full-scale
testing, the importance of the elemental and mineralogical composition of coal
mineral matter becomes obvious. Coals with organically bound alkalies cause
more deposition than those with no alkali or clay-associated alkalies. The
presence of certain aluminosilicates within the ash matrix may fix these
alkali elements within a viscous melt phase, thereby nullifying their deposit-
forming potential.

A series of pilot-scale tests were performed by the EERC to study the
impact of coal type on deposition, erosion, and corrosion. Seven 1000-hour
tests were performed utilizing a Beulah North Dakota lignite, a Sarpy Creek
Montana subbitumirous coal, a Navajo New Mexico subbituminous coal, Gibbons
Creek and South Hallsville Texas lignites, a River King I11inois #6 bituminous
coal, and a Pyro Kentucky #9 bituminous coal. These coals represent a wide
range of coal and ash properties (properties given in Reference 29). Coal ash
properties significantly affect the amount of tube deposition. The amount of
deposition is also controlled by metal type, temperature, and tube Tocation,
as illustrated in Table 6. This deposition has an adverse affect on heat
transfer, with heat-transfer coefficients decreasing by over 40% during the
course of a run for the worst cases.

An analysis of variance indicated that a higher sulfur content in the
coal causes thicker deposits on the tubes. Deposit thickness was found to
increase significantly as the amount of sodium fed into the unit increased.
There was no correlation, however, between the amount of sodium and potassium
in the bed and the deposit thickness. The total amount of calcium added to
the coal had no impact on deposit thickness, but the thickness showed an
increase with calcium when only the organic portion was considered. Total
deposit thickness decreased with an increase in limestone feed rate. It
should be noted that the elemental contents in the coal were compared on a
1b/MM Btu basis, not as weight percent in the coal.

These results substantiate the proposed mechanism. Coals with higher
concentrations of volatile alkalies showed higher deposition rates. The
presence of calcium was critical in the deposit formation, but all forms of
calcium present in the coal did not result in major depositional problems. As
in the case of the agglomeration work, coals that produced more SO, showed a
higher propensity to form a sulfate-based matrix, which is the basis for
initiating the deposit. Analysis of the deposits showed the major phase in
the deposit was a calcium/sodium sulfate material. Although limestone
addition increases the total amount of calcium in the bed, the resultant
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TABLE 6

Comparative Statistics on Deposit/Scale Thickness®

Number of Lowest Highest Standard
Observations Value Value Mean Deviation
Temperature, °F
250 20 0 210 42 66
400 31 0 1560 317 473
700 20 0 580 115 193
1100 54 0 720 104 190
1200 23 0 600 105 182
Coal Type
Beulah 29 120 1560 502 349
Gibbons Creek 29 10 520 65 128
Navajo 27 0 150 19 34
Pyro 17 10 1240 188 - 385
River King 24 0 370 43 73
Sarpy Creek 23 3 150 30 31
South Hallsville 26 0 50 20 14
Metal Type
304 SS 48 0 1100 104 215
316 SS 49 0 720 96 179
347 SS 47 0 910 82 175
Carbon Steel 31 0 1560 285 433
Location
In-Bed 92 0 1560 163 319
Splash Zone 63 0 600 91 160
Convective Pass 20 0 650 88 177

®* The minimum and maximum values from each tube were used in the statistical
analysis. All units are microns.

calcium sulfate is in the form of larger limestone-based particles and does
not appear to impact the overall deposition process. In fact, the decrease in
deposition noted with increased limestone addition may be due to dilution.
Similar results have been reported by other researchers (26-28).

8.3 Incidents in Full-Scale Systems

Both agglomerates and in-bed tube deposits from full-scale boilers have
been recovered and studied at the EERC. The following description of these
materials provides additional evidence in support of the previous discussion.
This analysis also shows the importance of using advanced analytical
techniques for analyzing these deposits and elucidating whether the noted
problem is due totally to ash chemistry, or in combination with a system
upset.
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The 80-MW bubbling FBC at the MDU Heskett Station has experienced
deposition on both in-bed and convective pass heat-transfer surfaces, causing
significant reduction in overall heat transfer. The superheat steam tempera-
ture decreased by 40°F over a four-month period due to deposition on the in-
bed superheat tubes. The unit is fired with Beulah lignite and has a bed
material of river sand. Deposits from this unit were collected and analyzed
using x-ray fluorescence, x-ray diffraction (XRD), electron probe micro-
analysis (EPMA), and scanning electron microscopy point count (SEMPC). The
focus of the analysis was to establish the mechanism of deposit formation and
growth. Detailed results are published elsewhere (24).

Analytical results show that the Beulah coal ash has a definite
prcpensity for deposition. The formation of an ash coating on bed material is
a precursor to agglomeration. The ash coating is derived from the coal, in
particular, the calcium, sulfur, and sodium. The deposits, including the ash
coating, possess chemical compositions very different from the spent-bed
material, indicating that the deposition mechanism is a selective process.

A1l deposits are predominantly enriched in calcium and sulfur. Significant
iron enrichment was observed in the convective pass deposit; however, it did
not appear responsible for the deposit growth.

The evidence suggests that deposit growth is due to the formation and -
presence of sodium calcium sulfate in the bed. This material is formed from
the organically bound sodium and calcium in the Beulah coal reacting with
sulfur. There was no free calcium observed in the deposits. Sulfate species
tend to sinter. The matrix was too fine-grained to establish the presence of
a melt phase. It should be noted that molten sulfate systems tend to
crystallize rapidly upon cooling. The mode of growth may be a molten sulfate
phase. Certainly the presence of sodium with the calcium would be expected to
Jower the melting point. The presence of nepheline, anorthite, and gehlenite
suggests relatively high-transient temperatures within the bed. The silicate
phases, while exhibiting melting behavior, were not present in significant
quantities to have a significant effect on deposition phenomena.

8.4 Agglomeration in Full-Scale Utilities Due to Operational Upsets

The cases and mechanisms of agglomeration and deposition discussed so far
are the result of coal ash chemistry under normal operating conditions in the
FBC. However, agglomeration can also occur due to maldistribution of air,
temperature upset, or other operational difficulties. The cause of
agglomeration can be determined by using advanced analytical techniques to
examine the raw coal, the original and spent-bed material, and any
agglomerates that form. The following example presents results from a study
done at the EERC on an agglomerate formed in the 130-MW bubbling FBC at the
NSP Black Dog Station.

The agglomerate was supplied by NSP personnel after excessive
agglomeration was observed during a shakedown test with Sarpy Creek, a Powder
River subbituminous coal, and an inert-bed material of fired clay. The
agglomerate was dense and consisted of two distinct regions, classified as
sintered and slag-like. The two regions and the virgin bed material were
analyzed using SRD, EPMA, and SEMPC. The focus of the analysis was to
elucidate the reason for the agglomerate formation: specifically, was it
related to ash chemistry or operating conditions?
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The data indicated that the sintered deposit was due to the melting of
the ash species which acted as the adhesive between the kaolinite particles.
There was relatively little interaction between the ash matrix and the
kaolinite-bed material, as shown by the fact that there were limited amounts
of kaolinite-derived particles in the sintered deposit. The data contrasts
markedly with that of the slag samples. The low quantity of pure kaolinite
and kaolinite-derived particles and the presence of crystalline mullite
indicates that extensive melting and recrystallization from the melt took
place. In order for this to occur, temperatures in excess of 2400°F are
required. This indicates that excessive temperatures were reached in the
combustor which were directly responsible for the agglomeration. There was no
evidence to suggest that the agglomeration was due to the reaction of alkaline

ash components to form a sticky matrix at the average operating temperature of
1750°F.

8.5 Summary

Advances in analytical techniques for examining coal minerals, fly ashes,
and deposits have improved the understanding of agglomeration and tube
deposition in FBC systems. Both of these phenomena appear to be initiated by
the same basic mechanism and are directly related to the amount and
distribution of sodium, potassium, calcium, and sulfur in the feedstock.

Agglomerates and deposits are initiated and formed by the same general
mechanism. Organically bound-alkali species are volatilized during coal
combustion and condense on bed-material surfaces or on in-bed tubes. The
condensation mechanism involves gas-to-solid condensation, either in the
combustion gases forming partially fused or solid crystals. These can
subsequently adhere to cooled surfaces in the combustor. Condensation can
also occur directly by nucleation and growth on the substrate.

Alkali species can form sulfates, either in the gas phase or immediately
upon condensation. These alkali sulfates sinter over a period of time,
forming a very tenacious fine-grained, dense layer. In the case of agglomer-
ation, two or more particles can stick together to form an agglomerate via
this sulfate sintering, eventually causing defluidization. Tube deposition
will impair heat transfer and reduce boiler load.

Knowledge of the total alkali in a fuel is not sufficient to predict the
potential for agglomeration or deposition. The alkali must be in a form that
will allow it to be volatilized during combustion, i.e., organically bound.
Those alkalies associated with clay minerals are generally not available to
participate in deposition or agglomeration. Other minerals associated with
the fuel are also important. Aluminosilicate phases can compete for the
released alkali and form higher melting point clays, rendering the alkalies
inert in terms of agglomerate and deposit formation. Therefore, it is
imperative to know the mineralogical composition of a fuel, as well as its
chemical composition.

Advanced analytical techniques, especially SEMPC, are important in
forensic studies of problems encountered in operating systems. The use of
this technique can help determine whether agglomeration problems are due to
ash chemistry or to combustor-operating conditions. This distinction is
important, as the method of mitigation will be different for the two
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instances. With proper understanding of the fuel and its potential for
agglomeration and deposition, even potentially problem fuels such as Beulah
North Dakota lignite, with 8% to 12% of its ash present as organically bound
sodium, can be successfully burned in utility-scale plants, as evidenced by
the highly successful operation of the 80-MW Heskett Station. Information
gathered from this type of analysis has also been used by the operators of the
NSP Black Dog Station to modify start-up and fluidizing procedures, to
virtually eliminate their agglomeration problem.
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BENEFICIATION OF LOW-RANK COALS

1.0 INTRODUCTION

Low-rank coals (LRCs) represent nearly half of the estimated coal
resources in the world. In many developing nations, LRCs are the only source
of low-cost energy. LRCs are typically present in thick seams with less
overburden than bituminous coals, making them recoverable by low-cost surface
mining. However, even though LRCs burn much more rapidly and completely and
usually have much lower sulfur than bituminous coals, they are often regarded
as inferior fuels and have not played a significant role in the international
steam coal market. LRCs are hindered by the characteristics which
differentiate LRCs from bituminous coals, namely, high moisture content,
extensive porosity, and high concentration of oxygen functional groups.

In addition, as much as, or more than, 50% of the inorganic material in
LRCs occurs as ion-exchangeable cations bound to the organic coal matrix as
salts of humic acids or phenolics and cannot be removed by simple physical
cleaning methods. Two-thirds of the surface-minable lignite in North Dakota
may contain more than 4 wt% Na,0 in the ash. Because of the limited supply of
low-sodium-content lignite and the high cost of conventional means for dealing
with the ash-fouling problem, a driving force exists for development and
application of a viable method to reduce or eliminate boiler fouling by the
reduction of sodium content in the coal.

In addition to ash content, sulfur content is important because of its
role in sulfur dioxide emissions. Initially, this program used target sulfur
contents of 0.5 wt% sulfur. Another DOE program used a slightly higher sulfur
criterion of 1 wt% or less for the design of residential furnaces. Because
most sulfur in LRCs occurs as organically bound sulfur and finely disseminated
pyritic sulfur, little sulfur removal was expected when cleaning techniques are
applied.

During the past six-year period, the EERC demonstrated that low-ash, Tow-
sulfur liquid or dry fuels could be produced from LRCs employing beneficiation
techniques such as physical and chemical cleaning, hydrothermal treatment, and
agglomeration. The first approach investigated integrating the beneficiation
techniques of physical cleaning, chemical cleaning, and hydrothermal treatment
to produce a low-ash pumpable coal-water fuel (CWF). The LRC CWFs could
compete against bituminous CWFs to replace the more costly fuel oils used in
industrial or utility boilers or diesel fuels used in advanced combustion
systems. Physical cleaning, to remove discrete minerals, and chemical
cleaning, to remove ion-exchangeable elements, were investigated as methods of
reducing the ash content to less than 1 wt¥% on a dry basis. Direct formulation
of low-ash LRC CWFs using bituminous CWF preparation techniques was impractical
because of the inherent disadvantages of LRCs, namely high moisture content,
extensive porosity, and high concentration of oxygen functional groups.
Consequently, the EERC development of hot-water drying, a hydrothermal-
treatment process, was investigated as a method of mimicking the coalification
process to reduce coal hydrophilicity and to improve the water slurryability of
LRCs. These processes were developed on a bench scale and, ultimately, the
continuous pilot scale to facilitate quantitative production of CWFs for pilot-
scale combustion testing. Studies concentrated on the development of methods
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and conditions for physical and chemical cleaning and on the relationship of
hydrothermal-treatment conditions, particle size, and additives to CWF
rheological properties.

The second approach investigated an o0il agglomeration process whereby low-
ash LRCs could be aggregated into a lump fuel form suitable for transportation
by conventional means and utilizable in conventional or advanced combustion
systems. Agglomeration was also investigated as a method of producing a low-
moisture, high-heating value fuel with resistance to moisture reabsorption
similar to that achieved by hydrothermal-drying techniques. A bench-scale
process was developed that combined a chemical-cleaning first-stage for ion-
exchangeable element removable with a reconstitution second-stage employing a
suitable agglomerating oil. Studies concentrated on determining agglomerating
0ils compatible with the hydrophilic LRC surfaces, developing appropriate
agglomerate and process water analytical techniques, quantifying the
utilization of agglomerating oil and cleaning chemicals, optimizing
agglomerating conditions, and investigating methods of oil recovery from
agglomerates.

2.0 OBJECTIVES

The overall objectives of the Low-Rank Coal Beneficiation project were to
develop techniques to reduce the moisture and inorganic contents and increase
the heating value of LRC to produce high-quality dry products and/or coal-water
fuels (CWF). The following areas were investigated during the six-year Low-
Rank Coal Beneficiation program:

1. Coal selection for physical, chemical, and hot-water drying beneficiation
investigations

2. Physical cleaning for reduction of coal minerals and pyfitic sulfur

3. Chemical cleaning for reduction of cationic inorganics, specifically the
species associated with boiler deposition

4. Hot-water drying to produce stable, 1iquid fuel suitable for fuel-oil
fired boilers or advanced heat-engines

5. 0i1 agglomeration to produce a handleable and stable dry fuel from
chemically cleaned coal

3.0 RESULTS AND DISCUSSION
3.1 Coal Selection for Fuel Production

Coal selection criteria were based on raw coal analysis; washability data;
mine location, with respect to the number of heating degree-days (HDD) greater
than 6000; and mine distance from major population centers. A heating degree-
day is defined as the unit that represents one degree of decrease from a given
point in the mean daily outdoor temperature, in this instance 291 K (18°C).



Seven coals were identified as candidates for study in the LRC benefi-
ciation programs: Beulah and Velva lignites from North Dakota; Jacobs Ranch,
Kemmerer, and Skull Point subbituminous coals from Wyoming; Spring Creek
subbituminous coal from Montana; and Usibelli subbituminous coal from Alaska.
The coals had a sufficient reserve base, met climate requirements, and showed
excellent amenability to initial cleaning studies.

Quantitative petrographic analyses were performed to determine the nature
and distribution of mineral matter in LRCs. This information was combined with
the detailed inorganic analyses for the cleaned LRCs to determine the degree of
mineral matter liberation and eventually to predict mineral matter liberation
in other LRCs. The three major maceral groups in low-rank coals were found to
be 1) huminite, 2) liptinite, and 3) inertinite. Each of these groups had a
characteristic range of reflectance values and contained macerals that were in
some manner related to one another.

The LRCs tested contained up to 50% of the ash as distinct mineral mattar,
and the remaining 50% of the ash, which was not detectable by polarizing 1ight
microscope, existed as ion-exchangeable cations. This fraction of the
inorganics should be relatively easy to remove using ion-exchange methods.

3.2 Physical Cleaning

Float-sink washability was the standard method for determining the
cleanability of the candidate coals. The varijous float-sink specific gravity
fractions represented theoretical limits attainable by gravity separation.
Static separation was most often used for coarse-coal size fractions (9.5 mm to
2.36 mm), whereas a centrifugal separation method was used for fine-coal size
fractions (-2.36 mm).

Initial physical cleaning of micronized and combustion-grind LRCs was
performed by centrifugal washability testing using Certigrav true specific
gravity solutions. Standard ASTM static washability was performed on -6.4-mm x
0.84-mm fractions of select coals to determine the level of cleaning to be
expected using pilot-scale, dense-media separation techniques.

Physical cleaning of subbituminous coals using washability techniques
removed mostly silicon and iron-bearing minerals and some minerals containing
aluminum. Physical cleaning o lignites removed significant portions of all
the elements analyzed in the ash, except calcium and magnesium. The results
indicate that the inorganic material was found throughout the coal matrix.

Subbituminous coals produced small amounts of 1.3 float, but generally
produced significant quantities of product at 1.4 specific gravity. Coal-ash
separations at 1.4 specific gravity were variable, with ash reductions ranging
from 19 to 66 wt%. North Dakota and Texas lignites were less responsive to
washability than higher-rank coals; float yields at 1.3 and 1.4 specific
gravity were generally low and ash reductions were much lower than for higher-
ranked coals. The possibility exists that a lignite processed in a physical
cleaning circuit might behave less predictably than a bituminous coal. This is
because of the inherent variability of most lignites and the property changes
associated with humidity and temperature. Physical cleaning by washability
resulted in ash reductions, yields, and energy recoveries of 25% to 40%, 55% to
72%, and 62% to 74%, respectively.




The candidate subbituminous coals were not evaluated for sulfur reduction
by washability physical cleaning because of their low inherent sulfur content.
The Beulah lignite with a 1 wt% sulfur content, distributed as 53 wt¥% pyritic
sulfur and 47 wt% organic sulfur, was reduced to 0.44 wt%¥ by physical cleaning.
The majority of the sulfur reduction, 95 wtX, was due to removal of pyritic
sulfur. The coal yield was 61 wt¥, indicating that physical cleaning may be a
cost effective method of producing a SO, compliant fuel from this lignite.

Froth flotation exhibited 1ittle potential for beneficiating low-rank
western coals. The frothing agent, methyl isobutyl carbinol (MIBC), which is
successfully used in bituminous coal flotation, was generally not effective in
producing stable froths with LRCs. The poor performance of MIBC with LRCs was
attributed to the hydrophilic LRC surfaces, unlike the more hydrophobic
bituminous coals. Other commercial frothing agents designed to stimulate coal
floatability by blocking coal surface hydrophilic sites may have potential to
improve the floatability of LRCs. Chemical cleaning to remove inorganics
associated with the hydrophilic sites was unsuccessfully tested as a method of
increasing LRC hydrophobicity and floatability.

3.3 Chemical Cleaning

The EERC investigated chemical cleaning to reduce the cation content of
LRCs. The method involved mixing pulverized coal with a dilute acid solution
for a specified amount of time.

The stability of cations attached to the carboxyl groups in lignite ranges
from sodium, as the least stable, to the hydrogen ion, as a nondissociated weak
humic acid, as the most stable. Cations, other than the hydrogen ion, form
strong electrolytes with the carboxylic group and can be more easily replaced.
Sodium removal was a function of particle size and moisture content of the
lignite, the ionic strength of the solution, contact time, lignite-to-solution
ratio, and the equilibrium between ions in the solid and in solution.

LRC chemical cleaning was performed by leaching with four strong acids
(nitric, hydrochloric, sulfuric, and hydrofluoric) and three strong bases
(sodium, potassium, and ammonium hydroxide). The acid-leaching process removed
mainly sodium, calcium, magnesium, and a small amount of silica. Acid leaching
tended to concentrate aluminum and ferric oxide and, to a lesser extent,
titanium and potassium oxide. The combination of physical and chemical
cleaning concentrated the clean coal ash in silica, aluminum, calcium, and
iron. Concentrations of these components indicated that particles such as
clays or, in the case of ferric oxide, pyrite were finely disseminated
throughout the coals. The overall performance of chemical cleaning were ash
reductions of 40 to 60 wt¥, yields of 86 to 91 wt¥%, and energy recoveries of
90% to 93%.

Caustic leaching of LRCs with low-concentration bases, designed to
solubilize and separate humic acids from inorganics, proved to be impractical
because of extreme difficulty dewatering the product. Also acidification and
centrifugation were required to recover the coal from the caustic solution.
Due to the extensive amount of processing and difficulty in recovering the
coal, caustic leaching was not investigated further.



A preliminary assessment of the colloidal coal-cleaning (CCC) technique
for LRCs was evaluated. This process used higher base concentrations and
intense shreading using a homogenizer to solubilize the humates. As with
caustic leaching, CCC required an acidification step to recover humic acids and
repgtitive and intense washing to remove residual base cations from the
product.

3.4 Hot-Water Drying

The EERC pioneered the development of a low-rank coal-water fuel (LRCWF)
technology, referred to as hot-water drying (HWD), which can efficiently
"dewater” LRCs and enhance the coal surface to allow formulation of an
environmentally benign, easily transportable 1iquid fuel.

HWD is hypothesized to simulate nature’s coalification process in a
condensed time scale of minutes rather than geological eras. Changes effected
by the drying process included irreversible removal of moisture, shrinkage of
the pore structure, and enhancement of heating value by removal of oxygen. As
a 1iquid fuel form, HWD LRCs were impervious to dust generation and spontaneous
combustion, problems commonplace with raw or conventionally dried LRCs.

HWD enhanced the energy densities of LRCWFs, typically 30% for subbitu-
minous coals, 50% for lignites, and up to 70% for brown coals. Results
indicated very slight ash reductions, yields ranging from 80% to 93%, and
energy recoveries of 82% to 95%. Ash reductions were primarily by removal of
sodium and potassium, which are depositional bad actors during pulverized coal
combustion. Depending upon the coal processed, and its associated moisture
content, the HWD process was determined to be a potential net water producer,
a]]owin? the CWFs to be formulated entirely using the inherent moisture of the
raw coal.

Hydrophobic tars, which exude to the surface during the HWD process, were
considered to be primary actors in the mechanism of hot-water drying. These
tars are hypothesized to cool on the coal surface, sealing micropore entrances
and preventing reabsorption of water. In an attempt to identify tar produc-
tion, solid-state '°C nuclear magnetic resonance spectrometry (NMR) was used to
determine the carbon structure of the raw coals and to detect changes in
structure due to hydrothermal treatment. The tars were extracted from raw and
HWD coal with methylene chloride and methanol and the residues were charac-
terized using 50-MHz solid-state °C NMR spectrometry. The results showed a
higher tar yield for the HWD coals relative to the raw coals and a significant
decrease in carbonyl/carboxyl and methoxy groups, with l1ittle change to the
other organic groups, due to HWD. A significant decrease in aliphatic hydro-
carbons due to HWD accounted for the increased tar yield.

To further characterize the tar production, a viscosity study was
performed using a Haake D100/300 sensor system for the RV100 concentric
cylinder viscometer. Viscosity data on raw LRC water slurries were recorded as
a function of temperature to 553 K (280°C). In all cases, the viscosity
decreased with increased temperature to 483 K (210°C), with the greatest rate
of viscosity change occurring between 303 and 363 K (30° and 90°C). The
viscosity remained constant or, in some cases, increased as temperature
increased from 483 to 553 K (210° to 280°C). In the ranges where the viscosity




increased, tar formation from mild pyrolysis was believed to have contributed
to higher viscosities.

3.4.1 logical Propertie

Knowledge of the sensitivity of CWF flow behavior and viscosity to solids
content and temperature is important when designing storage and pumping
circuits for slurry-fed combustors and gasifiers. Changes in slurry viscosity
and other flow properties, because of variations in solids content and
temperature, can drastically alter the energy requirements for pumping and the
pressure requirements for atomization. Therefore, the influence of solids
content, particle size, and HWD temperature on the CWF flow properties were
determined by experiment.

One study identified the effect of solid concentrations on the viscosity
of various HWD CWFs over the range of 50 to 1000 Pa-sec. Throughout the entire
viscosity regime, the HWD CWFs were characterized as pseudoplastic or shear
thinning. Typically viscosity increased at a rate of approximately 75 to
100 Pa-sec in the low-viscosity region (50 to 200 Pa-sec), 100 to 125 Pa-.sec in
the medium-viscosity region (200 to 500 Pa-sec), and 125 to 175 Pa-sec in the
high-viscosity region (500 to 1000 Pa-sec) per 1 wt¥% increase in solids
content. The viscosities were directly affected by coal type and its
responsiveness to HWD, HWD temperature, and particle-size distribution.

Viscosity tests were completed on a variety of particle-size distributions
(PSD) with a HWD Wyoming subbituminous coal. Depending upon selected PSD, CWF
energy densities ranged from 15,100 to 18,800 kJ/kg (6500 to 8100 Btu/1b) on a
fuel basis. Optimum particle-size conditions were determined using the Rosin-
Rammler equation, with a size-distribution constant of 0.9. An 80/20 mix (80%
coarse coal and 20% fine coal) provided a near-optimum particle-size
distribution for the bimodal mixture. The average particle size of the coarse
coal was 75 microns, while the fine material average particle size was
10 microns. The micronized CWFs had lower solids content and energy densities
at equivalent viscosities because of their narrow particle-size distributions.
Since reaction time and carbon burnout are critical in advanced ccmbustion
systems, micronizing is necessary for bituminous coals and bituminous CWFs.
This may not be the case for the highly reactive LRCs and HWD LRCWFs.

Tests on lignite and subbituminous coals also determined the effects of
HWD temperature on energy density. Hot-water-dried lignite CWF energy
densities increased from 13,000 kJ/kg (5600 Btu/1b) to over 14,200 kJ/kg
(6100 Btu/1b), on a fuel basis, when the HWD temperature was increased from 543
to 603 K (270° to 330°C). Subbituminous HWD CWF energy densities improved from
16,300 to 18,600 kJ/kg (7000 to 8000 Btu/1b) at similar test conditions.

3.4.2 Pilot-Scale Continuous Deep Cleaning

Pilot-scale fuel capabilities were developed to prepare sizable quantities
of low-ash CWF from LRCs for advanced combustion applications. The preparation
scheme included physical and chemical cleaning followed by hot-water drying.
Final fuel preparation included size optimization and, in some cases, the use
of additives.




Dense-media cone separation was used to physically clean the coal in
preparation for clean CWF production. The dense-media cone separator, designed
to process coal sized from 6.3 to 0.85 mm, utilized a slurry of magnetite to
physically separate the coal from the extraneous mineral matter. The clean
coal product was produced at the rate of 150 kg/hr. Prior to any further
utilization of the physically cleaned product, the coal was dried to remove
surface moisture and pulverized. Pilot-scale chemical cleaning was performed
in a downflow column equipped with a mixing shaft and level activated control
valve. The pulverized coal, in a dilute slurry, and acid were introduced at
the top of the column. Acid cleaning was performed at a rate of 180 kg/hr of
coal-water mixture. The sample was centrifuged to recover the acid-cleaned
coal for HWD testing. The hot-water-drying system was operated at 270 kg/hr,
processing up to 1000 micron coal-water slurry at 513 to 603 K (240° to 330°C)
and 2,760 to 15,200 kPa (400 to 2200 psi) for residence times of 1 to
60 minutes.

Good correlation was achieved between bench- and pilot-scale results; CWFs
were produced with less than 1.5 wt% ash and energy densities ranging from
13,900 to 18,600 kJ/kg (6000 to 8000 Btu/1b), depending on the particle-size
distribution. Coal-water fuel rheological characterization was also performed,
with respect to particle-size distribution, additives, and temperature.

3.4.3 Partial Oxidation

Partial oxidation (PO) was investigated as a method of supplying a portion
of the required process heat for HWD by in situ combustion of the coal. The
process appeared feasible, as combustion was easily initiated using oxygen
after first preheating the slurry to 473 K (200°C). However, temperature
control was difficult while using a batch system.

The overall economic benefits of PO-HWD over HWD were not determined,
although an electrical cost savings would probably be realized by supplying a
portion of the thermal requirements by direct (internal) heating. However,
additional product gas and PO-HWD coal analysis (proximate, ultimate, and
heating vaiue) would have to be performed to determine the cost differential.
The results of preliminary calculations indicated an approximate process heat
cost savings of 35%.

The PO-HWD coals, to a limited extent, also had enhanced float-sink
washability, relative to conventional HWD coal. Presumably, the surface tars
normally present after conventional HWD were consumed during PO. Consequently,
any previous inhibition of mineral liberation because of the tar coating was
somewhat alleviated by PO. Product yields and heating values were much lower
with PO products than with HWD products due to the consumption of coal by
combustion.

3.4.4 Chemical Additives

Additive packages were identified that would allow the LRCWFs to meet DOE
energy density, flow behavior, and storage life specifications. A screening
study was performed to determine the effectiveness of chemical additives for
increasing the solids loadings for the clean CWFs. Generally, the nonionic
surfactants were more effective than anionic dispersants. Anionic dispersants
were ineffective, as no increase in solids content was realized for the two
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types tested. The anionic additives disperse and stabilize solids by the
principles of electrostatic dispersion or positive-negative charge. This
phenomenon was adversely affected by the ionic strength of the CWF aqueous
medium. The ionic strength was possibly caused by residual acid from the
chemical cleaning and other water-soluble ions in the aqueous medium of the
CWF. The pH of the CWF from the clean products ranged from 4 to 5, rendering
the anionic additives ineffective. The nonionic surfactants behave on the
principles of steric dispersion and stabilization, which are physical
phenomena. Therefore, the nonionic additives were generally insensitive to pH
changes or ionic strength in aqueous medium. The high molecular weight BASF F
series additives—copolymers of ethylene oxide and propylene oxide—were
effective on a clean lignite in the screening tests.

Long-term stability was a concern with CWFs, especially when considering
the fuel for residential, commercial, or industrial combustion applications.
Depending on the percentages of soluble, multivalent cations in the coal, HWD
promoted stability in CWFs prepared from LRCs by leaching available cations out
of the coal. Studies indicated that a 0.2 wt% xanthan gum loading was
sufficient for 6-month storage stability of the cleaned lignite CWF. In
addition to stabilization compounds, formaldehyde added at 0.1 wt% was
necessary to prevent mold growth.

Testing also investigated CWF’s resistance to rheological and stability
variations during freeze-thaw cycling. Shear stress versus shear rate
relationships identified the before-and-after flow behavior characteristics of
the fuel. Freeze-thaw testing indicated slight increases in solids content and
viscosity ranging from 5% to 20% above those of the original sample. These
increases were attributed mainly to evaporation during the testing process.
The Tow solids and viscosity increases indicated that the CWFs were relatively
unaffected by freeze-thaw. The CWFs were also stable after freezing, although
rheologies of the HWD sample exhibited a slight difference in flow behavior.
The sample, pseudoplastic before freezing, exhibited yield-pseudoplastic
characteristics after freezing. Therefore, coal-water mixtures containing
additives and stabilizers can be frozen, thawed, and remixed without any major
stability or viscosity changes occurring to the fuel.

3.4.5 Coal-Water Fuel Process Water Treatment

The production of CWF by the hot-water, coal-drying process resulted in
the generation of process effluent water. Due to the hydrothermal coal
dewatering process, a portion of the sodium and other water-soluble inorganic
constituents are transferred from the coal particles to the aqueous medium.
Additionally, water-soluble organic compounds are extracted from the coal
particles by the process water. Mechanical concentration of the processed coal
produces a damp HWD coal and a contaminated effluent water by-product
(centrate), which contains coal fines, dissolved inorganics, and water-soluble
organics.

The centrate from mechanical concentration (continuous centrifugation),
collected after hydrothermal processing of a subbituminous coal, was used
for treatability studies. The treatment process addressed the reduction of
suspended solids prior to subsequent secondary and tertiary treatment
processes. Two methods of suspended solids removal were investigated for



CWF product recovery and centrate pretreatment: chemical coagulation/
precipitation, and ultrafiltration.

Initial jar tests with acidification of the raw CWF centrate resulted 1in
solids separation of 200-mL solids/L wastewater at a dosage of 1-mL/L
concentrated sulfuric acid. Due to the encouraging initial jar-testing results
on fresh centrate samples, additional efforts should be directed at
coagulation/precipitation for the separation of colloidal suspended solids from
fresh CWF centrate.

Ultrafiltration used a membrane process to separate solids and high
molecular weight dissolved materials from the centrate. Results indicated that
the flux (filtration rate) remained relatively stable for the 4 hours of
testing. A computer model, based on several effects, was formulated to predict
the flux through the membranes. Preliminary results indicated ultrafiltration
is a technically viable means for removal and recovery of solids from CWF
centrates; however, more testing should be completed because a major concern
with membrane-based filtration systems is the length of time that the unit can
run between cleanings without significant loss in filtration rates.

An activated sludge system was selected to evaluate aerobic biological
system secondary treatment of HWD process water. The activated sludge process
utilized a suspended, mixed growth of aerobic microorganisms that used the
organic materials in wastewater as substrates. Testing was conducted to
determine removal rates of biochemical oxygen demand (BOD,), chemical oxygen
demand (COD), and total organic carbon (TOC). At steady-state operating
conditions, average BOD, removal was 95.7% and COD and TOC removal varied from
20% to 38% and 40% to 60%, respectively, depending upon cell residence times.

3.5 Acid Cleaning/0i1 Agglomeration
3.5.1 Development of Experimental Procedure

The EERC agglomeration process, in its present stage of development,
incorporates a chemical-cleaning first-stage with a fine, clean coal
reconstitution second-stage. During chemical cleaning, l-part pulverized coal
and 2-parts dilute acid are intensely mixed using a high-shear homogenizer to
liberate the organically associated alkali and alkaline earth metals plus other
acid-soluble minerals. The fine, acid-cleaned coal is recovered by adding a
specified quantity of agglomerating oil. Agitation by stirring causes wetting
of the coal particles by the oil; formation of agglomerates occurs due to
repeated collisions of the oiled coal particles. The 2- to 4-mm agglomerates
are separated from the chemically liberated inorganics, which remain
solubilized in the process water by a simple screening technique.

Preliminary development work on the EERC agglomeration process was
performed by Knudson and Mack to obtain rudimentary information on the effect
of particle size, oil-to-coal ratios, and agglomeration mixing speeds and
times. Initially, chemical cleaning was facilitated by sonication, which was
presumed to aid separation of discrete mineral matter. However, after limited
testing, sonication was considered impractical and unscalable to pilot,
development, or production size. Furthermore, the benefits of sonication for
enhanced mineral separation were not definitively proven. Sonication was first
replaced by low-speed T-bar mixing, then ultimately replaced with high-shear
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homogenizer mixing. This latter method was presumed to be superior to
sonication or low-speed mixing for ensuring penetration of the acid into the
pores of the coal. A second major process modification was the elimination of
surfactant as an agglomeration pretreatment. The surfactant, typically Triton
X-100, was presumed to lower the solution surface tension and aid wetting of
the coal surface by the agglomerating oil. However, the water solubility and
LRC compatibility of the preferred agglomerating oils facilitated successful
agglomeration without the surfactant. Elimination of the surfactant, used in
concentrations up to 60 kg/metric ton (120-1b/ton) coal, was also considered to
benefit process economics.

Statistical matrix testing was used as a method to optimize the
agglomeration of Beulah 1ignite with crude phenol (a coal-derived oil). The
parameters were particle-size, acid contact time, chemical-cleaning mixing
speed, 0il mixing time, agglomeration mixing speed, acid strength, and oil
concentration. The statistical matrix tasts established levels for chemical-
cleaning and agglomeration parameters, some of which are still used. Preferred
coal sizes were -0.59 mm x 0.075 mm, as particles below 0.075 mm resulted in
low agglomerate yields. An oil mix time of 2 minutes was optimum for
maximizing ash reduction, although, typically, an agglomeration time of
5 minutes maximized recovery of coal solids. Optimum agglomerating oil mix
speeds were 400 to 800 rpm, with the latter value more commonly used, and the
optimum oil-to-coal ratio was 1 mL/g. Depending on the measured response
during matrix testing, the optimum acid-cleaning mixing speed and time gave
significantly varying results. The optimum levels for high-shear mixing speed
and acid-cleaning time to maximize ash reduction, as determined by one-at-a-
time experiments, were 5000 rpm and 1 to 2 minutes, respectively.

The parametric values obtained with the Beulah lignite, i.e., acid
concentrations between 0.75 and 6.0 wt% and oil-to-coal ratios of 1 mL/g, were
used as initial parametric levels when evaluating new coals. The optimum oil
level for maximizing coal recovery and the optimum acid concentration for
maximizing ash reduction were typically obtained by one-at-a-time experiments.

Strong acids—nitric, hydrochloric, and sulfuric—were equally effective
at reducing the inorganic contents of LRCs over the range of 0.75 to 6.0 wt¥
acid. Unrinsed samples of LRCs cleaned with these acids had higher
concentrations of nitrogen (probably as NO,”), chlorine (as C17), or sulfur (as
CaS0,) compared to the raw coals. The NO,” and C1° were easily removed by water
rinsing; the removal of CaSO, required secondary washing with a dilute solution
of formic or nitric acid. Because of the negatives associated with high
chlorine and sulfur levels, nitric acid became the preferred acid for chemical
cleaning.

The capacity of the batch, bench-scale agglomeration process, initially
developed using 50 grams of coal per test, was successively increased by
factors of 2, 4, and 30 times. Typically, agglomeration tests to assess new
coals or oils were performed with 50 grams of coal per test. Sufficient
quantities of agglomerates were produced using 200 grams of coal per test to
facilitate all analyses required for subsequent oil, water, and solids
balances. Sufficient quantities of agglomerates were produced at 1500 grams of
coal per test to allow parametric thermal deoiling tests and stability tests.
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3.5.2 Development of Agglomerate and Process Water Analytical
Techniques

Concurrent with the development of the chemical-cleaning/oil agglomeration
process, several analytical techniques were evaluated for determining the oil
content of agglomerates (raw, air-dried, deoiled) and process water and for
determining the residual acid content of process water. These analyses were
presumed critical for determining the consumption of the more costly raw
materials—oil and acid.

Thermogravimetric analysis (TGA) was the first method evaluated for
determining oil content of the agglomerates. TGA directly determined the
fractions of the light oil, oil, volatile matter, fixed carbon, and ash. The
sum of the 1ight oil plus oi1 fractions was presumed to represent the
agglomerate oil content. However, fixed-carbon recoveries calculated with the
TGA results were generally well in excess of 100 wt% indicating 1) the
agglomerating oil contained a fraction in the fixed-carbon distillation range,
and 2) agglomerating oil polymerization may have occurred during the rapid TGA,
resulting in further production of fixed carbon. Agglomerate oil contents were
also calculated by difference from the sum of the mass of 1light oil, oil,
volatile matter, fixed carbon, and ash in the agglomerates and raw coal. The
calculation methods resulted in oil contents at least 8 to 11 wt% higher than
0il contents directly obtained from TGA. Consequently, pending appropriate
modifications, TGA was considered unsatisfactory for directly or indirectly
determining agglomerate oil content. Nonaqueous titration to measure cresol
content and tetrahydrofuran (THF) solubility, also tested as agglomerate oil
content measurement methods, proved to be inadequate. The most recently
evaluated technique, Soxhlet extraction, appeared suitable for analyzing raw
and air-dried agglomerates. Thermally treated agglomerates could not be
analyzed for oil content by Soxhlet extraction because heat treatment is
hypothesized to polymerize some of the agglomerating o0il, inkibiting complete
elution by the extraction solvent.

Initially, ASTM method D271 and TGA analysis were evaluated for
determining the moisture content of air-dried agglomerates. These weight-Tloss
measurement techniques proved unreliable because of the concurrent loss of
agglomerating oil. The Karl Fischer titrimetric analysis technique was ideal
for moisture analysis because it could be performed in the presence of volatile
organics. Azeotropic distillation, used in conjunction with the Soxhlet
extraction method, also proved suitable for determining agglomerate moisture
content. Presently, direct comparisons have not been made among the latter two
methods; however, advantages of Karl Fischer analysis include less waste and
faster analysis time compared to azeotropic distillation. One drawback to the
former method was the small sample size, which can produce results unrepre-
sentative of the bulk agglomeration test sample.

Two methods were investigated for measuring the residual agglomerating oil
content in the process water: total carbon (TC) analysis and solvent
extraction. Total carbon was a fast, very reproducible combustion/infrared
method for determining the carbon content of water. The total oil content of
the water was calculated from TC analysis presuming that the oil composition
(i.e., wt¥% carbon) in the process water was equivalent to the initial
agglomerating oil. Based on preliminary oil balances with mono- and
multicomponent agglomerating oils, TC analysis appeared satisfactory for
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indirectly determining the agglomerating oil content of process water. Solvent
extraction, a common technique for process water oil recovery, was investigated
in a single test as an analytical technique. The calculated oil content, as
determined from solvent extractions, was approximately 2.5 times higher than
that achieved by TC analysis.

Acid consumption during the chemical-cleaning stage was determined by
comparing the molar strengths of the initial and final acid-cleaning solutions.
Titration of the acid solution with a dilute base was performed after chemical
cleaning, but prior to agglomeration to eliminate the interference of the
agglomerating oils. The method of titration was a highly repeatable technique
for determining acid consumption.

3.5.3 Agglomerating Oils Tested and Qil Characterization

A number of agglomerating oils were evaluated as primary bridging liquids
during the development of the chemical-cleaning/oil agglomeration process.
These 0ils included the coal gasification-derived crude phenol and tar oil
streams, liquefaction-derived V161 and V178 naphthas, several mild
gasification-derived tars, a used petroleum-based crankcase oil, a reagent
grade m-cresol oil, and a commercial cresylic acid. Crude phenol or a crude
phenol/tar oil blend were primarily used during development of the
agglomeration process and the associated analytical techniques. The other
agglomerating oils were tested to assess the versatility of the process.

Several agglomerating oils were evaluated as binding oils to be used in
conjunction with the primary agglomerating oil or bridging liquid. These o0ils
included tar oil, creosote oil (coal-derived), asphalt, and red crude and
decant 0i1 (both petroleum-based).

Crude phenol or crude phenol/tar oil were the agglomerating oils against
which the other oils were compared. The crude phenol, tar oil, crude
phenol/tar 0il, m-cresol, and cresylic acid were determined to be very
effective for agglomerating chemically cleaned LRCs using low-shear mixing (400
to 800 rpm). The time required to achieve agglomeration varied between 0ils
and ranged from 2 to 5 minutes for crude phenol, tar oil, crude phenol/tar oil,
and m-cresol to as high as 7 to 15 minutes for cresylic acid. The
agglomerating oil/coal ratio also varied, ranging from 0.6 to 0.7 mL/g for
cresylic acid to 0.9 to 1.0 mL/g for the other low-shear compatible oils.

Agglomeration was not possible at low-shear mixing conditions using the
Tiquefaction-derived oils, mild gasification-derived tars, or used crankcase
0il. Surfactants or high-shear mixing were required to effect agglomeration
with these tars/oils. Surfactant concentrations up to 40 kg/metric ton
(80 1b/ton) of coal aided agglomeration using the liquefaction naphthas at oil-
to-coal ratios of 0.5 to 0.6 mL/g. Mild gasification tars, thinned in a
solvent (butanol or pentane), successfully agglomerated LRCs at concentrations
of 0.6 g-tar/g coal when using high-shear mixing. The used crankcase oil, at
0il-to-coal ratios of only 0.3 mL/g, agglomerated LRCs only after high-shear
mixing.

Attempts were made to correlate the agglomeration conditions, i.e., low-

shear mixing versus high-shear mixing or surfactant addition, against the
composition of the agglomerating oils; i.e. the polar content and oxygen
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polar functionalities, such as the hydroxyl group (OH). Agglomerating oil
aliphatics, branched aliphatics, aromatics, and polar contents were determined
by open-column chromatography, and oxygen contents were determined by
difference using ASTM method D3176 ultimate analysis.

The agglomerating oils, which required only low-shear mixing to effect
agglomeration, had the highest polar and oxygen contents; the converse was true
for the tars/oils requiring surfactants or high-shear mixing. The relationship
between agglomeration conditions and oil composition appeared to be more
dependent upon oxygen content and less dependent upon polar content. The polar
contents of the most effective oils ranged from 80 wt¥% for the crude phenol/tar
0il mixture to 100 wt% for the "pure"” oil, m-cresol. The polar contents of the
less effective oils ranged from 13 wt¥% for used crankcase oil to 54 wt¥% for the
mild gasification tars. The oxygen contents of the more effective oils did not
vary significantly and ranged from 12 to 15 wtX¥. The oxygen contents of the
less effective 0ils were considerably lower and ranged from only 0.7 to
3.1 wt¥%. Based on preliminary testing, determination of polar and oxygen
contents may be a useful method for screening oils for use in agglomeration
processes employing low-shear mixing.

3.5.4 Characteristics of Chemically Cleaned and Aggqlomerated LRCs

Agglomeration was successfully accomplished with a number of LRCs,
including Morwell and Yallourn brown coals from Australia; Indian Head, Beulah,
and Center lignites from North Dakota; Calvert lignite from Texas; Wyodak, Fort
Union, Eagle Butte, and Kemmerer subbituminous from Wyoming; Spring Creek
subbituminous from Montana; Beluga subbituminous from Alaska; and a lignite
from Czechoslovakia.

The majority of agglomeration te 2 performed with the baseline
Beulah Tignite using crude phenol or b. . of crude phenoi as a bridging
Tiquid and low concentrations of other coal- or petroleum-derived oils as
binding 0ils. The tests with the other LRCs used crude phenol or crude
phenol/tar oil as the agglomerating oil. Typically, the binding oils were
mixed with the bridging liquids in concentrations of 3 to 9 wt%. The concept
of blending a bridging and binding o0il was developed presuming that thermal
deoiling would be required to recover the bridging liquid. The binding 0il
would add strength to the agglomerates following thermal deoiling; however, the
validity of this concept was not ascertained pending the development of an
adequate thermal deoiling system and accurate, repeatable agglomerate analysis
and strength determination techniques.

Chemical cleaning of the LRCs prior to agglomeration resulted in
significant reduction of ion-exchangeable inorganics, principally sodium,
magnesium, potassium, and calcium; the discrete mineral content was increased
as a result. Maximum LRC inorganic reduction was typically achieved at acid
concentrations between 3.0 and 6.0 wt¥%. The maximum reduction in ASTM ash
content typically ranged from 65 to 80 wt% for North Dakota lignites; the ash
reductions were only 30 to 40 wt% with the Texas lignite because the ash in
this coal has a lower ion-exchangeable inorganic content. Similarly, because
the ASTM ashes of the subbituminous coal studied had a lower proportion of ion-
exchangeable inorganics compared to the lignite coal ashes, the maximum ash
reductions for the subbituminous coals typically ranged from 35 to 50 wt%. The
ASTM ash contents of air-dried North Dakota lignite agglomerates were as low as
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1.0 to 1.5 wt¥%, and air-dried agglomerates made with Wyoming and Montana
subbituminous coals were as low as 1.5 to 2.0 wt%. At the acid concentrations
required for maximum inorganic reduction, the removal of sodium approached

100 wt¥%, and the removal of magnesium and calcium approached 70 to 80 wt%.

The air-dried agglomerates produced from all LRCs, even brown coals, were
characterized by low moisture contents, 2 to 5 wtX%. The moisture contents of
the raw coals, in comparison, ranged from 20 to 25 wt¥% for the subbituminous
coals, 30 to 35 wt¥% for the lignites, and between 50 and 65 wt% for the brown
coals.

The dewatering during agglomeration and subsequent air-drying signifi-
cantly increased the fuel heating value relative to the raw coals. The heating
values of the air-dried agglomerates ranged from approximately 27,900 to
30,200 kJ/kg (12,000 to 13,000 Btu/1b). The raw coal heating values, in
comparison, ranged from 14,900 to 17,200 kJ/kg (6400 to 7400 Btu/1b) for the
lignites and 18,600 to 20,900 kJ/kg (8000 to 9000 Btu/1b) for the subbituminous
coals.

3.5.5 Material Balances, Consumption of Agglomerating 0il and Acid

The most reasonable o0il, water, and solids balances were attained using
azeotropic distillation and Soxhlet extraction to determine agglomerate
moisture and oil content. The o0il content of the process water was determined
using total carbon analysis. The raw agglomerate moisture content ranged from
28 to 32 wt%, and the raw agglomerate o0il content was approximately 37 wt%.
This concentration of 0il represented about 83 to 87 wt¥% of the oil added
during the agglomeration process. The balance of the oil, 13 to 17 wtk,
remained solubilized in the process water. Depending upon the volume of water
added during rinsing and washing, the concentration of 0il in the process water
ranged from ~11,500 to 16,500 mg/L. , :

Air-drying the raw agglomerates resulted in significant evaporation of
surface moisture and agglomerating oil. Approximately 27 to 32 wt% of the
agglomerating oil evaporated, and between 85 to 95 wt% of the moisture
evaporated. The significant evaporation of moisture during air-drying,
relative to the evaporation of 0il, resulted in a concentration of oil with the
0il content typically reaching 41 to 43 wt%.

Acid consumptions and acid costs were determined for cleaning Beulah
lignite (7.4 wt% ash, moisture-free [mf]) and Spring Creek subbituminous
(5.1 wt% ash, mf) using nitric acid with concentrations of 0.75 to 6.0 wtk.
Ash contents of acid-cleaned Beulah ranged from 6.3 to 3.1 wt% (mf), and the
acid consumption associated with these ash contents ranged from 2.1 to 8.5 1b
of concentrated acid per 100 1b of coal. Similarly, ash contents of acid-
cleaned Spring Creek ranged from 4.2 to 2.9 wt% (mf), and the acid consumption
ranged from 2.3 to 7.9 1b of concentrated acid per 100 1b of coal.

The nitric acid costs for cleaning Beulah lignite and Spring Creek

subbituminous coal, over the range of acid concentrations studied, were $4 to
$17/ton coal and $5 to $14/ton coal, respectively.
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4.0 CONCLUSIONS

Initial petrographic analyses were investigated to determine the distri-
bution and size of mineral matter in several LRCs. These analyses were used as
a guide for the degree of grinding necessary to achieve mineral liberation.
Clean coals with Tess than 2 wt¥% ash on a dry basis were produced on the bench
scale and continuous pilot scale using physical- and chemical-cleaning
techniques. Selectivity of the cleaning processes were quite different for
the various LRCs. CWFs—with less than 1 wt% ash, energy densities over
17,400 kJ/kg (7500 Btu/1b), and a solids loading over 60 wt¥—were prepared
after optimizing particle-packing efficiency and using additives. The flow
behavior of the CWFs with the complete additive package presented no serious
handling problems, as the fuels exhibited near Newtonian flow behavior over the
shear-rate y?nge tested. Dilatant flow behavior resulted if the particle size
was too small.

Ultrafiltration was a technically viable means for removal and recovery of
suspended solids from centrifuge centrates. Activated sludge treatment of the
ultrafilter permeate was effective at removing BOD,.

The Tow initial cost of the raw LRCs improved the economic feasibility of
producing low-ash CWF by offsetting the relative expense of chemical cleaning
and reagents in the processing scenario. The additional cost of micronizing
was not onerously significant. However, micronizing adversely affected product
solids concentration and flow behavior. Until process and product refinements
are made in the micronizing area, it is recommended that this process addition
be avoided.

The EERC chemical-cleaning/oil agglomeration process was successfully used
on brown, lignitic, and subbituminous coals. Nitric, hydrochloric, and
sulfuric acids were equally effective in reducing the inorganic content of
LRCs. Water washing removed nitrate and chloride ions, which adhered to the
nitric and hydrochloric acid-cleaned coals. Secondary acid washing removed
calcium sulfate that precipitated as a result of using sulfuric acid for
chemical cleaning. Removal of coal inorganics was maximized within the range
of 0.75 to 6.0 wt% acid. The preferred oils for agglomerating LRCs were
characterized by high polar and oxygen contents and were typically coal-derived
0ils. The preferred oils required only low-shear mixing to cause LRC
agglomeration.

ASTM and TGA proximate analysis techniques were inappropriate for
determining the moisture and oil contents of agglomerates. Karl Fischer
titration and azeotropic distillation were suitable for determining agglomerate
moisture content, and Soxhlet extraction was suitable for determining
agglomerate oil content. Total carbon analysis was suitable for determining
the residual o0il content of the process water.

The chemical-cleaning/oil agglomeration process resulted in significant
dewatering (moisture reduction) of LRCs. Inorganic reduction was typically
higher for lignites compared to subbituminous coals because of the higher
concentration of ion-exchangeable inorganics in the lignites.
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5.0 RECOMMENDATIONS

Qualitative and quantitative analysis of the hot-water-dried products
should be performed in order to understand mechanisms such as tar evolution.
Froth flotation testing should be conducted on the dilute HWD product slurry.
It has been stated that the HWD coal becomes hydrophobic in nature following
hot-water drying. Therefore, froth flotation should be more effective on this
product rather than the hydrophilic raw LRC. The only concern is that the tar
evolved during the HWD may trap minerals in the coal particles, reducing the
separation of coal and minerals.

Pilot-scale HWD testing should be used to address heat-transfer issues in
order to integrate a process effluent heat exchange system and improve process
efficiencies. An extended run on the pilot-scale unit should be performed to
address issues of heat capacity, thermoconductivity, and any potential scaling
problems during heating.

Thermal deoiling for agglomerating oil recovery needs to be more
thoroughly investigated. The recovered oils should be characterized to
determine suitability for recycle or sale as an upgraded product. Thermally
deoiled agglomerates should be evaluated for strength and stability toward dust
generation, spontaneous combustion, and moisture reabsorption. An appropriate
bridging/binding 0i1 combination should be selected based on strength and
stability of the agglomerates. Combustion testing should be performed on
thermally deoiled agglomerates to determine the reduction in depositional
tendencies due to reduction of the ion-exchangeable inorganic content. A
preliminary plant design and associated economics should be made on a nominally
sized continuous agglomeration plant with and without chemical cleaning.

In order to characterize the behavior of the various ash components in
selected coals and their beneficiated products, a detailed characterization of
the coals should be performed before and after beneficiation. The methods of
characterization should include computer-controlled scanning electron
microscopy, chemical fractionation, and standard ASTM techniques. An
additional objective would be to establish predictive methods to evaluate ash
behavior from cleaned and beneficiated LRCs and to design new beneficiation
processes and/or optimize current procedures. Detailed characterization
techniques will provide insight into the effects of various beneficiation
processes and help develop new methods.

These and other process developments are viewed as critical to further
establish the usage of LRC and create new domestic and international markets.
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PRESSURIZED FLUIDIZED-BED COMBUSTION

1.0 BACKGROUND

Pressurized fluidized-bed combustion (PFBC) has several advantages that
make it attractive as a technology of the future. Some of these advantages

are:

Increased efficiency and reduced capital and generating costs compared
to pc-fired boilers equipped with flue gas desulfurization (FGD).

Modular units without the usual economy-of-scale penalty.

Reduced combustor size permitting shop fabrication and field erection,
thereby greatly shortening construction lead time.

High-sulfur fuels burned in the presence of sorbent in the FBC
eliminate the need for FGD.

Reduced combustion temperature (1400°-1700°F versus 3000°F for a
pulverized coal-fired boiler) which results in significant reduction
of NO, emissions.

Increased heat-transfer rate to the working fluid.

Increased fuel versatility.

Easily handled by-product material consisting of clinker-free,
granular, smooth-flowing ash which may be easily disposed of in a

landfill or potentially sold for industrial or agricultural
applications.

Major technical uncertainties identified by industry as critical areas
for PFBC commercialization are:

Hot-gas cleanup for gas turbine protection, with particular reference
to coal alkalies.

Materials survivability for heat exchanger, gas turbine, and solids
handling equipment.

Solids handling improvement in feeding, distribution, and bed removal.

Combustor configuration, including the heat-transfer bundies,
distributor plate, fuels utilization, and operational parameters.

Some of these problems are being addressed by programs such as those at
Grimethorpe and New York University. Others will hopefully be resolved during
operation of the three demonstration plants using first-generation technology.
These plants are the AEP 70-MWe Tidd Station at Brilliant, Ohio; the 79-MWe
Escatron Power Plant in Spain; and the 135-MWe Energi Vartan plant in
Stockholm, Sweden. Although these plants show improved efficiency over
atmospheric systems, they are still significantly below gas-turbine
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efficiency. In an attempt to increase these efficiencies, several companies
are actively involved in the development of second-generation PFBC systems.
The goals of the second-generation system are a 45% coal-to-electricity
efficiency, 20% cost-of-electricity advantage over pc-fired systems, modular
design for shop fabrication, to meet or exceed new source performance
standards (NSPS), and the ability to operate on a wide range of coals.

2.0 GOALS AND OBJECTIVES

The overall goal of the PFBC program at the Energy and Environmental
Research Center (EERC) is to generate both fundamental and process information
that will foster the development of an economical and environmentally
acceptable second-generation PFBC concept. The goal is to focus on generic
jssues, such as the fate of alkali in PFBC systems, sorbent utilization, and
carbonizer performance, while providing input to assist in the development of
second-generation systems.

During the last two years of this Cooperative Agreement (7/90—6/92),
work focused on three main areas: carbonizer performance, fate of alkali, and
increased sorbent utilization. Objectives are discussed below.

2.1 Carbonizer Performance Evaluation

In order for a second-generation PFBC to achieve 45% efficiency, it is
Tikely that the coal must be partially gasified in a carbonizer or a partial
gasifier and the char residue burned in the PFBC. This will produce gas
streams that can be cleaned at an intermediate temperature (e.g., 1600°F) and
then afterburned to obtain temperatures higher than those obtainable directly
from the PFBC, thereby increasing the efficiency of the gas turbine.
Information needs to be generated to determine the extent of gasification
desired to obtain the highest efficiency while maintaining the benefits of the
PFBC in terms of meeting environmental standards. The partial gasification
step is referred to here as carbonization.

The goal of this task is to use the existing EERC mild gasification
reactor, with some modification, to develop a database at temperatures and
pressures representative of those for a second-generation system. Gas, tar,
and liquid yields for selected coals will be determined. The fate of sulfur
and alkali will be investigated. The amount of tar generated, its properties,
and the elimination of tar will be studied to determine whether or not it will
pose problems in the hot-gas cleanup device.

2.2 Fate of Alkali in PFBC Systems

Alkali in the coal, especially that organically bound, will volatilize
even at the low temperatures typical of a fluid-bed gasifier or combustor.
This alkali can cause problems in both the filter media and the turbine. The
EERC will focus on developing an understanding of how the alkalies are
released so that methods of rendering them harmless can be found. Alkali
gettering to keep the alkali in the bed is one potential method of protecting
the filter and turbine. Some work will be done on the pilot-scale bubbling
and circulating atmospheric fluid beds. Because the vapor pressures of the
alkali species are lTow and not greatly influenced by pressure, it is felt that
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data from the atmospheric units will be applicable to pressurized systems.
Work will also be done on the bench-scale pressurized reactor. PHOEBE, a
thermodynamic code for predicting gas-solid-liquid-equilibrium stages, will be
used as a tool to help predict trends with changing operating conditions and
coal types.

2.3 Bench-Scale Reactor Testing

A bench-scale reactor will be built to study PFBC reaction kinetics and
conversions. The reactor will be designed around an already existing piece of
equipment to minimize costs. Design efforts will attempt to minimize the
impacts of the small size on the usefulness of the data, while providing for a
wide range of conditions applicable to combustion and gasification in bubbling
and entrained/circulating fluidized beds. A 3-inch-ID reactor is envisioned.
This reactor will be used to study sorbent utilization and alkali gettering.
It is important to improve sorbent utilization and minimize the amount of
sorbent feed and waste disposal. Extending the operating conditions where
conventional sorbents are effective may help improve the overall efficiency of
the PFBC. If properly designed, it is envisioned that this reactor could also
be used for studying N,0 emissions, if time and budget allow.

3.0 RESULTS AND DISCUSSION
3.1 Carbonizer Performance Evaluation

3.1.1 Addition of the 4-1b/hr Continuous Fluidized-Bed Reactor
(CFBR) to the Test Matrix

Limited operation of the EERC 4-1b/hr continuous gasifier was added to
the experimental matrix due to delays encountered with the certification
process for the primary gasification vessel and with delivery of equipment
needed for system modifications. A description of this unit is provided in
Appendix B. The rationale was that use of the smaller unit would enable the
effects of various operating conditions to be investigated more easily,
resulting in more efficient testing on the 100-1b/hr unit. The information
gathered during the 4-1b/hr tests was to be used to determine the conditions
at which the 100-1b/hr unit would yield the most useful data. Because it is
possible to obtain only three data points each week with the 100-1b/hr unit,
it was critical that the most meaningful test points be run on this unit.

3.1.2 Results of Testing Performed on the 4-1b/hr CFBR

Five tests were performed on the 4-1b/hr unit. The conditions of these
tests are given in Table 1. The first and second tests (using Wyodak
subbituminous coal) were successfully completed. During the third test, the
Pittsburgh No. 8 coal agglomerated approximately 15 minutes into the run. An
error in prerun calculations had set the actual Ca/S ratio at 0.45 rather than
the planned 1.75. The low dolomite add rate may have increased the tendency
for the high-swelling Pittsburgh No. 8 coal to form agglomerates during
carbonization.



TABLE 1
Tests Run in the 4-1b/hr CFBR

Run M169 M170 M171 M172 M173
Coal Wyo* Wyo Pitts 8° Wyo Pitts 8
Avg. Bed Temp., °F 1562 1562 1562 1562 1562
Pressure, psig 25 55 55 165 150
Coal Size, inch -% -% -% -% -%
Dolomite size, mesh -30 -30 -30 -30 -30
Dolomite/Coal, wt. ratio 1.00 4.40

* Wyodak subbituminous coal.
* Pittsburgh No. 8 bituminous coal.

Run M172 was initiated using Wyodak subbituminous coal. Steady-state
conditions were reached at 1562°F and 150 psig. Run M173 began when the coal
hopper was switched and Pittsburgh No. 8 coal was fed. Bed agglomeration
occurred after approximately 30 minutes, forcing shutdown of the run.

Data which could be reduced indicated that the results of the carbonizer
testing agreed reasonably well with the results seen during mild gasification
testing. Tar yields in the carbonizer operational mode were low to
nonexistent. Partial-gasification-produced char yields were similar to those
produced during mild gasification, with the exception that the pressurized
carbonizer char contained less volatiles.

3.1.3 Description of the 100-1b/hr Mild Gasification Process
Development Unit (MGPDU)

The MGPDU was designed to process 100 1b/hr of feed coal on a dry basis
and is capable of drying, carbonizing, and calcining both caking and non-
caking coals in pressurized fluid-bed reactors as well as separating char,
liquid, and gaseous products. The system was designed for integrated
operation, and because provisions were made so that carbon zation could take
place without the use of the calciner, the unit works wel? within the second-
generation PFBC program. A description of the MGPDU is presented in
Appendix A.

3.1.3.1 Modifications Required to Integrate the 100-1b/hr MGPDU
into the Second-Generation PFBC Carbonizer Program

Several minor modifications to the MGPDU were required to ensure that
the unit could be operated at the carbonizer test conditions of 150 psi and
1600°F. The modifications included the replacement of all slide valves on the
primary cyclone, secondary cyclone, coal feed system, and char product
receiver with ball valves. Pressurized site ports were added to the coal feed
system and the natural gas burner flame detection sensor. A pressurized
burner was constructed and used to replace the existing system. The conical
section of the pressurized coal hopper, the bottom of the char receiver, and
the primary cyclone inlet wall were reinforced. The first water scrubber
gas/liquid separation cyclone was modified to prevent the water entrainment



observed during cold-flow model testing. A small gas slipstream condensation
train was added to assist in the accurate determination of tar yields. Minor
process control reprogramming was performed so that the carbonizer could
operate with heat generation from either a natural gas burner or by internal
oxidation using oxygen or air. A natural gas compressor was refurbished and
piped in for this purpose. A1l flanges and closures were reevaluated and
retorqued.

3.1.3.2 ASME Boiler Code Certification

The mild gasifier system (carbonizer, calciner, and support systems) was
originally designed for service at atmospheric pressure. In order to
determine that the system was safe for operation at pressures up to 150 psig
and to comply with the North Dakota State Boiler laws, it was necessary to
perform a thorough analysis of the vessels and associated piping systems.
Components of the system that met the legal definition of an unfired pressure
vessel according to North Dakota State Boiler laws were analyzed in accordance
with the ASME Boiler Pressure Vessel Code Section VIII, Divisions 1 and 2.
The piping system and components were analyzed in accordance with the B31.3
piping codes. Approval was given to operate the system under pressure in the
interim, based on the preliminary set of calculations. Some modifications
were recommended and made based on the findings of the analysis, although no
serious defects or code violations were found. The system proved to be fully
capable of being operated at the design conditions identified for the various
components.

The carbonizer vessel of the 100-1b/hr mild gasification unit was
hydrostatically pressure-tested to 130 psi, with Twin City Testing serving as
the independent observer to certify the testing procedures. Approval was
given by the North Dakota state inspector to operate the carbonizer vessel
under pressure. All piping modifications were completed, including the
installation and pressure testing of new high-pressure/high-temperature
valves.

3.1.4 Results of Testing Performed on the 100-1b/hr MGPDU

A computer model of the MGPDU was developed for use in determining the
various gas flows necessary to meet the Foster-Wheeler test specifications for
all matrix points. The model is interactive, calculating flow rates and
expected products based upon the coal and dolomite feed rates, proximate and
ultimate analyses of the coal, and run conditions. Due to heat losses,
keeping the carbonizer at a reaction temperature of 1600°F requires that more
coal be burned for heat than the 30% required by Foster-Wheeler. It was
decided that additional heat could be supplied through the combustion of
natural gas and a stoichiometric amount of air.

A test was performed in the pressurized carbonizer mode to determine the
maximum flow rates possible for the various gas streams (purge N,, transport
N,, 0,, natural gas, the stoichiometric amount of air needed to burn the
natural gas, and makeup N, needed to achieve the desired superficial
velocity). The maximum flow rate information was compared with the various
gas flow rates needed to successfully complete the experimental matrix. It
was noted that some of the gas flow rates needed to complete the matrix were
outside of the operational range of the equipment. To lower the gas flow rate

5



through the system, it was decided to use propane as the additional heat
source rather than natural gas. The computer model was used to recalculate
the gas flow rates necessary for the start-up sequence and test matrix using
propane.

Following shakedown of the 100-1b/hr unit, five tests were performed.
The operating conditions for these tests are given in Table 2.

3.1.4.1 Run POl6

Operation of the unit during Run P016 was consistent with design
criteria until feed problems were encountered. Shortly after the feed
problems developed, support instrumentation failure resulted in equipment
dysfunction in the downstream quench train, producing another system upset.
Further attempts to achieve steady-state operation were unproductive, and the
test was terminated.

The problem with the feed system was determined to be contamination in
the feed coal/dolomite mixture, and the problem with the quench train was
satisfactorily resolved by instrumentation and control replacement.

3.1.4.2 Run PO17

Maintenance was performed on the unit, new feed material was prepared,
and a second run was attempted. During this run, the unit operated very well
at atmospheric conditions. A feed problem was encountered during stepwise
sequential increases in pressure. At pressures over 30 psi, water condensa-
tion was noted in the pneumatic transport feed line. The water was noted in
the drip leg below the transport zone. This condition apparently led to a
plugged feed line. When the coal feed stopped, the internal temperature

TABLE 2
Operating Conditions of Tests Run in the 100-1b/hr MGPDU

Test Number P106 P17 P018 P022-1 P022-2 P022-3
Coal Wyodak® Wyodak Pitt.8" Wyodak Wyodak Pitt.8
Average Bed Temp., °F 900 1150 1650° 1625 1625 1625
Pressure, psig 50-80 50-80 125 7 56 56
Coal Mix® Feed Rate, 1b/hr 100 100 100 94 94 54.1°
Coal Feed Size, inch - x0 -%x0 -%x0 -%x0 -%x0 -%x0
Dolomite Feed Size, mesh 8 x16 8x16 -30 NA NA NA
Dolomite/Coal Ratio 15/85 15/85 30/70 23/77 23/77 23/77
Air Flow, scfh 3400 3400 3600 2200 3900 2900
Velocity, ft/sec 2-3 2-3 0.5-1 6.1 5.6 2.8

[ ] a o o &

Wyodak subbituminous coal.

Pittsburgh No. 8 bituminous coal.

Average value - temperature ranged from 1110° to 2190°F.
Mixture of coal and Plum Run dolomite.

Average value, feed rate increased during test period.




increased enough to cause bed sintering, terminating the run after approxi-
mately 20 hours of operation at a pressure of 90 psi.

In an effort to eliminate the coal feed difficulties, the function of
the transport line during the pressurized carbonizer mode of operation was
analyzed. Heat balance is difficult to maintain at this scale, and as a
result, the gas-phase streams into the unit are heated. During mild gasifi-
cation, a significant amount of the heat is supplied by the combustion of
natural gas. In the pressurized carbonizer mode of operation, most of the
heat is supplied by internal combustion. This means that, during operation,
the air entering the system is essentially at room temperature. The transport
tube passes through the natural gas combustion zone before entering the
primary reactor. As the feed coal/dolomite mixture and preheated transport
gas pass through the natural gas combustion zone, enough heat is lost to the
incoming, room-temperature air to allow the condensation of a significant
amount of either coal feed moisture or combustion moisture in the transport
tube. This reduces the velocity of the transport nitrogen and disturbs its
natural flow, causing agglomeration and plugging problems in the tube. It was
decided that, prior to Run P018, minor equipment modifications and procedural
changes would be adopted. The transport nitrogen feed 1ine was modified to
permit the use of air as well as nitrogen, meaning that room-temperature air
could be used as the pneumatic transport gas. It was thought that this would
eliminate the condensation problem and overcome a decrease in the net gas
transport velocity during pressurization.

3.1.4.3 Run P018

The equipment modifications suggested by the results of Run PO17 were
completed prior to the performance of Run P018. In addition, a sight port was
added to the high-pressure burner. This enabled evaluation of a problem that
had been experienced with lighting the burner at pressures over 30 psi. The
sight port showed that the burner was lighting, but that the flame sensor was
not "seeing" it. The sensor was moved, and the burner operated correctly.

The natural gas burner system had been modified and successfully
operated at 1650°F and pressures up to 125 psi. The water quench system
operated very well at pressures above 30 psi, preventing water from vaporizing
in the first-stage system. The second-stage scrubber level instrumentation
failed during heatup, but was monitored manually and did not present a
problem. The electronic instrumentation for the coal transport velocity
determination failed, and an operator took field readings to determine
fluidization velocity. Due to the temperature loss caused by the introduction
of a large amount of air, the transport gas was not introduced until shortly
before the initiation of coal feed.

Within 10 minutes of the start of coal feed, large pressure fluctuations
were noted in the bed and transport tube. Reactor temperature fluctuated from
1100° to 2190°F. Cycles between the temperature fluctuations occurred in a
matter of minutes and were the result of inconsistent air flow to the reactor.
A1l of the air was fed to the reactor through the transport tube. The tube
plugged, diminishing the transport air flow and resulting in insufficient air
to maintain reactor temperature. When the plug was blasted free, too much air
entered the system. After approximately 1 hour, the feed system plug could
not be blasted free, and the run was discontinued at that point.




Agglomerated coal was found at the bottom of the reactor, above the top
of the char removal point. Clear passage was not evident at any point in the
plug. It appears that the plug actually occurred in the main reactor and
portions of the plug material fell to the bottom of the reactor and into the
transport tube.

Table 3 presents the results of proximate/ultimate analyses of the feed
coal, feed coal + dolomite, P018 char, and plug material from two locations.
The data show that the agglomerates were enriched in ash relative to the feed
coal/dolomite mixture. The agglomerate sample taken from near the bottom of
the reactor contained more moisture and volatile matter than the agglomerate
sample taken approximately 4 ft up the reactor. The agglomerates that were
not found at the base of the reactor consisted almost entirely of fixed carbon
and ash, indicating that this area experienced very high temperatures.

3.1.4.4 Run P0O22

This run consisted of three test periods, designated P022-1 through
P022-3. Agglomeration had been noted during earlier runs using Pittsburgh
No. 8 bituminous coal; therefore, to ensure a successful system start-up, the
run was initiated using Wyodak subbituminous coal, and the first test period
consisted of operation using Wyodak coal at 7 psig (1.5 atm) and 1625°F.
Char, condensate, and product gas samples were quantitatively taken during
this test period.

TABLE 3

Results of Analysis of P018 Feed, Char, and Agglomerates

Coal/ PO18 PO18
Dolomite PO18 Reactor Reactor
Pitts 8° Mixture” Char Plug® P1ug®
Proximate Analysis,
wt% as-received
Moisture 2.20 2.60 20.70 2.00 0.80
Volatile Matter 36.29 38.08 19.76 18.45 10.23
Fixed Carbon 50.30 39.20 30.16 20.78 43.57
Ash 11.20 20.11 29.37 58.75 45.39
Ultimate Analysis,
wt%» maf® basis
H 5.34 5.18 1.64 2.48 0.70
o 81.33 81.06 82.81 85.29 99.47
N 1.56 1.36 1.10 1.40 1.56
S 3.76 3.17 3.42 6.07 5.03
of 7.98 9.20 11.00 4.74 -6.77

Pittsburgh No. 8 bituminous coal.
Pittsburgh No. 8 and PTum Run dolomite.
Located at the bottom of the reactor.
Located 4 feet up the reactor.
Moisture- and ash-free.

Calculated by difference.
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Once steady-state conditions were achieved during the first test period,
the pressure was increased and the unit allowed to come to steady state again.
The second test period consisted of operation of the unit on Wyodak coal at
1625°F and 56 psig (4.8 atm). Product gas samples were taken during this test
period, but condensate and char samples were not.

When the pressure was maintained at 56 psig (4.8 atm) and the tempera-
ture at 1625°F, the feed was abruptly changed from Wyodak to Pittsburgh No. 8
coal. The coal/dolomite feed rate was increased over the course of the entire
third run period, from 20 to 80 1b/hr. A hot spot developed on the side of
the vessel where an unused nozzle had been insufficiently insulated, and the
run was terminated. Following shutdown, no evidence existed of the extensive
agglomeration of the Pittsburgh No. 8 coal that had occurred during the
earlier attempts to carbonize it. A product gas sample was taken during the
run period, and the char present in the cyclones and the char hopper at the
end of the run was collected. A sample of the condensate was not taken during
this run period.

The product gas samples that were collected during P022 were analyzed by
gas chromatography. Char samples were analyzed for moisture, fixed carbon,
volatile matter, and ash contents (proximate analysis); for C, H, N, S, and O
(by difference) contents (ultimate analysis); and via x-ray fluorescence
analysis to determine the inorganic constituents of the ash. The condensate
was filtered and the solids subjected to determination of moisture, volatile
matter, fixed carbon, ash, and sulfur contents; heating value; and solubility
in tetrahydrofuran (THF). The condensate liquids were analyzed for total
organic carbon and total phenolic contents. The density of the liquid
fraction of the condensate was also determined.

A good mass balance could only be performed for the first run period due
to the lack of quantitative samples. Because the data necessary to perform
the mass balances were unavailable, the yield structure for the third run
period (performed with Pittsburgh No. 8 coal) was determined in an alternate
manner. The computer model of the mild gasification unit, that had been
developed for use in determining the various gas flows necessary to meet the
experimental matrix conditions, was modified to predict the product slate of
carbonization. The model was originally developed using three steps:

1. Input of the flow rates and analyses of the feedstocks

2. Description of the chemical reactions occurring within the vessel
with respect to the production of heat (i.e., burning methane
and/or coal)

3. Performance of a heat balance over the system to obtain an estimate
of the reactor heat loss

Additional information was added to the model so that it could be used
to predict the yield structure of the carbonizer tests. The following
information was incorporated during modification of the model:

4. Description of the chemical reactions taking place within the
carbonizer




5. Development of chemical boundary machine constants based upon the
behavior of the system during operation using Wyodak coal

6. Determination of the quantity of char produced
7. Determination of the quantity and speciation of product gases

8. Performance of mass and material balances on the system and the
inclusion of this information in the model

9. Performance of an elemental balance over the vessel proper

10. Definition of the fourth reaction zone (in the water scrubber) and
the reactions occurring there

11. Verification of mass, material, elemental. and heat balances for
the entire system

3.1.5 Discussion of Results

Once completed, the model was used to predict the product slate of the
first run period. This predicted product slate is compared to the actual
product slate in Table 4. As the table shows, the model accurately predicts

TABLE 4

Comparison of Predicted P022 Run Period 1 Product
Slate with Actual Product Slate’

Wyodak
Coal: Predicted Actual
Product Gas, 1b
0, 66 21
H, 30 30
o, 617 577
N, 1355 1430
co 410 402
CH, 27 22
H,0 5.5 5.6
Total 2510.5 2487.6
Condensate, 1b 322 294
Char (maf®), 1b 62 62
Dolomite + Ash, 1b 110 91
Water in Char, 1b 4.9 4.7
Closure 100% 98.14%
Char Yield 13.8% 11.2%

a

Total quantities produced during run period with Wyodak coal.

® Moisture- and ash-free.
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the product slate for the run period using Wyodak subbituminous coal. There
is 1little reason to expect that it could not also be successfully used to
predict the product slate of the carbonization of Pittsburgh No. 8 bituminous
coal.

Table 5 compares the predicted product slate for run period 3 with the
actual product slate (such as could be calculated) from the Pittsburgh No. 8
run period. Not all values could be compared due to the Tack of samples, but
the predicted and actual gas product slates agree fairly well. The char
samples collected during this run period were taken from the char hopper and
the cyclones. The ultimate analysis of the char in the char hopper was quite
different from that of the cyclone fines, as can be seen in Table 6. Based

TABLE 5

Comparison of Predicted P022 Run Period 3 Product
Slate with Actual Product Slate®

Predicted Actual
Coal: Pittsburgh #8 Pittsburgh #8
Product Gas, 1b
0, 21 5
H, 6 3
o, 175 119
N, 686 750
co 45 37
CH, 12 8
H,0 6.6 --°
Total 951.6 --
Condensate, 1b 26.4 -
Char (maf®), 1b 22.5 --
Dolomite + Ash, 1b 25.5 --
Water in Char, 1b 0.2 --
Char Analysis, wt% maf coal
H 3.14 0.67 Weighted
C 72.31 72.04 average
N 2.17 0.98 of all
S 10.48 3.34 analyses®
0° 11.91 22.96
Closure 99% -
Char Yield 25.6%

Total quantities produced during run period with Pittsburgh No. 8 coal.
Information not available.

Moisture- and ash-free.

By difference.

Ranges of analyses are given in Table 6.
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TABLE 6

Elemental Analysis of Char and Cyclone Fines
from P022 Run Period 3*

Char Hopper Cyclone Fines
H 0.91 0.54
C 90.10 62.99
N 1.37 0.76
S 9.29 0.05
0° -1.69 35.64

A11 values in wt% on a moisture- and ash~free basis.
By difference.

b

upon the quantities collected from each location during the Wyodak run period,
these values were weighted to arrive at an average char analysis, which is
shown in Table 5. The predicted and average values agree fairly well when it
is taken into account that small real differences at this scale can result in
dramatically different percentages. It should also be noted that most of the
predicted values fall within the range defined by the two char analyses.

Based upon the product slate predicted using the computer modef, it
appears that operation at 1625°F, 4.8 atm, and the gas flow rates noted in
Table 1 results in a char yield of approximately 25 wt% c¢f the Pittsburgh
No. 8 coal fed to the system.

3.2 Fate of Alkali in PFBC Systems

Data from turbine-operating experience using residual oil and from PFBC
experiments indicate that alkali metal compounds play a large role in the
amount of deposition and hot corrosion experienced by turbomachinery (1). If
pressurized fluidized-bed combustion is ever to become a commercial reality,
an understanding of the extent of alkali metal compound emissions from the
combustor, its effect on the turbine, and ways for controlling these emissions
is needed.

Sodium and potassium compounds exist in the coal in similar chemical
forms. Sodium and potassium are constituents of clay minerals; NaCl is
present in the coal bed moisture and as a discrete mineral in the coal. While
KC1 is also found in the groundwater, potassium is present in the coal largely
as nonvolatile aluminosilicates. The potassium can then be released from the
silicates as KC1 through an exchange reaction with NaCl vapor. Both NaCl and
KC1 have significant vapor pressures at 900°C (3.0- and 5.3-mmHg, respec-
tively), so their vapor is expected in the PFBC flue gas.

Researchers at Westinghouse concluded, based on thermodynamic modeling,
that the release of sodium increases with increasing temperature, increasing
chlorine content of the fuel, and decreasing SO, levels in the gas and
decreases with increasing pressure (1). These studies also indicated that the
major sodium and potassium species evolved should be NaCl and KC1; however,
alkali metal sulfates can result from the reaction of the chlorides with
gaseous sulfur compounds.
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3.2.1 Measurement Techniques

One concern in understanding the fate of alkali in a PFBC system is the
ability to measure the amount of alkali volatilized under these conditions.
Several techniques have been developed to measure the alkali levels in flue
gases. These techniques include in situ techniques such as laser-induced
fluorescence spectroscopy (LIFS); laser-induced photo and fluorescence (LIPF);
laser-induced breakdown spectroscopy (LIBS); hot-extraction techniques, such
as the Ames alkali monitor and the METC Fiber Optic Alkali Monitor (FOAM)
analyzer; and a batch-type, condensation cold trap such as the alkali and
particulate sampling train (APST) technique. One additional technique is the
use of a fixed bed of alkali sorbent material in which a known amount of flue
gas is passed through the bed for a given time, after which the bed material
is regenerated and analyzed for its alkali content.

The EERC has performed some testing using a LIFS system to look at the
concentration of Na atoms in a small-scale burner (2). These tests looked at
sodium in solution, solid-phase sodium compounds, sodium impregnated on
carbon, and three different Beulah Tignite coal samples. These samples were a
demineralized Beulah lignite, a demineralized Beulah lignite with sodium
acetate impregnated back into the sample, and a raw Beulah lignite. The form
of the sodium in solution was found to have no effect on the concentrations
measured. The solid-phase sodium salts (benzoate, sulfate, and carbonate)
gave signals similar to the solutions, while the sodium montmoriilonite and
chloride gave signals much less than those observed for solutions. The coal
and char samples gave signals higher than the solutions, and there was a
linear response of the coal samples with Na concentration in the sample.
Solgasmix, a thermodynamic code for predicting the equilibrium composition of
various inorganics in high-temperature environments, was used to predict how
much Na would be in the atomic state. The code did agree with the general
observations that NaCl and sodium montmorillonite liberated less Na when
combusted; however, the predictions were 30% to 70% in error since the mole
fraction values put into the program were that much in error.

Los Alamos National Laboratory has performed some laboratory testing
with a photofragment fluorescence technique which is capable of identifying
different anions of the same alkali (3). This technique is based on the UV
laser-induced photodissociation of alkali-containing compounds. Sodium and
potassium compounds can be distinguished by their characteristic emission
wavelength (589 nm for Na", 766 nm for K'). Variation of the threshold energy
wavelength should allow good discrimination between alkali compounds with
different anion groups. Research indicates that the instrument is sensitive
down to 0.03-ppb NaCl and 0.4-ppb KC1, O.1-ppb NaOH and 7-ppb KOH, and
0.01-ppb Na,SO, and 0.3-ppb K,SO,. This research concluded that, in
predominately binary mixtures of the chloride anion with the hydroxide or
sulfate anion, the photofragment fluorescence technique will be able to
distinguish the concentration of each compound. However, in mixtures
containing comparable amounts of the hydroxide and sulfate anions, the spectra
are similar enough to make concentration measurements difficult. Research
with the photodissociation fluorescence technique is being continued at PSI
Technologies, Co., in testing on their Taminar flow drop-tube furnace (4).
Results have been obtained which indicate that chlorine is the species-
Timiting compound in the formation of NaCl. Solgasmix was used to validate
the dependence of NaCl formation on the chlorine levels in the coal.
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Additional kinetic modeling was performed to determine that the NaCl
equilibrium is approached in approximately 5 ms.

Work at Argonne National Lab (ANL) has compared the Ames alkali monitor,
the METC FOAM analyzer, an APST condensation technique, and the alkali sorbent
bed (5-9). Their results indicate that hot-extraction techniques result in
considerable condensation of alkali on the heated sample lines, even at
temperatures up to 950°C. The Na concentrations were found to be approxi-
mately 0.1 to 0.3 ppm with this technique. The APST batch-type condensation
train gives alkali levels between 0.6- and 1.0-ppm Na, while the sorbent bed
gives values between 1.3- and 1.5-ppm Na, which is 15 times higher than the
current industrial gas turbine limit of 0.024 ppm of alkali. The discrep-
ancies in the numbers have been attributed to the absorption of the alkali on
the heated sample lines, while the sorbent bed is right in the flow gas, so
there is no sample line to change the concentrations. The sorbent bed numbers
could be inflated due to some contamination by particulate.

Thermodynamic equilibrium studies have been conducted at the EERC using
the Solgasmix and PHOEBE codes. Solgasmix is a free energy minimization code
developed by Eriksson (10). PHOEBE is a Gibbs free energy minimization
program developed at the EERC by Ramanathan, Kalmanovitch, and Ness (11, 12).
Solgasmix was tested extensively in-house and appeared to perform adequately,
although the occasional output of erroneous results was discovered. PHOEBE
was found to perform better than Solgasmix in calculations on the binary
A1,0,:Si0, system and the Na,0:A1,0,:Si0, ternary systems. PHOEBE was in very
good agreement with the binary system and showed some interchange between the
primary and secondary (or secondary and tertiary) phases in the predicted
values.

A review of the literature being used to design the carbonizer for the
Foster Wheeler second-generation PFBC system indicates that the dry tar had
ash levels ranging from 0.1 to 3.2 wt% ash (avg. 1.0 wt%) (13). While some of
the ash could be the result of fine fly ash carrying over out of the
carbonizer, some of the ash is probably due to the volatilization of alkali
metal compounds which would not be collectible by a hot-gas cleanup device
such as ceramic candle filters, etc. The presence of organic vapors in the
gas stream will also make the sampling and identification of alkali compounds
more difficult. The organic vapors are known to absorb UV radiation which
will preclude the use of any laser-induced fluorescence technique because they
fluoresce in the UV wavelengths. Condensation cold-trap sampling trains would
also condense the organic tars, making the analyses for alkali compounds much
more difficult. A fixed bed of sorbent material could potentially work as an
alkali meacurement device, provided the bed is maintained at the same
temperature as the gas/tar stream to prevent the condensation of tars on the
sorbent material.

3.2.2 Alkali Evolution under Reducing Conditions

Alkali sampling from the Texaco slagging gasifier has been reported by
Haas and others (14) using the METC/Idaho National Engineering Laboratory
(INEL) fiber optic alkali meter. This sampling was conducted at 650° to 700°C
and 365 psia. The observed alkali concentrations were 10 to 20 ppbw for each
of both sodium and potassium using a Pittsburgh #8 bituminous coal. These
concentrations were comparable to alkali concentrations measured from a PFBC
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system at the Argonne National Laboratory (30 to 40 ppbw Na and 10 to 30 ppbw
K).

A study by Greene and others (15) used a molecular beam mass spectro-
meter (MBMS) system mounted on a well-characterized coal reactor. Results
from this study indicate that the sodium is volatilized from the coal particle
during the coal devolatilization step and occurs, principally, as the atomic
species rather than as the oxide or hydroxide. This sodium is quickly
converted to an unknown gaseous species or a condensed phase such as a fume.
High initial concentrations have been detected in the vicinity of the coal
particle (<1 mm) with concentrations exceeding 700-ppm maximum and averaging
>100 ppm. These concentrations are not representative of the alkali
concentration in the final flue gas; however, these data can be used to
calculate fluxes of alkali away from the coal particle as a function of time.
It should be noted that data indicate that less sodium was volatilized under
simulated gasification operating conditions than under simulated PFBC
operating conditions. This surprising resuit could be the result of higher
particle temperatures being achieved under the simulation of PFBC operating
conditions than under the simulated gasification operating conditions.
Another possibility was that less of the alkali was volatilized as an atomic
species, but was volatilized as a chloride species which was not subject to
analysis. ‘

Knudsen cell mass spectroscopy work on low-temperature ashed samples of
I11inois #6 and Wyodak coals was conducted by SRI International (16). In the
work with the Wyodak subbituminous coal, NaCl and KC1 were observed as vapor
species above the coal ash, but these species were not detected above the
ITlinois #6 coal ash. The chlorine Tevels in the Wyodak were approximately
three times higher than in the I1linois #6 sample. The previously unobserved
species NaBS, and KBS, were identified above both the I1linois #6 and Wyodak
coal ash samples. This study indicated that the vapor pressure of atomic
species decreased substantially with increasing 0, concentration in the gas,
and the other alkali species decreased slightly with increasing 0,, except for
the hydroxide species which showed an increasing concentration with increasing
oxygen. This work also indicated that at the 800° to 900°C operating tempera-
ture range for our carbonizer testing, the chlorides would have the highest
vapor concentrations under gasification operating conditions. The concentra-
tion of the alkali chlorides was either not found or found in concentrations
less than that predicted with a thermochemical equilibrium code. Some
preliminary thermochemical equilibrium calculations indicate that in-bed
desulfurization may enhance alkali vaporization due to the replacement of
alkali by alkaline earth elements in stable aluminosilicate phases in the ash.

Thermochemical equilibrium calculations performed on the combustion and
gasification of peat indicate that, under reducing conditions, the
concentrations of vapor-phase alkali are approximately two orders of magnitude
higher than that under the PFBC operating conditions (17, 18). The sodium and
potassium concentrations in the product gas under PFB gasification conditions
ranged from 7.5 ppm at 700°C to 76.2 ppm at 900°C, while the sodium and
potassium concentrations in the PFBC flue gas ranged from 0.05 ppm at 800°C to
5.9 ppm at 1000°C. The concentration of the vapor-phase alkali was strongly
dependent on the operating temperature and pressure. An increase in operating
temperature from 800° to 900°C in the PFBC environment increased the vapor-
phase alkali metal concentrations approximately one order of magnitude.
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However, an increase in operating temperature in the gasification environment
increased the vapor-phase alkali metal concentration approximately 70%. An
increase in pressure from 1 to 10 bar was calculated to decrease the
concentration of alkali metals by approximately one order of magnitude in the
temperature range from 800° to 900°C under PFBC operating conditions. An
increase in operating pressure from 1 to 10 bar was calculated to produce a
less than a wwofold decrease in alkali concentration in the same temperature
range under gasification operating conditions. A strong dependence on the
chlorine content was also calculated, with higher concentrations of vapor-
phase alkali metals occurring with higher concentrations of chlorine in the
fuel. Under PFBC operating conditions, the gas phase was calculated to
contain alkali chlorides and to a Tesser extent hydroxides with some Na,SO,
also present at higher temperatures. All of the volatilized alkali species
show a steady but small increase in concentration with an increase in the
alkali content of the fuel. The liquid phase consists principally of the
alkali sulfates.

Under gasification operating conditions, the volatilized alkali metals
consist primarily of chloride and hydroxide compounds, with dichlorides and
atomic alkali compounds also being present at lower concentrations than the
monochlorides. The hydroxide concentration in the gasification product gas
shows a steady or slightly increasing concentration with increasing alkali
levels in the fuel, while the chloride concentration shows a decrease with
increasing alkali level. The liquid phase consists of chlorides and
carbonates, with the chloride concentration being one order of magnitude
higher than the carbonates.

These thermochemical equilibrium data were compared to experimental data
collected from a pressurized fluid-bed unit which can be run in both the
combustion and gasification mode. At a bed temperature of 840°C in the PFBC
mode, approximately 0.3% of the potassium and 1.4% of the sodium were
volatilized in the bed, resulting in an alkali concentration of approximately
1.1 ppmw. This concentration is significantly higher than the thermochemical
equilibrium calculations would indicate.

At a bed temperature of approximately 830°C and a freeboard temperature
of approximately 860°C in gasification modes, the sodium concentration ranged
from 2.1 to 4.3 ppmw, while the potassium ranged from 0.8 to 1.1 ppmw. This
corresponds to 2.4% to 4.6% of the sodium and 0.7% to 1.1% of the potassium
being volatilized. The sodium concentrations are slightly less than those
calculated, while the potassium concentration is significantly less than that
calculated in the thermochemical equilibrium code. While the ash chemistry of
peat is probably significantly different than that of coal, the general trends
displayed in this study are still expected to be true.

The current data indicate that the concentration of volatilized alkali
metal species should be higher for a given coal under the reducing conditions
of the carbonizer than the oxidizing conditions of the circulating PFBC
system. The presence of approximately 0.08 wt% chlorine in the Pittsburgh #8
test coal suggests that alkali chlorides will be present in significant
quantities, especially in the carbonizer product gas.
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3.2.3 Alkali Getters

Alkali released during PFBC applications and present in the vapor phase
in the flue gas has been measured in the range of 0.1 to 10 ppmw (19-21).
This is considerably higher than the 3.024 ppmw recommended by turbine
manufacturers, even though it represents only about 1% to 2% of the total
alkali in the coal. Therefore, some form of alkali removal is required.

A number of researchers and developers have been working with various
alkali getters to remove alkali from the hot-gas stream. Since contacting the
alkali with the getter is critical, varicus packed-bed and granular-bed
filters have been used. Westinghouse (22, 23), Argonne National Laboratory
(19, 24, 25), and the Coal Research Establishment (26) have all Tooked at
alkali getters in a packed bed, while the work done at Combustion Power
Company (CPC) (27, 28) and New York University (NYU) (20, 29) utilized a
granular-bed filter (GBF) design. The University of Arizona considered using
the getter in situ with the combustion or gasification process (21, 30). At
least 13 different potential alkali getters have been tested by these various
institutions. The three most successful getters tested have been bauxite,
kaolinite, and emathlite. Alkali is captured by bauxite primarily by physical
adsorption. Some chemical fixation by the clay impurities also occurs.
Bauxite has been tested as an alkali getter at temperatures ranging from 1350°
to 1850°F. The apparent activation energy for the bauxite was low, indicating
that temperature has only a small impact on its ability to adsorb alkali. In
contrast, kaolinite and emathlite remove alkali by chemical reaction of the
sodium and potassium with these silicate-based minerals. Kaolinite has a high
activation energy, indicating it is sensitive to temperature, with alkali
removal increasing with increasing temperature. Emathlite had a small
activation energy, indicating its relative insensitivity to temperature.

The maximum temperature limitations will differ for these three getters.
The emathlite reacts with the sodium to form albite, a sodium aluminosilicate
compound. Albite has a melting temperature of 1832°F. At temperatures above
1832°F, a glass will form which could potentially cause sticking and
agglomerating problems within the bed. Kaolinite, on the other hand, will
form nephelite and/or carnegieite, depending upon the temperature of the bed.
The relative melting point of nephelite, which is the favored species at
higher temperatures, is 2840°F. If a granular bed of nephelite proves to be
an effective alkali getter and particulate removal device, it would have the
distinct advantage of operating at combustor exit temperatures, eliminating
the costly steps of cooling, cleaning, and reheating the flue gas. Rauxite
will not melt until 3600°F; however, its adsorption capacity will decrease as
the temperature increases.

Preliminary kinetic analysis of alkali capture rates with alumina
silicate (such as bauxite) additives indicate that, in the 1500° to 2000°C
region, alkali capture rates are 100 times faster than the similar kinetic
capture process found with sulfur and calcium oxide (31). Activated bauxite
has been found to be twice as effective as diatomaceous earth at removing
alkali vapors from gas streams (5, 9). Alkali gettering is best achieved by
passing the products of combustion (POC) through a packed bed of activated
bauxite pellets. Greater than 99.9% removal of NaCl vapor has been achieved
in a simulated PFBC flue gas at 800°C, 5 atm, 3.4% water vapor, but with no
SO,. The NaCl was found to have reacted with the bauxite to form water-
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soluble sodium meta-aluminate. In contrast, the NaCl vapor in the same
simulated PFBC flue gas with SO, was captured as a condensed-phase sodium
sulfate. The sodium sulfate could either be formed as aerosols in the gas
phase and captured by the bauxite bed, or the sodium sulfate could be formed
over the surface of the bauxite through a heterogeneously catalyzed reaction
(9). Due to the high predicted capture rates, the direct injection of alumina
silicate additives into the combustor should also be very effective (31);
however, the alkali-saturated sorbent tends to be sticky. This stickiness
probably will present problems for hot-gas cleanup devices such as ceramic
cross-flow filters and cyclones; however, further research is needed to
determine the significance of this problem.

Pilot-scale tests have been performed by ANL on their pilot-scale PFBC
using bauxite as an alkali getter (19, 24, 25). Tests were performed at 1560°
and 1610°F using a lignite from Beulah, North Dakota. Flue gas concentrations
of 1.4- to 1.5-ppmw sodium and O.l-ppmw potassium were measured at the inlet
to the filter device. Using a packed bed of bauxite with a particle size
ranging from 2 to 2.4 mm effected greater than 99% removal of the alkali. The
outlet alkali measurements were less than 10 ppbw. Adsorption data were
collected that can be used for preliminary design scaleup.

The CPC GBF was tested at NYU using Beulah lignite with 8.0% ash and
0.62% sodium (as Na,0) in the coal as the fuel (20, 29). The PFBC pilot plant
was operated at temperatures ranging from 1490° to 1600°F and 6.9 to 9.2
atmospheres. Both 2- and 3-mm mullite particles were tested. The average
alkali content in the flue gas entering the GBF was measured to be 1.25% of
the sodium and 1.12% of the potassium in the coal. The measured alkali-
gettering efficiency for all of the tests was between 90% and 96%, with a
possible error of 5%. The outlet alkali concentration ranged from 3 to
20 ppbw, which is below the 24-ppmw recommended turbine tolerance 1imit. In
this work, no attempt was made to determine the mechanism of capture, i.e.,
whether the alkali reduction was due to condensation on the filter media,
capture of fine alkali sulfate dust and aerosol particles, physical
adsorption, or chemical absorption and reaction. Therefore, although it was
proven that the concept will simultaneously capture particulate and alkali, no
scaleup data were obtained.

A more practical study was performed by Westinghouse, focusing on
emathlite as the getter material (22). Results from the testing indicated
that the concept of using a fixed bed of emathlite pellets is a practical
technique for alkali removal from hot flue gases. Process development tests
included a 102-hour test where gas containing 10-ppmv NaCl was reduced to less
than 0.2 ppmv (detection limits). In other studies, alkali removal of greater
than 99% was demonstrated, with a reduction of sodium to below the 20-ppb
turbine tolerance level. A commercialized process has been identified for
manufacture of the emathlite pellets. In that testing, the kinetics were
found to be insensitive to temperature over the range of 1426° to 1651°F. The
absorption rate was proportional to the alkali gas-phase concentration, with
no capacity limitations due to absorption limitation at low gas-phase alkali
concentrations. The Westinghouse research was based on a packed-bed design,
and it was felt that it would be necessary to install a particulate cleanup
device ahead of the sorbent bed. Westinghouse had envisioned a long time
between replacement of the bed material (one-half to one year) and had
concerns about bed pluggage due to the fly ash. The use of a GBF would
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preclude this from happening. An important finding from the Westinghouse work
was that no attrition of the emathlite pellets was noted during any of the
testing. Recommendations were to use 6-mm pellets for the packed bed.

A1l of these studies have been performed using combustion gases. In a
combustion atmosphere, most of the alkali material is vaporized during
combustion and will be present as a sulfate. At the typical filter
temperatures (1450° to 1650°F), a majority of the sulfates will have condensed
on the surface of other ash particles, or as fine particles and aerosols (26,
32, 33). The removal of the alkali in this form is difficult because of the
need to capture the fine sulfate particles and either remove them as sulfates
or provide the contact necessary to react the sulfates with the getter
material. The good performance results by ANL, NYU, and Westinghouse
indicated this is possible.

Less testing has been done for gasification systems. Thermodynamic
calculations for a reducing atmosphere indicate that the alkali will be
present as hydroxide vapors or chloride vapors for high-chlorine coals.

The effect of chlorine on the performance of alkali getters has been
reported by Singh and others (34} under both PFBC and gasification conditions.
Under both sets of operating conditions, the presence of HC1 in the flue gas
is expected to decrease the getter efficiency, although gasification operating
conditions seem to be more significantly affected. Increasing pressure and
decreasing temperature also seem to improve the getter efficiency. Potential
getter reactions for alkali chloride compounds all form HC1 in the product
gas; therefore, if there is a high HC1 concentration in the product gas, it
limits the gettering reaction due to the thermochemical equilibrium. Methods
for the removal of HC1 were studied (35), but they used a Na,0,-based mineral
at Tower operating temperatures (535°-650°C).

Work from previous researchers has demonstrated that alkali getters can
be effective in remeving alkali from both combustion and gasification gas
streams. Both packed-bed and granular-bed filters have been utilized.
Drawbacks include the need for a particulate removal device both before and
after a packed bed and the expense of the added pressure vessels to contain
the packed or granular bed. The granular bed may be cost-effective if both
particulate and alkali control can be achieved. However, because of the
disadvantages associated with packed and granular beds, in situ removal of
alkali may be preferred. A getter, used in the same manner as a sorbent is
used to remove sulfur, would not add any significant cost to the system, would
be easy to maintain, and could be used in both oxidizing and reducing
atmospheres. During the next program year, the EERC will continue to pursue
the use of in situ alkali getters for second-generation systems.

3.3 Bench-Scale Reactor Testing

3.3.1 Bench-Scale Reactor Design

As discussed during the project review meeting at METC in August 1990,
the EERC had planned to make use of an existing bench-scale reactor as a
pressurized fluid-bed reactor (PFBR). As design efforts proceeded, the number
of Timitations imposed on the PFBR design by using the existing equipment kept
increasing. These limitations included reactor height and diameter, coal and
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sorbent feed options, air preheat capabilities, and the amount of heat duty
the reactor could handle. Therefore, it was decided that a stand-alone
reactor should be designed to ensure that the reactor could meet all of the
objectives of this project.

The pressurized fluidized-bed reactor has been designed and is being
constructed to allow extensive alkali and hot-gas cleanup testing on a cost-
effective manner over a wide range of operational conditions. Preheated
fluidizing gas at temperatures up to 1000°F and pressures up to 150 psig will
be supplied at the bottom of the reactor through a 1-in Schedule 40 pipe at
sufficiently high velocities to prevent the sized bed material from dropping
out during operation. Bed material can be sampled or collected using a Tock
hopper system located at the bottom of the reactor. The fluidizing gas enters
into the 3-in Schedule 80 main section of the reactor through a conical
transition. The operating velocities in the 3-in section will allow some
internal recirculation of the fluidized-bed material. External heaters will
be used for heating and maintaining the reactor and hot cyclone at
temperatures up to 2000°F for atmospheric operation and up to 1700°F for
operation at 150 psig.

Limestone, inert bed material, or ash generated from a combustor or by
an ashing procedure can be added at the start of a test using a lock hopper
system. Selected additives and coal can be fed separately at controlled rates
during testing. Coal feed, when utilized, will be maintained at a low rate to
eliminate any heat removal requirements from the reactor. Fluidizing gas can
be supplied as air or as various mixtures of nitrogen, oxygen, carbon dioxide,
carbon monoxide, sulfur dioxide, and nitrogen oxides to result in a flue gas
similar to that generated in a full-scale fluidized-bed boiler. Different
oxidizing and reducing condition tests can also be conducted. An alkali
sampling probe can be inserted through the top of the reactor or through the
top of the hot cyclone for when hot-gas cleanup testing is being conducted.

A data acquisition/control system will be used to monitor and record all
critical pressures, temperatures, and flows and to remotely control the
numerous valves distributed throughout the system. A1l high-pressure feed and
collection hoppers will be monitored with pressure transmitters. A solids-
sampling port and a gas-sampling port will be at the top of the combustor.

3.3.2 Sulfur Retention Efficiency

The sulfur retention efficiency in the combustor is influenced by many
factors, including gas and solids residence times in the bed and freeboard,
bed temperature, reactivity of the sorbent, particle size, and oxygen
concentration at the bottom of the bed. Within the range of operating
conditions of PFBC, the sulfur retention increases with increased bed
temperature, Ca/S molar ratio, and gas residence times.

In a PFBC, limestone is less effective than dolomite in removing SO, on
the basis of Ca/S molar ratio. A probable explanation is that a prerequisite
of good sulfur retention efficiency is the development of porosity in the
sorbent particles. With limestones, porosity is developed due to calcination
which occurs readily at atmospheric pressure, but with greater difficulty in a
pressurized system because the partial pressure of CO, corresponding to high
pressure in the bed is higher than the equilibrium partial pressure of C0, for
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CaC0,. As a result of the difficulty in achieving calcination of limestone at
high pressure, the effectiveness of limestones is reduced. Dolomite is about
twice as effective as limestone, and 90% sulfur retention efficiency can be
expected with dolomite with a Ca/S molar ratio of 1.5 under typical PFBC
operating conditions.

The sulfur retention efficiency can be improved for bubbling-bed PFBCs
at the expense of process efficiency by a) employing low fluidizing velocity
which requires a smaller bed particle size, b) using deep beds and hence
longer residence time, and c) recycling fines captured by the primary
cyclones. It can also be improved by as much as 30% by using two-stage
combustion.

Although dolomite does provide a porous sorbent for PFBC operation, it
is still very probable that limestone would be a preferable sorbent selection
for use in any PFBC system, based upon results obtained at Grimethorpe (36).
Because limestone has a higher CaC0, content and because the Mg component of
dolomite does not react with SO,, limestone can be as efficient as dolomite in
a PFBC system when a sorbent/sulfur mass ratio basis is utilized. It is the
mass ratio that will ultimately determine the sorbent requirements and output
solids disposal in practical and economic terms.

Based on tests carried out in a small combustor, correlations have been
proposed for sulfur capture and can be used with reasonable accuracy to
estimate the performance of a sorbent in a large combustor. One such
correlation, proposed by the International Energy Agency (IEA) group (36), is:

R = 100 (1 - exp(-MC)) [Eq. 1]

where R is the sulfur-removal efficiency; C is the molar ratio of calcium in
the sorbent to sulfur in the fuel fed; and M is a parameter dependent on
sorbent properties and operating conditions, principally bed height,
fluidizing velocity, and bed temperature. The parameter M is given by the
following correlation:

M =A t"? exp(4600/T) [Eq. 2]

where t (= H/V) is gas residence time, H is the bed height, V is the
fluidizing velocity, T is the bed temperature, and A is a reactivity index (A
= 38 and 50 for Whitewall and Plum Run dolomites, respectively).

However, for a reliable estimate of the sulfur retention by either
dolomite or limestone added to the bed, one still must rely heavily upon
experimental work carried out under operating conditions closely approximating
those that will apply in a commercial plant. It is also expected that
operation in a circulating mode will greatly enhance sorbent utilization, and
that any predictive equations proposed should be modified to account for the
operating characteristics of the circulating bed.
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APPENDIX A:

UND ENERGY AND ENVIRONMENTAL RESEARCH CENTER
100-LB/HR MILD GASIFICATION PROCESS DEVELOPMENT UNIT (MGPDU) DESCRIPTION




Task 4, which includes the 100-1b/hr MGPDU, was initiated in November
1988. This task includes 1) the design, construction, and operation of the
PDU; 2) product analysis and upgrading studies, some of which will be
performed under subcontracts; and 3) a technical and economic evaluation
leading to a decision on further scaleup to a l-ton/hr pilot plant and a
subsequent demonstration plant. The MGPDU will serve two principal purposes
in the development of this technology: 1) provide proof of concept for an
integrated design operating on specific design coals, and 2) produce char and
1iquid products for upgrade testing and market evaluation.

PROCESSING CAPABILITIES

The MGPDU has been designed to process 100 1b/hr of feed coal (dry
basis). The system incorporates capabilities for drying, carbonizing, and
calcining caking and noncaking coals in fluid-bed reactors and for separating
char, liquid, and gaseous products. The system is designed for integrated
operation, and provisions have been made so carbonizing can take place without
having to utilize the calciner.

Heat for carbonization and for the calciner are principally supplied by
hot flue gas from stoichiometric combustion of natural gas, or, in a later -
commercial design, by combustion of process-derived gas and waste coal from
coal cleaning in a fluid-bed combuster. Combustion is external to the
gasification reactors and is air-blown to avoid the cost of an oxygen plant in
the commercial design. Provisions for steam injection have been made because
of the sulfur removal effects of the steam and the increase in liquid quality,
as seen under Task 2. High-temperature steam can alsc be employed in the
calciner for the production of activated carbon, or to increase the H, and CO
content of the gas passed from the calciner to the carbonizer during
integrated operation.

FLOW SHEET AND PROCESS DESCRIPTION

The flow sheet shown in Figure Al is subdivided into eight sections
which have been used as the basis for organizing the detailed design. The
subsequent section on nomenclature contains the letter codes, area codes, and
individual unit names. Table 1 indicates the general area designations.

Area 100 - Coal Preparation

I11inois No. 6 and Indiana No. 3 feed coals may be washed at the mine
and are crushed and screened at the EERC to a typical size of 1/4 inch by 0.
The Wyoming feed coal is screened to a similar size, but is not washed. The
option of drying the feed coal before it is fed to the carbonizer is a test
variable. The main purpose for drying is to limit the moisture entering the
gasification train in tests at low-steam input to the carbonizer so as to
reduce or eliminate the net production of wastewater condensate. Moisture
reduction is performed in a nonintegrated mode using a roto louver dryer
available at the EERC. If lower moisture contents are desired, the coal can
be further dried at low temperature (<570°F/300°C) in the carbonizer.
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TABLE Al

Area Descriptions

Area Name

100 Coal Preparation

200 Utilities

300 Carbonization

400 Calcining

500 Gas Quench & Liquid Separation
600 Waste Treatment & Phenol Recovery
700 Char Upgrading

800 Liquid Upgrading

Area 200 - Utilities

Utilities that are necessary include 1) electrical services, 2) natural
gas, 3) cooling water, 4) nitrogen, 5) process air, 6) steam boiler and
superheater, and 7) a high-temperature heating/cooling system. In addition, a
contingency design has been developed for refrigerated cooling for a light-oil
condenser, if needed. A1l utilities were in existence except the steam boiler
and superheater, the high-temperature heating/cooling system, and the
refrigerated cooler contingency. The heating/cooling system is capable of
operating at elevated temperatures in order to cool the tar that is
recirculated to the tar venturi scrubber. This system is necessary in order
to avoid low metal temperatures that would cause "freezing" of tar on the
heat-transfer surface. In the other scrubber heat exchangers, cooling water
is used.

Area 300 - Carbonization

The carbonizer is designed as a spouted-bed gasifier, based on favorable
results with caking coals in the COALCON and KRW gasifier systems. The
operative principle allowing use of caking coal in this design is the dilution
of the entering coal by an internal recycle of char to the bottom of the
tapered bed, where high velocity and low bed density also reduce agglomera-
tion. A similar regime existed in the 400-1b/hr fast fluid-bed Perry
carbonizer previously used on caking coals at the EERC. In the event that
agglomeration problems are encountered in the MGPDU operating on Indiana No. 3
feed coal, product char from the char receiver will be fed into the bottom of
the gasifier to augment internal char dilution. Still another means for
controlling agglomeration that may be applicable to this design involves the
use of a coarse sand bed in the high-velocity section, as employed by CSIRO in
Australia. Successful use of this technique would require segregation of the
coarse sand in the high-velocity section to avoid contamination of the char
withdrawn from the top of the bed in a low-velocity region. Char residence
time can be varied by bed height, with the base design being 30 minutes.

The carbonizer operates at temperatures from 900° to 1110°F (480° to
600°C) with steam partial pressures from 10% to 60%. During integrated
operation, the carbonizer receives hot gas from the calciner; depending on the
atmosphere and resulting gasification reaction in the calciner, this gas can
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be made to contain significant levels of H, and CO reductant to assist in
sulfur removal. The coal is entrained and fed into the bottom of the reactor
using preheated nitrogen (575°F/300°C). Char can be drawn from a variety of
lTocations and injected into the calciner or the tote bin, or reinjected into
the system.

Area 400 - Calcining

The calcining reactor is a modification of the bubbling fluid-bed
reactor presently used in the EERC hydrogen production project. The
conditions for calcining involve the lowest gas velocity that can maintain
stable operation in a deep char bed, so that the required char residence time
at calcining temperature can be achieved with minimum gas flow and energy
input. Calcining takes place at temperatures up to 1475°F (800°C). This unit
also evaluates the potential for activated carbon production by using a
combination of steam and flue gas. During integrated operation, hot gas
leaving the calciner is directed to the carbonizer.

Area 500 - Gas Quench and Liquid Separation

The quench and separation area can receive gas from either the
carbonizer or the calciner. The objective in the design of this area is to-
produce separate tar and oil fractions that meet primary product requirements.
In addition, the quench system should provide trouble-free operation without
tendency to plug and, ideally, should produce no wastewater condensate. The
approach for this study is to provide both direct-contact tar and oil
scrubbers (V-501 and Q-501) and direct-contact water scrubbers (V-502 and
V-503). Three of the units are venturi scrubbers with 1iquid introduced on a
flooded disk above the throat of the venturi or through a nozzle perpendicular
to gas flow at the opening in the throat. This design allows flexibility both
for cooling and particulate removal and for controlling plugging caused by
particulates in the tar recycle stream.

A sidestream sampling unit is used to gather a fraction of the gas to
determine removal efficiency of the quench units. Bench-scale testing is also
possible to evaluate other potential condensable removal methods, such as
using Rectisol.

Gas liquor from the scrubbers is pumped to 55-gallon drums for transfer
to other tanks.

Area 600 - Waste Treatment and Phenol Recovery

Operation with appreciable steam in the carbonizing gas or on high-
moisture coal without drying will inevitably produce wastewater condensate
that must be treated prior to discharge. The wastewater cleanup methods that
are available at the EERC include solvent extraction and distillation to
remove phenols and trace organics, granular activated carbon for polishing
before discharging, and alternatively activated sludge treatment of the raw
waste stream. These processes will not be integrated in the operation of the
MGPDU. The extraction step will be used only for study of phenol recovery. A
high-temperature flare is used to discharge all product and vent gases.
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Area 700 - Char Upgrading

Requirements in this area have not been finally established. Upgrading
operations that may be performed include grinding, screening, gravity
separation, and magnetic separation. Char products to be evaluated include
form coke, carbon pellets, char-iron ore pellets, and activated carbon. These
operations will be subcontracted.

Area 800 - Liquid Upgrading

On-site liquid upgrading at the EERC will be limited to distilling and
hydrotreating the condensables utilizing existing equipment. Small lots of 5
to 10 gallons of oil and light oil will be stabilized by removing olefins and
other gum-forming compounds. The stabilized liquid(s) will then be sent to a
subcontractor for evaluation as a blending stock for No. 3 diesel fuel.
Evaluation of the oil, light 0il, and crude phenol streams for production of
chemicals (e.g., phenol and benzene) will be performed by subcontractors off-
site. No pretreatment or stabilization is planned for the liquids in this
instance. These products will be upgraded only in the quantities needed for
end-user testing.

NOMENCLATURE
MGPDU Unit Names
Letter Codes

- Storage Tank or Hopper

- Cyclone, Knockouts, etc.

- Heat Exchanger (heating or cooling)

- Reactor

- Sieve Column

- Fired Apparatus - Boiler, Flue Gas Generator
- Pumps

- Quench Towers

- Distillation

- Liquid/Liquid Extraction
- Feeders

- Venturi Scrubbers

- Valve

- Activated Sludge

EC<OMMUOUOO™I>POITO

Area Codes

100 - Coal

200 - Utilities

300 - Carbonization

400 - Calcining/Drying

500 - Gas Quench and Liquid Separation
600 - Waste Treatment and Phenol Recovery
700 - Char Upgrading

800 - Liquid Upgrading
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ID No.

EERC/AMAX MGPDU Equipment List

Name

B-201
B-202
A-201
T-201
H-201
R-301
T-301
F-301
B-301
C-301
T-302
€-302
T-303

R-401
T-401
F-401
B-401
C-401
T-402
C-402
T-403

S-501
H-501
P-501
H-505
$-502
H-502
P-502
H-506
Q-501
H-503
P-503
§-503
H-504
P-504
H-507
H-508
T-501
T-502
T-503
T-504
T-505
T-506
T-507
P-505

Steam Boiler

Steam Superheater

Boiler Feedwater Treatment
Sparge Tank

Dowtherm System

Carbonizer

Carbonizer Feed Hopper
Carbonizer Feeder

Carbonizer Flue Gas Generator
Primary Carbonizer Cyclone
HV Char Storage Bin
Secondary Carbonizer Cyclone
Char Fines Collection Bin #1

Calciner

Calciner Feed Hopper
Calciner Feeder

Calciner Flue Gas Generator
Calciner Cyclone

LV Char Storage Bin
Secondary Carbonizer Cyclone
Char Fines Collection Bin #2

Tar Venturi Scrubbers
Tar Cooler
Tar Quench Circulation Pump

Venturi Scrubber Cyclone Heater #1

Water Venturi Scrubber
Tar/0i1 Cooler
0i1/Water Circulation Pump #1

Venturi Scrubber Cyclone Heater #2

0i1 Sieve Tower

0i1 Cooler

0i1 Quench Circulation Pump
Venturi Scrubber

0il1/Water Cooler

0i1/Water Circulation Pump #2
Tar Transfer Barrel Heater
Tar/0i1 Transfer Barrel Heater
Tar Transfer Tank

Tar/0i1 Transfer Tank
0il/Water Transfer Tank #1
0il/Water Transfer Tank #2
Tar Sample Vessel

Tar/0i1 Sample Vessel
0il/Water Sample Vessel
Condensate Transfer Pump
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Name

Emergency Tar Quench Vessel
Flare

Flare Knockout Poi
Wastewater Storage Tank
Wastewater Pump

Extraction Column

Spent Solvent Storage Tank
Solvent Condenser

Solvent Recovery Column
Solvent Recovery Reboiler
Crude Pheno? Storage Tank
Clean Solvent Receiver Tank
Clean Solvent Feed Tank
Solvent Pump

Solvent Ext. WW Storage Tank
WW Polishing Adsorber #1, #2, #3

Activated Sludge Unit
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APPENDIX B:

UND ENERGY AND ENVIRONMENTAL RESEARCH CENTER
4-LB/HR CONTINUOUS FLUIDIZED-BED REACTOR (CFBR)
MILD GASIFICATION UNIT DESCRIPTION




L

COAL FEED SYSTEM DESIGN

Figure Bl shows the coal feed system in relation to the bottom of the
reactor. A "star" feeder, which is not shown, was placed directly above the
2-inch flange shown in the figure. This feeder drops a specific volume of
coal at selected intervals into the auger system. A small amount of purge gas
is also fed into the auger system. The purge and high-speed auger are used to
swiftly move the coal into the reactor before devolatilization can occur.
Thus, the coal will be out of the feed system before agglomeration can occur
to plug the feed system.

Plugging often occurs in small coal feed systems because a small volume
of material moves through a very narrow opening, coal particles stick due to
high-moisture content, and backflashing of hot gases from the gasifier causes
swelling. Plugging had been experienced on the 30-1b/hr pressurized fluid-bed
gasifier (PFBG) used on the Hydrogen Production from Coal Project. The
problem was resolved on the PFBG by slightly pressurizing the coal hopper and
purging the auger; consequently, these features were added to the design of
the 4-1b/hr CFBR. The coal feed system has been calibrated for mass flow
rates for several of the feed coals. Since the densities of the coals are
slightly different, the star feeder revolution rate will vary with coal rank
and crush size in order to maintain a constant mass flow rate. The mass flow
rates for the feed system 1ie between 0.5 Tb/hr and 8.0 1b/hr.

REACTOR

The reactor was constructed of 316H stainless steel, Schedule 80 pipe.
Figure B2 shows an isometric drawing of the unit. Figure B3 shows the machine
drawing of the reactor, which includes thermocouple numbers and heights. The
first section, which is attached to the coal feed system, is made of 3-inch
pipe and is 33 inches in length. The next section is made of 4-inch pipe,
18.75 inches in length. The two sections are connected with a 316H-weld
reducer. The top and bottom flanges (1500 1b) are composed of 316H-grade
stainless steel, with Flexicarb stainless steel gaskets rated to 1650°F
(900°C) and 200 psia. The unit was designed such that the top of the fluid
bed 1ies 33 inches above the coal injection point. A char off-take leg at the
top of the bed is the primary means of solids removal from the reactor. A
ball valve facilitates the collection of char product while the system is
operating.

The gasifier currently uses two ceramic fiber heaters capable of
achieving temperatures of 1800°F (980°C). The bottom heater is rated at
2500 watts and the top at 1775 watts. These heaters will maintain the
gasifier temperature and eliminate hot spots. Using external heaters allows
the evaluation of internal and external heating methods for process
development and scaleup.

CYCLONE

A 3-inch-diameter cyclone is the secondary means of solids removal from
the system. Like the char collection pot on the reactor, a ball valve allows
the changing of the solids catch pot while the system is operating. The
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cyclone is made of Schedule 80, 3-inch, 316H stainless steel pipe. It is
heated with a ceramic fiber heater capable of operating at a temperature of
1650°F (900°C) and 200 psia. During preliminary tests, large quantities of
char carryover in the condensate stream from the cyclone were not observed;
therefore, a secondary filter was not needed for this system.

CONDENSER SYSTEM

Three 4-inch-diameter vessels are used to remove all condensables from
the gas stream. Two separate trains were installed: one for mass balance
sampling, and the other for heatup, un-steady-state conditions, and cooldown.
The first condenser pot is indirectly cooled by water and typically cools the
gas stream from 570°F (300°C) to 200°F (95°C). The next two condensers are
glycol-cooled. The exit gas temperature is typically 50°F (10°C). A glass
wool filter was used to capture aerosols passed through the condenser system.

INSTRUMENTATION AND CONTROL

An integrated controller, PC-based software, and data acquisition system
were developed for the unit. The unit has 16 Barber-Colman Series 990 temper-
ature controllers, which are directly linked to an AT-compatible computer
using Genesis® software. Data from this system are directly transferred to
Lotus® spreadsheet work files, so that data reduction time is greatly reduced.
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LOW-RANK COAL DIRECT LIQUEFACTION

1.0 INTRODUCTION

Direct liquefaction is a process in which coal is converted to liquid
products by adding hydrogen to coal that has been slurried in a solvent. The
hydrogen addition takes place at elevated temperatures and pressures. The
process was invented by Friedrich Bergius in 1913 and has remained relatively
unchanged since its extensive use by Germany for the production of liquid
fuels during World War II (1). Some improvements in conversion and product
slate were noted when researchers in the United States substituted bituminous
coal for the German brown coal. Attempts to use low-rank coals (LRCs) instead
of bituminous coals have not been as successful. From the results of work
performed earlier this decade, it is apparent that LRCs are very reactive (2).
Current processing approaches work well with the less-reactive, higher-rank
coals (HRCs), but when the LRCs are subjected to the optimum HRC processing
conditions, they react too rapidly for the available hydrogen sources and
result in a more retrograde product. On the surface, this may appear to be
inconsistent with the accomplishments of the older German technology using
LRCs. However, the older technology’s conditions were so severe that even the
retrograde products were eventually converted to distiliate material. With
the development of a less brute-force approach (i.e., everything developed
since WWII), the subtleties of relative coal reactivity, particularly that
shown between LRCs and HRCs, make it necessary to pay closer attention to the
chemistry of the process.

Unfortunately, the reactions taking place during direct Tiquefaction are
not fully understood. Due to their complexity, analyses of these chemical
reactions have never led to universally accepted mechanisms, rate-determining
step(s), critical reaction pathway(s), or reaction kinetics. Because very
little is known about the actual reactions that occur during coal liquefac-
tion, especially during the critical initial steps, improvements in product
yield and/or quality are currently accomplished through largely empirical
changes in the processing parameters and/or equipment. The current lique-
faction approach assumes that the reactions occurring at the usually severe
conditions provide the best way to convert coal to liquid products.

The apparent higher reactivity of LRCs offers a key to improved
conversions and/or yield structures and/or lower processing severity. Changes
utilizing this reactivity could improve the economic viability of the
technology. Effective use of LRCs in direct liquefaction may require a fairly
substantial change in the direct liquefaction process as it is currently
known.

In an approach taken by the Reaction Engineering Group of the Energy and
Environmental Research Center (EERC), the initial coal solubilization can be
considered as reverse coalification and the subsequent upgrading as reforming
or refining. Because of the high-severity conditions, single-stage liquefac-
tion forces reverse coalification and refining to occur at the same time. The
results of past efforts using this type of processing speak for themselves:
this brute-force method produces a number of product streams, only one of
which is the desired, value-added product. Mechanistically, it is somewhat
easier to view these almost mutually exclusive processes as different,
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sequential steps. Staged liquefaction, as it currently exists (i.e., at least
two reactors in series), is an attempt to best utilize the differences in
preferred conditions for each step of a two-step method. Unfortunately, the
processing parameters employed during both stages are usually so severe that
the same type of high-temperature, high-pressure reactions occur (i.e.,
coalification), or at least compete, in both stages.

Dramatic improvements in the liquefaction process may be possible if the
reactions involved are not required to compete against each other. Processing
conditions must be changed, and the changes must be determined by an increased
understanding of the reactions taking place. At the EERC, it is assumed that
the structure of coal is comprised of physically and chemically tangled,
highly cross-linked molecules. The molecular structures of premium distillate
fuels, by comparison, are discrete molecules of similar size and chemical
nature, having virtually no chemical or physical attachments. Using these two
presumptions, it is possible to map potential mechanical and chemical mecha-
nisms for the process of liquefaction.

The first step in liquefaction should be to "untangle" the coal struc-
ture, while the second step should be to "organize" the untangled pieces so
that those of similar size and chemical nature are first separated from the
remaining material and then stabilized to prevent back reactions. This
simplistic, two-step mechanism will be used to develop a more effective scheme
for coal liquefaction. It seems logical that, in order to prevent coalifi-
cation reactions, "untangling" of the coal structure should take place at low-
severity conditions.

Tailoring the processing parameters to the liquefaction reactions taking
place, the EERC has developed a multistep direct liquefaction process
specifically for LRCs consisting of pretreatment, solubilization, polishing,
and hydrotreatment.

2.0 GOALS AND OBJECTIVES

Since 1986, the primary objective of the Low-Rank Coal Direct
Liquefaction program has been to develop an LRC liquefaction process that
results in increased levels of conversion to distillable liquids. The work
effort to meet this objective has included:

e A preliminary mechanistic study of the retrograde reactions that
occur as a function of typical liquefaction processing.

e Screening of various preconversion treatments.

o Development of a multistep process that results in virtually complete
solubilization of the LRC in the solvent prior to hydrotreatment.

e An investigation of the effects of the use of hydrogen-donating
solvents during liquefaction.

e Integration of all steps of the process.




3.0 RESULTS

As mentioned in Section 1.0, the EERC has developed a four -step lique-
faction process consisting of:

e Step 1 - Pretreatment, which was investigated during FY89-90 and
FY90-91.

e Step 2 - Solubilization.
e Step 3 - Polishing, which was investigated during FY88-89, Task K.
e Step 4 - Hydrotreatment.
Generic instructions for performance of these tests are given in the appendix.

This process was developed based, in part, upon earlier research (i.e.,
prior to 1986) performed at the EERC that showed that:

e Low-severity processing of lignites resulted in better conversion and
yield structure than did the typically higher-severity single-stage
liquefaction.

e Syngas is a more effective reductant than pure hydrogen gas.

e Hydrogen donor solvents are more effective than hydrogen gas for the
hydrogenation of coal liquids.

e (O acts almost exclusively via the water/gas shift reaction.

e H,S acts primarily as a hydrogen shuffler, typically from the gas
phase to the liquid phase.

Knowledge of liquefaction reactions gained during a preliminary
mechanistic study was also used in the development of the multistep process.

3.1 Preliminary Mechanistic Study of Liquefaction Reactions

Low- and high-rank coals are significant]y different from each other.
This is shown in Figure 1, which compares the *°C nuclear magnetic resonance
(NMR) spectra of a typical bituminous coal and a typical lignite. To aid in
read1ng the NMR spectra contained in th1s report, Table 1 lists the locations
of various functional groups on solid ’C NMR spectra. Lignite contains
considerably more phenolic, carboxyl, and methoxyl groups than the bituminous
coal, which is comprised primarily of aliphatics and heavy aromatic groups.
Due to these differences, the two probably do not react in the same manner
during liquefaction processing.

To arrive at a better understanding of the reactions that occur during
typical liquefaction of lignite, a preliminary mechanistic study was
performed. Four batch tests were conducted. Three of the tests were
performed at conditions designed to result in conversions of nominally 10%,
55%, and 95%. A test was also made at conditions selected irtentionally to
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TABLE 1
Functional Group Locations on Solid °C NMR Spectra

Functional Group Shift, ppm
Carbony1 230-190
Carboxy] 190-170
Phenolic 170-148
Aromatic

Alkyl Substituted 148-136

Unsubstituted 136-90
Ether/Alcohol 90-60
Methoxy] 60-50
Aliphatic

-C-, -CH- 50-36

-CH,- 36-24

Aromatic -CH, 24-16

Alkyl -CH, 16-0

result in the production of retrograded product at an intermediate level of
conversion.

3.1.1 Comparison of Functional Group Reactivity During
Liquefaction

The insoluble organic matter (IOM) remaining at the end of each reaction
was analyzed in detail using °C NMR spectroscopy to provide a description of
the reaction mechanisms as a function of conversion. Area-scaled spectra
(i.e., all spectra were put on the same basis for comparison purposes) were
constructed to provide information concerning the changes taking place in the
coal functional groups during conversion. When the spectra are compared (as
in Figure 2), it can be seen that the first functional groups to react were
the ethers/alcohols, the methoxyl groups, most of the alkyl aliphatic groups,
and some of the alkyl and unsubstituted aromatic groups. These reactions took
place when the first 9% of the coal was converted. During the conversion of
the next 51% of the coal (i.e., from 9% to 60% conversion), most of the
carboxyl, phenolic, and aliphatic groups reacted. The carbonyl, alkyi
aromatic, remaining ether/alcohol, and remaining methoxyl groups reacted
during the time when 60% to 94% of the coal was converted. After 94% of the
coal had been converted, the IOM which remained was primarily comprised of
unsubstituted aromatic groups. The order of reaction of the functional groups
is summarized in Table 2.

During the course of conversion of the coal, the 1iquid product yields
reflect the large increase in phenolic products, and the gas product yields
reflect the increased conversion of CH, CH,, and CH, groups to hydrocarbon

gages. This is seen in the water/gas shift-free product yields given in
Table 3.
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Figure 2. C NMR spectra of IOM remaining after processing; values
indicate conversion levels.

TABLE 2

Reaction of Functional Groups During Direct Liquefaction

9.2%-59.6%
0%-9.2% Conversion Conversion 59.6%-93.7% Conversion
Some ethers/alcohols Carboxyls Carbonyls
Methoxyls Phenolics Alkyl aromatics
Alkyl aliphatics Aliphatics Remaining ethers/alcohols
Some alkyl and unsubstituted Remaining methoxyls

aromatics




TABLE 3

Product Slates of the Mechanistic Studies Tests
on a Water/Gas Shift-Free Basis

Run No. N469 N474 ~ N468 N475*
Conversion, % 9,2 59.6 93.7 61.5
Avg. Temp., °C 201 303 354 444
Avg. Pressure, psig 1750 2505 3071 3570
Products®
co 0.00 0.00 0.00 2.09
H, 0.04 0.43 1.06 -2.88
€0, 4.38 18.86 9.92 16.47
C1-C3 0.25 0.52 1.36 4.31
H,S -5.89 -7.76 -5.29 2.61
Total Gas 2.26 22.80 38.61 22.60
H,0 0.43 -10.02 -24.58 -11.90
Ash 0.85 0.60 -0.57 -0.11
I0M 9]1.38 40.20 6.29 38.49
Distillable 0ils -77.53 -47.41 -0.15 0.00
Soluble Resid 82.61 93.82 80.40 50.93
Total Liquid 97.74 77.20 61.39 77.40

* Products of this run were retrograded in nature.
®* Values given as wt¥% of maf coal fed to the system, on a water/gas shift-
free basis.

The greatest production of CO, was seen when most of the carboxyl and
phenolic functional groups were released from the coal during the 9% to 60%
range of conversion. The water/gas shift reaction was the most evident during
the release of the aromatic functional groups toward the end of the conversion
process. This can be seen in both the water consumption and CO, production
given in Table 3. The majority of the hydrogenation takes place at this point
in the processing as hydrogenation is virtually the only reaction in which the
aromatics will take part.

The largest incorporation of H,S occurred during the 9% to 60% conversion
range, coinciding with the largest release of CO, and phenolics as well as the
highest yield of total liquids. This may indicate a mechanistic link between
the removal of the phenolic and carboxyl groups and the fact that sulfur
apparently replaces the oxygen in many of the bonds.



3.1.2 Comparison of Retrograded and Nonretroqraded Products

Two runs were performed at conditions which resulted in similar
conversions of coal but different product yield structures. As Table 3 shows,
the two tests took place via different mechanisms. The higher-temperature/
higher-pressure test underwent substantially more cracking reactions than the
less severe test, as seen in the production of hydrocarbon gases. The
production of solubles was approximately the same for the two tests. A shift
in carbon balance can be seen when the two tests are compared. Approximately
twice as much of the carbon in the feed coal was present in the product gas of
the more severe run as in the product gas of the less severe run. In other
words, the carbon utilization efficiencies were grossly affected at the
expense of the production of desirable liquids. Comparison of the *C NMR
spectra of the IOM remaining after processing for both runs corroborates these
data. As Figure 3 shows, the product of the more severe test consisted
primarily of heavy aromatics, while the product of the less severe test
retained more of the features of the original lignite.

3.2 Step 1 - Pretreatment

Low-severity pratreatments were screened to evaluate their impact on the
direct liquefaction of Indian Head 1ignite. The rationale was that a
compietely solvent-soluble feed to the catalytic upgrading stage would not be
as likely to undergo retrograde reactions as feed containing both the soluble
fractions of converted coal and unconverted organic residue. If this were the
case, it would result in a higher conversion of coal to desired liquid
products than is usually obtained during direct liquefaction. As part of this
solubilization process, it was hypothesized that pretreatment might reduce

Coal

Product of
Less Severe

Processing }‘ Retrograded Product

240 220 200 180 160 140 120 100 80 60 40 20 O -20 -40 ppm

EERC No MHO8249

Figure 3. '°C NMR spectra showing differences between retrograded
and nonretrograded product.
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retrograde behavior by placing hydrogen or radical capping agents in the
correct location to facilitate "untangling" of the coal structure. When used
in this report, the term "pretreatment" refers to anything done to the coal
prior to noticeable formation of soluble materials.

Several preconversion treatment schemes were devised and screened for
their effectiveness. An initial screening was carried out using the 20-cm’
microreactor system. A second screening was performed using hydrogen-donating
solvents in the batch autoclave system. The information gathered during these
two screenings was combined, and the most promising schemes were tested
further. Table 4 1ists the pretreatment variables that were screened, and
Table 5 presents the product slates (after solubilization) and molar hydrogen-
to-carbon ratios of these tests.

As can be seen in Table 5, it appears that a 60-minute soak in HAO61
(hydrogenated coal-derived anthracene o0il) at 175°C in the presence of argon
and H,S enhances whichever reaction is taking place without substantially
affecting the overall conversion. In the case of a pyrolysis-type reaction
(N524), the use of pretreatment greatly increased the production of product
gases and water while decreasing the production of soluble liquid products.

In a liquefaction reaction such as N528, the use of pretreatment resulted in a
decrease in the quantity of gaseous products and an increase in the production
of soluble Tiquids. These trends can be clearly seen in Table 6, which places
the yield structure of Runs N524 and N528 side by side with yield structures
of the equivalent non-pretreated tests.

3.3 Step 2 - Solubilization

The purpose of this step is to solubilize as much of the coal as
possible to enable more efficient hydrotreatment during a later step.
Hydrotreatment is not attempted during this step. Tests were performed to
study the effects of various hydrogen-donating solvents, gases, and pressures
on the solubilization of the coal. A summary of these solubilization tests is
presented in Table 7. The same matrix was performed again incorporating
solvent-specific pretreatments. Additional data points were added at that
time. Table 5 presented the results of the study incorporating pretreatment.

TABLE 4

Variables Screened During Pretreatment Studies

Solvent Gas® Additive® Temperature

04 H, Na 110°C

phenolic co H,S 175°C

tetralin Ar none 250°C
none

Reaction time = 60 min for all tests

*1000 psi gas charged.
*Additive = 5 wt% of maf coal fed to the system.




TABLE 5

Summary of Pretreatment/Solvation Tests using Hydrogen-Donating Solvents

o1

NS01/N502 N503/N504 N505 N506 N507/N508 N509/N510 N511/N512 N513/N514
Matrix Point 1 2 3 4 5 6 7 8
Solvent A04*+Tetralin/N501 AD4/N503 A04 HA061" HAOG1/N507 HA061/N509 HA061/N511 CAI°/N513
Additive H,S/None None/None None None H,S/None H,S/None H,S/None H,S/None
Gas Ar/CO H,/CO H, H, Ar/CO Ar/CO Co/Co ca/co
Residence Time, min 60/60 60/60 20 20 60/60 60/60 60/60 60/60
Avg. Temp., °C 184/375 179/375 420 414 123/372 178/375 175/375 115/371
Max. Temp., °C 187/379 181/380 421 418 124/373 180/377 176/376 1177375
Avg. Pressure, psi 2230/3867 2100/3700 3734 3880 1730/3727 2141/3750 2075/3740 1864/3737
Max. Pressure, psi 224074000 2115/3865 3800 3905 1730/3875 2225/4000 2095/3825 1748/3780
Conversion, % 93.3 86.1 55.5 80.1 87.6 89.1 88.6 89.3
Products’
co -50.73 -32.36 0.00 0.09 -32.34 -36.01 -34.61 -41.98
H, 0.72 0.64 -1.87 -2.96 0.52 0.38 0.43 0.38
co, 93.75 65.63 21.58 17.55 73.31 77.62 62.24 70.94
C1-C3 0.92 0.65 10.21 8.32 0.49 0.79 0.75 0.76
H,S 5.06 0.13 0.00 0.00 3.66 3.94 1.97 3.37
Total Gas 49.72 34.69 29.92 23.00 45.62 46.72 30.79 33.47
H,0 -25.76 -23.62 2.15 0.39 -16.98 -38.13 -5.60 -21.73
Ash -0.39 -0.10 -0.34 -1.26 -1.18 -1.49 -1.31 -1.04
10M 6.70 13.95 44 .51 19.90 12.40 10.88 11.45 10.74
THF Solubles 69.73 75.08 23.76 57.98 60.13 82.03 64.67 78.56
Total Liquid 50.28 65.31 70.08 77.00 54.38 53.28 69.21 66.53
Melar H:C, Feed 0.9827 0.7673 0.7646 0.8925 0.9003 0.8905 0.8933 1.0613
Molar H:C, After Pret. 0.8220 0.7796 - -- 0.9138 0.9138 0.9569 0.9614
Molar H:C, Product 0.8868 0.8517 0.7486 0.9018 0.9784 1.0576 0.9034 0.9964

Coal-derived anthracene oil.

Hydrotreated AG4.

Cresylic acid solvent.

Values given as wt% of maf coal fed to the system; negative values indicate consumption; positive values indicate production.
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TABLE 5 (continued)

Summary of Pretreatment/Solvation Tests using Hydregen-Donating Solvents

N519/N522 N519/N523 N519/N524 N525/N526 N525/N527 N525/N528 N525/N530 N549/N551
Matrix Point 9 10 11 12 13 14 15 16
Compares to° N477 N483 N484 N487 N485 N486 N499 N476
Solvent HAO061/N519 HAD61/N519° HAO61/N519° HA061 /N525 HA061/N525 HA061/N525 HA061/N525 AO4/N549
Additive H,S/None H,S/None H,S/None H,S/None H,S/None H,S/None H,S/None H,S/None
Gas Ar/None Ar/None Ar/None Ar/Ar Ar/H, Ar/CO Ar/CO Ar/Ar
Residence Time, min 60/60 60/60 60/60 60/60 60/60 60/60 60/60 60/60
Avg. Temp., °c 1847370 1847372 184/367 176/372 176/378 176/376 176/373 174/373
Max. Temp., °C 187/374 187/381 187/375 178/376 178/380 178/381 178/380 176/376
Avg. Pressure, psi 2106/600 2106/631 2106/953 2000/3581 2000/3352 2000/3434 2000/728 2100/4227
Max. Pressure, psi 2125/638 2125/663 21257995 2000/3628 2000/3390 200073560 2000/745 211074260
Conversion, % 54.7 57.5 70.0 60.1 79.4 81.0 33.1 38.72
Products’
co 0.20 12.17 12.56 0.08 0.25 -54.25 -14.71 0.00
H, 0.09 0.05 0.17 0.05 -2.71 1.01 0.90 0.05
Co, 9.28 7.74 21.19 6.86 9.12 73.46 25.96 14.01
C1-C3 1.23 0.17 2.18 0.62 1.20 0.97 1.45 1.32
H.S 5.69 0.19 2.56 3.61 2.93 2.90 1.26 3.72
Total Gas 16.48 20.32 38.65 11.22 10.78 24.09 14.85 19.10
H,0 10.97 7.37 7.89 -2.23 14.48 -22.75 -40.31 8.69
Ash 0.01 0.14 0.29 -0.23 -0.64 -0.96 4.26 0.34
10M 45.35 42.55 29.97 39.94 20.62 18.97 66.87 61.28
THF Solubles 27.28 29.61 23.20 51.30 54.76 80.65 54.33 10.59
Total Liquid 83.52 79.68 61.35 88.78 89.22 75.91 85.15 80.90
Molar H:C, Feed 0.8983 0.8983 0.8983 0.9098 0.9098 0.9098 0.9098 NA"
Molar H:C, After Pret. 0.8925 0.8933 0.9110 0.8562 0.8562 0.8562 0.8562 NA
Molar H:C, Product 0.8357 0.8359 0.8006 0.8259 0.8125 0.9724 0.8154 NA

* Tests performed during FY89-90 Task 2.

" 3 g HAO6]1 added to preheated slurry before solubilization.
 112.2 g HAO61 added to pretreated slurry before solubilization.
" Elemental balance was not completed for this test.




TABLE 6

Comparison of Pretreated and Non-Pretreated Tests

Pyrolysis Liquefaction
Non-Pret. Pretreated Non-Pret. Pretreated
N484 N519/N524 N486 N525/N528
Solvent HA061 HAO61/N519 HAO61 HA061/N525
Additive HA061 H.S/None -- H,S/None
Gas -- Ar/None co Ar/CO
. . . 60 60/60 62 60/60
Residence Time, min 371 184/372 373 176/376
Avg. Temp., °C 375 187/381 376 178/381
Max. Temp., °C 1425 2106/631 3665 2000/3434
Avg Pressure, ps1 1450 2125/663 3740 2000/3560
Max. Pressure, psi 67.9 57.5 87.7 81.0
Conversion, %
0.26 12.17 -33.63 -54.25
Products: 0.02 0.05 0.41 1.01
co 14.22 7.74 65.04 73.46
H 1.35 0.17 1.03 0.97
2 0.00 0.19 0.06 2.90
€O, 15.85 20.32 32.91 24.09
C1-C3
H,S -1.17 7.37 -12.96 -22.75
Total Gas -0.74 0.14 -0.81 -0.96
32.08 42.55 12.35 18.97
53.99 29.61 68.50 80.65
H,0 84.16 79.68 67.08 75.91
Ash
IOM

THF Solubles
Total Liquid

The fact that product quality is improved through the use of a hydrogen-
donating solvent can be seen in the molar hydrogen-to-carbon ratios of the
products of the tests. The molar H:C ratio for the tests using HAO61 as the
solvent was generally higher than the molar H:C ratio for the tests in which
either A0O4 (coal-derived anthracene nil) or tetralin were used. In addition,
increases in molar H:C ratios were noted for some of the tests in which HAO61
was used as the solvent, most often when CO was present as the solubilization
reductant. Increases in molar H:C ratios were not noted when AO4 was the
solvent. The highest product molar H:C ratio was produced when the solubili-
zation processing conditions consisted of a temperature of 375°C, a pressure
of 3500 psi, a residence time of 60 minutes, and the use of CO as the
reductant.
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TABLE 7

Summary of Solvation Tests using Hydrogen-Donating Solvents

N476 N&77 N480 N483 N484 N485 N486 N487 N497 N499
Solvent AO4 HAO61 AO4 HAO61 HA061 HAO061 HA061 HAO61 A04 HAO61
Additive --* - Tetralin HAO61 HAO61 -- - - Tetralin -
Gas - -- - -- - H, co Ar -— co
Residence Time, min 60 60 60 60 60 60 62 60 60 60
Avg. Temp., °C 374 372 372 374 371 372 373 370 368 370
Max. Temp., °C 375 378 375 377 375 376 376 375 378 370
Avg. Pressure, psi 1429 1353 1496 1425 1425 3543 3665 3827 1111 512
Max. Pressure, psi 1525 1455 1581 1450 1450 3553 3740 3890 1180 512
Conversion, % 25.3 61.5 53.1 66.9 67.9 72.2 87.7 59.0 48.8 58.2
Products®
co 0.26 0.14 0.21 0.22 0.26 0.38 -33.63 1.72 0.61 33.42
H, 0.45 0.02 0.01 0.02 0.02 0.19 0.41 0.03 0.03 0.08
o, 13.52 7.48 9.82 12.64 14.22 15.29 65.04 12.84 19.04 17.07
Cc1-C3 1.19 0.67 0.80 1.13  1.35 1.60 1.03 1.10 1.42 1.91
H,S 0.20 0.00 0.00 0.02 0.00 0.09 0.06 0.00 0.07 0.00
Total Gas 15.62 8.31 10.84 14.03 15.85 17.55 32.91 15.69 21.17 52.48
H,0 -4.77 -3.87 6.02 4.01 -1.17 1.87 -12.96 3.98 7.79 -5.53
Ash 0.53 -0.34 -0.05 -0.69 -0.74 -0.95 -0.81 -0.64 -0.90 -1.21
IOM 74.7 38.47 46.87 33.07 32.08 27.82 12.35 41.00 51.22 41.78
Solubles 13.93 57.45 36.31 49.57 53.99 53.71 68.50 39.97 20.72 12.47
Total Liquid 84.39 91.71 89.15 85.96 84.16 82.45 67.08 84.31 78.83 47.52
Feed H:C° 0.7627 0.8912 0.9587 0.8948 0.9133 0.9075 0.9121 0.9031 1.0221 0.8934
Product H:C° 0.6773 0.8922 0.8183 0.8500 0.8600 0.8885 0.9208 0.8558 0.8668 0.8701

"None used.

® yalues given as wt% of maf coal fed to reactor.

indicate a production.

¢ Molar H-to-C ratio.

Negative values indicate a consumption; positive values



The data also indicated that:

e Nascent hydrogen from the water/gas shift reaction was more readily
used than hydrogen gas.

e The use of H,S improved solubilization.
e Merely heating the feed slurry did not improve solubilization.

e Solubilization of the coal could be improved through the use of
specific, solvent-dependent pretreatments.

3.4 Step 3 - Polishing

The purpose of the polishing step is to complete the solubilization of
the more intractable portions of the coal prior to hydrotreatment. The
mechanistic study (discussed in Section 3.1) indicated that the coal-derived
liquids were very phenolic in nature. Using the chemistry rule of "like
dissolves 1like," this knowledge was incorporated into the design of the
polishing step.

Two solubilization/polishing test sequences were performed. The run
conditions are summarized in Table 8, while Table 9 presents the product
slates of the tests. Table 9 shows that virtually all of the solvent used
during the test was recovered during the processing. Conversion to THF
solubles calculated for the tests was high: 96.4 wt% for the test with HAO61
as the polishing-step additive and 101.6 wt% for the test with phenolic
solvent as the polishing-step additive. The product slate indicates that
minimal quantities of gas were produced during processing in either case,
relative to the moisture- and ash-free (maf) coal fed to the system. In both
combinations, about 90 wt% of the maf coal fed to the system was converted to
soluble material, which was the desired product. The run performed with HAO61
added during the polishing step resulted in a lighter product, in that the
resulting soluble material consisted of both soluble resid and distillable
0ils. The product of the test in which phenolic solvent was added during the
polishing step was comprised almost exclusively of soluble resid. Insoluble
organic material was present in the product of the HAO061 test, but was not
detectable in the product of the phenolic solvent test.

The presence of excess H,S in the product gas of the N443/444 run
sequence in which HAO61 was added in the polishing step indicates that not
only was the sulfur incorporated from the H,S completely removed, but some
sulfur present in the feedstocks was also removed. In the phenolic solvent-
added test, almost all of the sulfur incorporated into the coal structure
during the processing sequence was removed.

3.5 Step 4 - Hydrotreatment

Steps 1-3 (pretreatment, solubilization, and polishing) were performed
in an integrated fashion. The products were catalytically hydrotreated to
demonstrate the maximum hydrotreatability of the solubilized slurry and to
provide products that could be compared to the products of existing processes.
The testing was performed using the "best" pretreatment and solubilization
steps that had been evaluated during earlier work (see Sections 3.2 and 3.3).
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TABLE

8

Summary of Polishing Step Tests

Run  Temp. Avg. Press. Res. Time
No. (C°) (psi) (min) Reductant Additive
Solubilization  N443 374 3373 60 co H,S
Polishing N444 430 3831 12 H, HAO61
Solubilization  N447 374 3470 60 co H,S
Polishing N448 412 4092 19 H, POH
TABLE 9
Mass Balances and Product Slates of the Polishing Tests
N443/N444 N447/N448

Additive" HAO61 POH
Material Balance, wt% 96.91 97.40
Solvent Recovery, wt% 102.36 100.30
Conversion to THF Solubles, wt% 96.44 101.56
Product Slate, wt% maf coal in®

co -34.82 -36.12

H, -0.79 -0.64

Co, 66.78 67.35

C1-C3 2.14 2.22

H,S 2.53 -1.64

H,0 -23.32 -16.90

Ash -1.13 -2.56

IOM 4.9] -2.03

Distillable Oils 11.99 1.47

Soluble Resid 76.78 88.85

original pasting solvent.

indicate consumption.
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Additive was added in an amount equal to approximately 25 wt% of the

Positive values indicate production of the component; negative values




Figure 4 shows the experimental matrix for the tests. As the figure shows,
the testing was performed according to a tree diagram-type of matrix.
Performing the tests in this manner, i.e, using the same feed slurry whenever
possible, enabled direct comparisons to be made between the run sequences.
Two Step 1 runs were performed at identical conditions to obtain sufficient
pretreated slurry for the remaining processing. The pretreated slurries from
these two runs, N553 and N554, were combined into a bulk sample. (All
analyses were performed on the bulk sample rather than on the individual
pretreated slurries.) Pretreated slurry was then solubilized in two batches,
one at ~375°C (N555) and one at ~350°C (N556). The solubilized products of
each of these Step 2 runs were polished (Step 3) at either 460°C (N558 and
N557) or 435°C (N559 and N560) with a small amount of added cresylic acid.
Each polished product was combined with a heavier vehicle solvent (hydro-
genated anthracene o0il) and distilled to remove a quantity of water and light,
highly oxygenated solvent/coal-derived liquid equal to that added during the
polishing step. Finally, each of the polished product slurries from Step 3
was hydrotreated in Step 4 (N562, N564, N563, and N566, respectively). The
multistep run sequences are referred to in this report by the run numbers of
their hydrotreatment steps. The specific run solvents, additives, and
conditions for each step of the four run sequences are given in Table 10.

Testing was performed in the EERC’s hot-charge, batch autociave system.
The 1-gallon autoclave was used when larger quantities were processed (i.e.,
during Steps 1 and 2 [pretreatment and solubilization]). The 1-liter
autoclave was used for the polishing and catalytic upgrading (Steps 3 and 4).
Karl Fischer water, ash, and tetrahydrofuran (THF) solubility analyses were
performed on the feed and product slurries. Due to a lack of funding,
elemental analyses were performed for only a few runs.

Pretreatment
N553/N554
~180°C, ~2100 psi

4/’}\&

Solubilization Solubilization
NS55 N556
- 375°C,~ 3500 psi ~ 350°C, ~ 3500 psi
Polishing Polishing Polishing Polishing

N558 N557 N559 N560

~ 435°C,~ 3200 psi ~ 460°C, ~ 3200 psi ~ 435°C, ~3200 psi - 460°C, - 3200 psi
Hydrotreatment Hydrotreatment Hydrotreatment Hydrotreatment

N562 N564 N5S63 N566

~425°C, - 3500 psi ~425°C, - 3500 psi ~425°C, ~ 3500 psi ~ 425°C, ~ 3500 psi

EERC No 8308MH ma

Figure 4. Experimental matrix for integrated run series.
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TABLE 10

Conditions of Integrated Run Series

Step 1 - Pretreatment
Run No.
Solvent
Additive
Gas
Avg. Temp., °C
Max. Temp., °C
Avg. Pressure, psi
Max. Pressure, psi
Residence Time, min

Step 2 - Solubilization
Run No.
Feed
Additive
Gas
Avg. Temp., °C
Max. Temp., °C
Avg. Pressure, psi
Max. Pressure, psi
Residence Time, min

Step 3 - Polishing
Run No.
Feed
Additive
Gas
Avg. Temp., °C
Max. Temp., °C
Avg. Pressure, psi
Max. Pressure, psi
Residence Time, min

Step 4 - Hydrotreatment

Run No.

Feed

Additive

Gas

Avg. Temp., °C

Max. Temp., °C

Avg. Pressure, psi
Max. Pressure, psi
Residence Time, min

N562 N563 N564 N565
N553+N554 N553+N554 N553+N554 N553+N554
HAO61* HA061 HAO61 HA061
H,S H,S H.S H,S
Ar Ar Ar Ar
179 179 179 179
184 184 184 184
2064 2064 2064 2064
2100 2100 2100 2100
60 60 60 60
N555 N556 N555 N556
N553+N554 N5534N554 N553+N554 N553+N554
None None None None
co co co co
375 353 375 353
385 354 385 354
3488 3460 3488 3460
3600 3515 3600 3515
60 60 60 60
N558 N559 N557 N560
N555 N556 N555 N556
CAl° CAl CAl CAl
H, H, H, H,
435 433 458 461
437 435 461 465
3190 3363 3200 3439
3226 3435 3275 3540
20 20 20 20
N562 N563 N564 N566
N558 N559 N557 N560
Shell 424 Shell 424 Shell 424 Shell 424
H, H, H, H,
423 424 422 420
426 425 426 421
3459 3461 3525 3554
3655 3635 3675 3675
180 180 180 180

Hydrogenated coal-derived anthracene oil.

Cresylic acid solvent.
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Mass and material balances were performed for the run sequences based
upon maf coal fed to the pretreatment step. Allowances were made for the
removal of sample aliquots for analysis. Combining the analytical results and
the material balances resulted in the calculation of product slates for the
integrated run series. In other words, product slates were calculated for the
entire four-step system based upon maf coal fed to the pretreatment step.
These product slates are presented in Table 11.

Tables 12 and 13 summarize this information and organize it in a
simplified manner to permit easier comparisons between run series. As seen in
Table 12, comparison of solubilization (Step 2) at 350°C and at 375°C shows
that higher-temperature solubilization ultimately resulted in less gas + water
production (about 17 wt% compared to 34 wt%) and more total liquid product
(about 70-80 wt% compared to 59 wt%) than solubilization at the lower
temperature. More of the hydrotreated liquid product was in the form of
premium distillate (66 wt% compared to 31-56 wt%) when the slurry had been
solubilized at 375°C.

TABLE 11

Product Slates of Integrated Run Series®

Hydrotreatment Run No. N562 N563 N564 N566
Solubilization Temp., °C 375 353 375 353
Polishing Temp., °C 435 433 458 461
Gas Out
co -65.92 -36.92 -63.20 -36.44
H, -1.50 -0.93 -5.46 -2.64
co, 114.26 93.05 116.00 93.65
C1-C3 11.53 13.50 11.70 14.38
H,S 1.48 0.58 0.92 0.42
H.,0 -42 .57 -34.12 -42.27 -35.32
Total Gas + Water 17.27 35.16 17.68 34.04
Liquid Out
Oxygenated Liquids 9.13 -0.13 2.49 17.77
Premium Distillate 66.04 56.35 67.08 31.46
Solubie Residuum 4.12 3.33 3.26 9.00
Total Liquids 79.29 59.55 72.83 58.23
Unconverted 10M 3.36 7.60 9.12 6.43
Total, A11 Products 99.93 102.31 99.64 98.70

Product slates given include all steps (pretreatment, solubilization,
polishing, and hydrotreatment) and are based upon percentage of maf coal
fed to the pretreatment step. Positive values indicate production of a
component; negative values indicate a consumption.
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TABLE 12

Comparison of Effect of Solubilization and Polishing Temperatures
on Final Hydrotreated Product Slate"

Hydrotreatment Run No. N563 N566 N562 N564
Solubilization Step Temp., °C 353 353 375 375
Polishing Step Temp., °C 433 461 435 458
Gas + Water Yield 35.16 34.04 17.27 17.68
Liquid Yield
Distillate 56.35 31.46 66.04 67.08
Soluble Resid 3.33 9.00 4.12 3.26
Oxygenates -0.13 17.77 9.13 2.49
Total 59.55 58.23 79.29 72.83
Conversion, % maf coal
fed to system 92.40 93.57 96.64 90.88

* Yields are given as percentage of maf coal fed to the pretreatment step.
Positive values indicate production of a component; negative values
indicate a consumption.

TABLE 13

Comparison of Gas Plus Water Production for Integrated Run Series*

Hydrotreatment Run No. N563 N566 N562 N564
Solubilization Step Temp., °C 353 353 375 375
Polishing Step Temp., °C 433 461 435 458
Pretreatment 2.00 2.00 2.00 2.00
Solubilization 17.95 17.95 8.29 8.29
Polishing
Co, 4.77 5.42 2.55 4.50
C1-C3 6.77 7.62 2.91 2.75
Other 3.01 2.61 -0.21 0.15
Total Polishing 14.55 15.65 5.25 7.40
Hydrotreatment 0.66 -1.56 1.73 0.00

* Gas + water yields are given as the percentage of maf coal fed to the
pretreatment step. Positive values indicate production of a component;
negative values indicate a consumption.
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When the polishing (Step 3) temperatures are compared, it can be seen
that the higher-temperature polishing (~460°C) resulted in yields that were
similar to those of the lower-temperature polishing (~435°C), but that the
1iquid product slates were very different. This is especially noticeable for
N563 and N566, the run series with 353°C solubilization. The lower-
temperature polishing step resulted in substantial differences in yields of
distillate, soluble resid, and oxygenates. In this case, the higher polishing
temperature seems to have cracked more of the coal-derived material, resulting
in the production of far more oxygenates at the expense of distillate
production. The higher polishing temperature also resulted in an increased
production of soluble resid. The same differences were not as obvious for the
N562 and N564 run series with 375°C solubilization. Slightly more distillate
and soluble resid were produced when the higher polishing temperature was
used, but far fewer oxygenates were produced. The highest overall conversions
were produced when polishing was performed at the lower temperature. The
higher polishing temperature seems to have retrograded some of the phenolic
material, resulting in a conversion loss at the expense of the production of
the oxygenates.

A comparison of the gas + water yields is presented in Table 13. As the
table shows, 2.0 wt% of the maf coal fed to the system was removed during the
pretreatment (Step 1) as gaseous products. Twice as much of the maf coal left
the system as gas during both the solubilization and polishing steps (Steps 2
and 3, respectively) when the solubilization was performed at ~350°C. The
gaseous product slates of the polishing step were very different for the run
series performed at higher solubilization temperatures compared to those
performed at lower solubilization temperatures. It appears that more CO, is
produced at higher polishing temperatures, but that the hydrocarbon gas
(C1-C3) yield is about the same.

The following conclusions could be drawn from the results of these
studies:

e As part of the integrated run sequence, solubilization (Step 2)
performed at 375°C produces higher yields of better-quality
hydrotreated 1iquid products than solubilization performed at ~350°C.

e As part of the integrated run sequence, polishing (Step 3) performed
at ~435°C results in desirable liquid product slates and high
conversion levels without the retrograding that was noticed at the
higher polishing temperature.

e Of the run sequences tested, it would appear that a run sequence
incorporating a solubilization step at 375°C and a polishing step at
435°C (i.e., a run series similar to that of N562) would produce the
greatest yield of high-quality, desirable products.

4.0 CONCLUSIONS

The positive results of the tests performed to date using the EERC’s
multistep LRC Tliquefaction process indicate that future work should be
performed in two areas:
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e The four-step sequence matrix should be performed using phenolic
solvent rather than HAO61.

e The range of effective hydrotreatment conditions should be determined.

After these two areas have been investigated, process optimization on a batch
scale can begin, followed by one or more continuous demonstration runs.
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GENERIC RUN INSTRUCTIONS

Slurry (can be fed to any of the first three steps):
solvent-to-maf coal ratio = 3:1

If necessary, water is added to bring the water content to 30 wt% of the maf
coal in the feed slurry

When used, additives = 5 wt¥% of the maf coal in the original feed slurry

Step 1 - Pretreatment Step

Slurry as mixed according to the instructions given above

Additive may be used according to the instructions given above

Gas is added in an amount equal to 10 gmoles gas/200 g maf coal in original
feed slurry

Step 2 - Solubilization Step

Slurry as mixed according to the instructions given above OR pretreated slurry
from pretreatment step

Additive may be used according to the instructions given above

Gas is added in an amount equal to 10 gmoles gas/200 g maf coal in original
feed slurry

Step 3 - Polishing Step

STurry as mixed according to the instructions given above (for a blank run) OR
product slurry from solubilization step

Gas is added in an amount equal to 10 gmoles gas/200 g maf coal in original
feed slurry

Interstep Distillation

Prior to distillation, vehicle solvent is added in a quantity equal to what is
expected will be removed as overheads; i.e., equal to the cumulative
quantity of oxygenated solvent added during any of the previous steps.

Distillation takes place at nominally 120°C and 4 psia.
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Step 4 - Catalytic Hydrotreatment

Solubilized and/or polished slurry is used as the feed

Shell 424 catalyst is used in a weight ratio of 1 part catalyst to 2 parts maf
coal in the original feed slurry

Hydrotreatment is performed at a constant gas pressure of 2500 psi. This
pressure is maintained during heatup and hydrotreatment through the
addition of gas.

Specific runs can be reproduced by following these instructions and performing
the run using the gas, additive, and operating conditions listed in the table
in the main body of this report.
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CATALYTIC GASIFICATION OF LOW-RANK COALS
FOR HYDROGEN PRODUCTION

1.0 INTRODUCTION AND SCOPE

This is a final summary report by the Energy and Environmental Research
Center (EERC) for a six-year program exploring the effects of catalytically
enhanced reactivity of coals to accelerate gasification rates for the
production of hydrogen and methane. This project has consisted of bench-scale
laboratory efforts; continuous pilot-scale process simulations; literature
surveys; limited efforts dealing with solid, 1iquid, and gaseous coproducts;
and subcontracted economic feasibility studies. Most of the technical
highlights of this project are covered in the reports and papers cited in the
bibliography.

2.0 PROJECT JUSTIFICATION

Since the mid-1970s, the United States has been in a state of
apprehension over the next energy crisis and in eager anticipation of the next
generation of energy supplies. While still unresolved, it appears reasonably
certain that, for decades to come, the U.S. will, or should, rely increasingly
on coal, simply because it is cheap and we have a lot of it. It is also
apparent that somewhere within the shifting, multiple scenarios predicted,
there is an expanded market for hydrogen as an end product or as an essential
intermediate. This is summarized in Figure 1, showing th