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I ~ B C T I O l l  

The Biennial Lignite Sy~osia have grown from the original North Dakota 
Lignite Forum held in IgSB to the present international symposium. These 
meetings have expanded beyond lignite to include subbituminous coal, brown 
coal, low-grade {not necessarily low-rank) coals, and peat. Marketing and 
regulatory policy topics have been included, f i r s t ,  as plenary session topics 
and, in the current symposium, as a complete stream of concurrent sessions. 
Based on previews of the many presentations and the strong interest indicated 
by the number of registrations, the Biennial Lignite Symposia clearly continue 
to ~eet a growing need for iPformation exchange through the formal 
presentations and informal discussi or, s. 

The addition of exhibits of products and services provides a major new 
¢imension to the Sy~osi~n, and we are very grateful to the co~anies who are 
exhibiting and making this new venture a success. These exhibits wil l  expand 
even further and include more companies at the next syw,@osium. 

The poster presentations provide the opportunity for i .;~vative comR~nication 
of technical results. During the two-hour !,:rich breaks on Tuesday and 
Wednesday of the Symposium, authors will exhibit their poster displays and be 
available for discussion of their results and ideas. This  commnication 
medium can greatly facil i tate the transfer of technical information, and we 
expect poster sessions to be featured at future s~mposia. 

This was also the f i r s t  time that short courses h~ve been presented in 
conjunction with the Symposium, and we would also l ike  to acknowledge the 
contr ibutions of these presenters: 

coal Science: A Practical Approach to Addressin~ Technological Problems., 
presented by Dr. Robert B. Finkelman of the U.S.Geological Survey, Dr. 
Fredrick Rich of the South Dakota School of Mines, Dr. Steven Benson of 
the UND Energy Research Center, and Dr. John Breyer of Texas Christian 
Uni versi ty. 

Fluidized Bed Combustion Technology, presented by Cabot Thunem of Valhalla 
Enterprises and Michael ~. ?:c,ln o f  the UNI) Energy Research Center. 

Baghouses: Applications to Low-Rank Coal Fired Combustion Sources, 
presented by John D. McKenna, Gary P. Greiner, and John 'C. Mycock of 
Environmental Testing Services, Inc., and Stanley J. Miller of the UND 
Energy Research Center. 

An important reason for havirq this year's Symposium in Dallas was to provide 
the opportunity, for attendees to visit  the region's lignite mines and power 
plants. The book on Gulf Coast Lignite 6eology was prepared especially for 
this Syr~posium by R. B. Finkelman and D. J. Casagrande through the 
contributions of many authors with extensive experience and expertise. The 
book includes papers on lignite geochemistry, mineralogy of surface-mined 
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lands, engineering applications for Gulf Coast l ignite development, 
recent/current research on lignites, and many related topics. This is a major 
contribution to the literature and we appreciate the effort of the authors and 
editors. 

~ I f  Coast Lignite Geology also provides a detailed guide to the mines which 
are included in the two tours planned for the final day of the Symposium: 

Big Brown Mine and Generating Station. Th is  tour is hosted by Texas 
Ut i l i t ies Mining Company, and we would like to acknowledge the planning 
and coordination provided by S. E. (Gene) Rand. 

Jewett Mine and the Limestone Generating Station. Ted Mayo and Mark 
Palmquist of Northwestern Resources Company have been extremely helpful in 
developing and coordinating the mine tour. Charles Weiss of Ut i l i ty  
Fuels, Inc., kindly facil i tated the tour of Houston Lighting & Power's 
generating station; he also n}ade the extra effort of chairing a technical 
session of the Symposium. 

As these Lignite Symposia evolve, i t  is imperative that world-wide 
representatives from the various industries involved with, low-rank coals 
provide input to shape the planning for upcoming symposia. For this purpose, 
the newly instituted Lignite Symposium Advisory Council, together with Lignite 
Symposium session chairmen, wi l l  be meeting at the Sy~osium to review the 
current Syrup;slum and to assist in the development of plans for the next 
Biennial Sj/mposium. In addition, the University of North Dakota Energy 
Research Center welcomes comments and suggestions from all the attendees and 
readers of these Proceedings. These may be sent to the Director of the 
Lignite Symposium, UNDERC, Box 8213, University Station, Grand Forks, NI) 
58Z02. We are already looking forward to ut i l iz ing all these suggestions to 
make the next Sjnnposium even better and more useful to all the attendees. 

The Energy Research Center would also like to express its appreciation for the 
co-spone.orship of the Lignite Symposia by the IJ. S. Department of Energy. 
This support was highlighted by DOE's Assistant Secretary for Fossil Energy, 
J. Allen Wampler, in his plenary session discussion of "America's Clean Coal 
Commitment." In addition, there was a great deal of behind-the-scenes 
assistance, particularly from the Grand Forks Project Office, and session 
chairmen and speakers from DOE/PETC and DOE/METC made vital contributions to a 
successful symposium. 

As these Symposium Proceedings go to press to be ready for distribution at the 
start of the Symposium, we would l ike to dedicate these Proceedings to all the 
authors who made the necessary extra efforts to be certain that their 
manuscripts were received in time to be included. For those papers which are 
not included in these Proceedings, every effort wi l l  be made to have copies 
available at the time of presentation or at the registration desks. 

David M. Watt 
Di rector 
Fourteenth Biennial Lignite Symposium 
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DESULFURIZATION OF LOW RANK TURKISH COALS 
BY FLOTATION 

by. H. Demirel and M.H. Erten 
Department of Mining Engineering 

University of Missouri-Rolla 
Rolla, Missouri 65401 

ABSTRACT 

In recent years more emphasis has been given to utilize low 
rank coals, especially in the countries like Turkey %~hich has 
large reserves of lignites. These coals have as much as 6% 
sulfur of which about 80% is pyritic sulfur. The unstable oil 
prices made low rank coals an alternative energy source. However, 
many countries have stringent environmental regulations which can 
only be met with the us~ of low sulfur coals. In order to clean 
and desulfurize the low rank Turkish coals down to the acceptable 
sulfur content, reverse flotation method was used which removed " 
about 70% of total sulfur in the coal. 

Channel samples were taken from Beypazari upper and lower 
coal seams, and representative laboratory samples were prepared in 
accordance with ASTM standard procedures. Preliminary tests on 
high sulfur coals indicated the possibility of reducing the 
pyritic sulfur by flotation. The gravity separation gave 
unsatisfactory sulfur removal due to very fine pyrite liberation 
size. 

Pyrite is finely disseminated and intergrown with various 
forms of vitrinite. In coals under study, the pyrite fills cell 
lumens in vitrinite particles in some cases, and in most of the 
other cases it is randomly distributed. The size distribution of 
pyrite was determined by using image analysis technique which made 
it possible to observe three groups of pyrite as follows: 

i. Completely liberated pyrite 
2. More than 50% liberated pyzite 
3. Pyrite enclosed in organics with organics comprising 

more than 50% of the particle. 
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Microscopic analysis indicated that the mean diameter of 
pyrite in different samples ranged from 2.1 micron to 46.3 micron 
and the maximum particle size was less than 100 micron. The 
pyritic sulfur in raw coal, clean coal and tailings were 
determined in accordance with ASTM standard D2492 and the total 
sulfurs were determined by LECO acid-base titration method. 

The laboratory samples were ground separately to -35/+200 
mesh and -200/0 mesh sizes, and the -200 mesh fraction from the 
first batch of samples were screened out and discarded. The 
preliminary flotation tests were conducted on each sample to 
determine the optimum quantity of collector, frother, pyrite 
depressant, agitator speed, residence time and pulp density for 
maximum sulfur reduction. The initial tests showed that -35/+200 
mesh sample did not give satisfactory sulfur and mineral matter 
reduction due to low liberal:ion size of the pyrite. The flotation 
of -200 / 0 mesh size sample consumed excessive reagents. So it 
was decided to apply two stage flotation as applied successfully 
by previous workers to -35/0 samples. 

During the two-stage flotation, the samples were ground to 
-35/0 mesh size and in the first stage, kerosene and MIBC used to 
obtain a preliminary froth. The froth of the first stage was then 
wet ground to -200/0 mesh to further liberate the finer pyrite. 
Tn the second stage of flotation, the reground froth was further 
cleaned and about 80 percent of pyritic sulfur was removed with an 
overall recovery of more than 60 percent. 

The tests showed that Beypazari upper and lower coal seams 
can be desulfurized to an acceptable level of sulfur and ash 
content by applying two stage reverse flotation procedure. 

1 AI-2 



DESULFURIZAT!0N OF LOW RANK 
TURKISH COALS BY FLOTATION 

H. Demirel and M.H. Erten 
Department of Mining Engineering 
University of Missouri-Rolla 

Rolla, Missouri 65401 

ABSTRACT 

The unstable oil prices m@de low rank coals an 
alternative energy source. However, high sulfur coals need to be 
desulfurized before they can be used because they cause air 
pollution. In this research, the preliminary tests were 
conducted on coal samples obtained from the Beypazari Mines in 
Turkey. These mines contain two seams, designated as upper and 
lower coal seams. The tests on these coals indicated the 
possibility of reducing the pyritic sulfur by two stage 
flotation process. Microscopic studies showed ~-hat the pyrite is 
finely disseminated in these coals and it could only be 
liberated in fine size range. The conventional flotation process 
was conducted on each sample utilizing kerosene and MIBC. In 
order to further liberate the pyrite, the froth concentrate was 
then wet ground to -200/0 mesh size. Then a second stage reverse 
flotation was applied by depressing the coal and floating the 
pyrite. By using the above process, the pyritic sulfur content 
was reduced from 3.81% to 1.03% for upper coal seam and from 
3.21% to 0.96% for lower coal seam with 60.5% coal recovery. 
From this study second stage reverse flotation appears to give 
promising results. 

INTRODUCTION 

In recent years more emphasis has been given to utilize 
low rank coals. The unstable oil prices made low rank coals an 
alternative energy source. However, many countries have 
stringent environmental regulations on the use of high sulfur 
coals. 

Gravity separation on coarse coal is possible due to the 
density difference between coal and pyrite. However, 
difficulties occured when attempts were made to separate fine 
size pyrite from coal. Presently, flotation is the most 
successful physical separation process(l}. As shown in previous 
studies(2), the floatability of the coal-pyrite system is more 
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complex than an ore-pyrite system. Brown coal and lignites have 
strongly hydrophilic character and high inherent moisture 
unlike the bituminous coal(3}. Also, the lignite-pyrite 
syste~ has low native floatability and the reagent consumption 
during flotation is greater than that for bituminous coal. 

Most coals contain sulfur in three basic forms, namely 
sulfate sulfur, pyritic sulfur and organic sulfur. Since organic 
sulfur is an integral part of coal matrix, physical cleaning 
processes cannot remove it. Pyritic sulfur is in the form of 
mineral pyrite and normally occurs as discrete microscopic 
particles. The percentage of sulfate sulfur is usually 
negligible. Fine grinding and flotation process will generally 
reduce the pyrite content of most coals. K. J. Miller(4) in his 
~ecently published work found that fine grinding of coal 
increases pyrite liberation. Miller first ground the coal to 
-28/0 mesh size and applied flotation, then wet ground the froth 
from the first stage flotation and utilized multi-stage 
flotation to reduce the pyritic sulfur content. After wet 
grinding for 30 minutes, liberated pyrite particles were 
increased from 23% in the -28/0 mesh size coal to over 62% in 
the -400/0 mesh size coal. Miller also showed that wet grinding 
resulted in better pyrite liberation than dry grinding. Miller 
and Deurbrouck(5) oubllshed a usefull review about the results 
of wet grinding. 

Two-stage reverse flotation has proced to be more 
successful in separating pyrite from coal than two-stage coal 
fiotaticn. In this process, conventional flotation was utilized 
in the first stage, then froth from the first stage was either 
used directly, or further ground and repulped to the appropriate 
pulp density. A suitable coal depressant was added and pyrite 
was floated with the use of a pyrite collector. HCI was used to 
adjust the pH to a value near 7(6, 7, 8). Microscopic studies 
of the clean coals and railings showed that the railings 
contained mostly liberated pyrite particles, whereas clean coals 
contained only non-liberated pyrite particles. 

Aplan(9) suggested that the pyrite in coal is best 
removed under gentle operating conditions with starvation 
quantities of frother, low air rate, low impeller speed and 
short retention time in the cell. He named this procedure as 
"grab and run" technique. 

Carlton(10) studied the relation between pyrite 
grain-size distribution and pyritic sulfur reduction. The study 
showed that better prediction of sulfur reduction can be made 
for a specific coal if pyrite grains are counted under 
microscope. 
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Hucko(ll) found that a non-ionic polyacrylamide with 
inorganic dispersant [sodium hexametaphosphate) exhibited 
selective flocculation towards coal. Atria(12) used xanthate 
containing polymeric dispersant to disperse and remove ultrafine 
pyrite during selective flocculation of Kentucky NO.9 coal seam. 

Three years ago in Ankara, Turkey, the Mining Engineering 
Department of the Hacettepe University began a research program 
concerning low rank Turkish coals. The main objective was to 
find a mean of reducing the pyritic sulfur of Turkish low rank 
coals. The initial tests were conducted on coal samples obtained 
from the Beypazari Mines in Turkey. These mines contained two 
seams, designated as upper and lower seams. This work includes 
the results of pyrite liberation and flotation tests on 
Beypazari upper and lower coal seams. The preliminary 
experiments were initiated at Hacettepe University in Ankara, 
Turkey, and completed at the University of Missouri-Rolla, 
Department of Mining Engineering, Rolla, Me. 

EXPERIMENTAL PROCEDURE 

Sample Preparation 

For these experiments, channel samples were taken from 
the Beypazari upper and lower coal seams. The faces were 
cleaned of dirt and loose coal in a width of about 6 feet, and. 
loose pieces on the roof were also taken down to prevent them 
from falling into the samples. A channel of 2 inches deep and 
about 3 feet wide was cut from the roof to the floor in order to 
remove any altered or mixed coal. The floor was cleaned and 
sampling cloth was spread. From the coal bed a channel sample 
was cut i0 inches deep and 25 inches wide. The cut was made 
perpendicular to the coal bed producing about a 400 pound coal 
sample. This samplinq procedure was applied to both seams. The 
samples included all the impurities and coal occurring in the 
channel. Samples were loaded into air tight containers, returned 
to the laboratory, and prepared using standard laboratory 
procedures. The sample preparation procedure is outlined in 
Figure i. The main sample was first crushed to -I 1/2-inch top 
size, then blended, coned and divided into two halves. One of 
the halves was further crushed to -3/8 inch top size by a jaw 
crusher, and was then coned and quartered. Opposite quarters 
were mixed together. Then using a hammer mill, alternate 
quarter mixes were crushed down to -14 mesh top size and 
riffl4d. One of the -14/0 mesh size portion was used to prepare 
laboratory samples for flotation tests. The other -14/0 mesh 
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size portion was used to prepare laboratory samples for 
microscopic, proximate and sulfur analysis. The test samples 
were prepared by dry grinding separately two batches from -14/0 
mesh coal to -35/0 mesh and -200/0 mesh sizes. The -200 mesh 
size fraction from the first batch of samples was screened out 
to obtain -35/+200 mesh size sample for the initial tests. 

The moisture, ash, and volatile matter of raw coal as 
well as treated fractions were determined in accordance with 
ASTM standard procedures. Pyritic sulfurs in raw coal, clean 
coal and railings were determined in accordance with ASTM 
standard D2492, and the total sulfur contents were determined by 
LECO acid-base titration method. The chemical compositions of 
Beypazari upper and lower coal seams are summarized in Table I. 
Typical size analysis of -35/0 mesh test samples is shown in 
Table 2. 

Pyrite Occurrence and Liberation 

To determine the pyrite distribution, representative raw 
coal samples and samples from each phase of the flotation 
process were formed into cylindrical briquettes using epoxy 
resin. Then, using standard procedures, each briquette was 
sawed at both ends and the surfaces were polished with diamond 
slurry. Two briquettes were made from each sample, and after 
sawing four surfaces were examined. Image analysis was used to 
determine the size distribution of pyrite in all the samples. 
The size distribution of pyrite in the raw coal is shown in Fig 
2. At least 1000 particles were measured per sample. Poor 
sorting of pyrite was found in both samples. Table 3 summarizes 
the size distribution of pyrite in raw coal samples taken from 
upper and lower coal seams. The table also shows that in 
different samples, the mean diameter of pyrite ranged from 2.1 
micron to 46.3 micron with the maximum particle size less than 
100 micron. Some of the sub-samples have distinct bimodal 
distribution with coarse and fine mode, and others -are ~unimodal 
but are skewed towards the coarser end. 

Adams(13) in his ~ork showed that the error in estimating 
the percentage of pyrite is proportional to the standard 
deviation of the grain size distribution. Thus, lower standard 
deviation should give less error in estimation of pyrite 
percentile in the sample. Pyrite is predominantly associated 
with various forms of vitrinite and is usually randomly 
distributed. Point count analysis was used to determine the 
liberation degree of pyrite. By using petrographic 
technique(13), at least 300 pyrite particles per sample were 
counted. It is possible to consider the pyrite liberation in 
three groups as follows: 
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TABLE 1 

Chemical Composition of Beypazari Coals 

Proximate Analysis 

Percent 

Sample 

Upper Seam LGwer Seam 

Moisture {Residual) 
Volatile Matter (dry) 
Ash (dry) 
Carbon (dry) 
Pyritic Sulfur (dry) 
Sulfate Sulfur (dry) 
Organic Sulfur (dry) 
Total Sulfur (dry) 

13.55 
26.50 
38.60 
34.90 
3.81 
0.I0 
1.07 
4.98 

14.00 
26.10 
34.10 
39.80 
3.21 
0.09 
0.80 
4.10 

TABLE 2 

Size Analysis of -35/0 Mesh Sized Beypazari Coal 

Size, Mesh Weight % Weight % 
Direct Cumulative 

35-45 
45-60 
60-100 
100-140 
140-200 
200-0 

10.2 
23.4 
19.6 
12.9 
22.6 
11.3 

10.2 
33.6 
53.2 
66.1 
88.7 

I00.0 
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TABLE 3 

Pyrite Particle Size in Raw Coal 

No Sample Particle Size, um 

Mean Standard Range 
Deviation 

1 U. Seam 2.1 1.72 0-12 
2 U. Seam 6.3 3.42 0-23 
3 U. Seam 46.3 12.38 0-83 
4 U. Seam 12.6 6.42 0-46 
5 L. Seam 4.2 2.18 0-18 
6 L. Seam 9.7 4.14 0-37 
7 L. Seam 7.3 6.82 0-28 
8 L. Seam 3.1 1.19 0-I0 

TABLE 4 

The degree of Pyrite Liberation of -35/+200 Mesh and -200/0 Mesh 
Sized Coal Samples 

No Sample 

Completely 
Liberated 

Degre of Liberation, % 

More then 50% Less than 
Liberated 50% Liberated 

1 --25/+200 Mesh 
2 -35/+200 Mesh 
3 -35/+200 Mesh 
4 -200/0 Mesh 
5 -200/0 Mesh 
6 -200/0 Mesh 

41 22 37 
38 26 36 
39 27 34 
76 21 3 
78 18 4 
74 21 5 
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l.Completely liberated pyrite 
2.More than 50% liberated pyrite 
3.Less than 50% liberated due to pyrite being enclosed in 

the organics which comprises greater than 50% of the 
particles. 

Microscopic studies on samples ground to -35/+200 mesh 
size and -200/0 mesh size showed that particle size has a marked 
effect on the degree of pyrite liberation. Testing showed 
coarse pyrite particles liberate more readily than fine pyrite 
particles. Further grinding to less than 53 micron showed no 
additional pyrite liberation. The degree of pyrite liberation of 
-35/+200 mesh size and -200/0 mesh size coal samples is 
summarized in Table 4. 

Flotation Tests 

Flotation experiments were carried out in a Denver Sub-A 
type laboratory flotation machine with a 3-1iter cell. In all 
the Zlotation tests, the initial pulp density was taken as 5% 
(150 grams of coal in 3 liters of water ). A series of regular 
flotation tests were conducted on -35/+200 mesh and -200/0 size 
coal samples prepared from Beypazari upper and lower coal seams. 
The preparation of flotation test samples was described in the 
previous section. Our aim was to determine the optimum values 
cf the process variables for maximum pyritic sulfur reduction. 
The initial tests on -35/+200 mesh and -200/0 mesh samples did 
not show satisfactory sulfur reductions. In the first case, the 
pyrite liberation was not sufficient, and the froth contained 
high pyrite. In the case of -200/0 mesh samples, the slime 
fraction absorbed too much reagent, and theentrapment of fine 
pyrite particles in the froth was high. 

Due to the complications mentioned above, the alternative 
method of two-stage flotation was then conducted on -35/0 mesh 
samples, in applying the two-stage flotation method to 
Beypazari coal seams, first we have used the regular flotation 
of the -35/0 samples to liberate and to remove the coarse pyrite 
particles. For each test, 150 grams of -35/0 mesh size sample 
was mixed in the cell and conditioned for I0 minutes. After 
conditioning, pH value of the pulp was measured and adjusted to 
between weakly acidic and neutral value. Then the frother(MIBC) 
and collector (kerosene) were added. After 1 minute, air was 
applied at a rate of 0.40 cubic feet per minute (cfm) and the 
froth was collected for 1 minute. Optimum values of flotation 
parameters for the first stage flotation were determined by 
these tests and are g%ven in Table 5. 
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TABLE 5 
Optimum Flotation Parameters for -35/0 Mesh Samples. 

Parameters Values 

Frother,MIBC 
Collector, Kerosene 
Agitator Speed 
pH 
Air Rate 

0.3 ib/ton 
0.7 ib/ton 
900 rpm 
6.5-7.0 
0.4 cfm 

The second stage consisted of using the froth from the 
first stage and wet grinding the froth to -200/0 mesh to further 
liberate the locked or partially locked pyrite particles. Wet 
grinding was preferred to dry grinding because previous 
experimentors(5) showed that wet grinding was more successful in 
liberating the pyrite. In second-stage flotation, both the 
direc~ coal flotation and reverse flotation (pyrite flotation) 
were tried, and it was found that pyrite flotation gave better 
coal recovery and pyritic sulfur reduction. Therefore, pyrite 
flotation was taken as standard test for second-stage flotation. 
For pyrite flotation, froth from the first stage flotation was 
wet ground to -200/0 mesh size and repulped with fresh water for 
the second-stage flotation. The Aero Depressant 633 was added 
to depress the coal while the Potassium amyl xanthate was added 
to collect the pyrite, with 0.1 Ib/ton MIBC as the frother. The 
optimum quantity of Aero Depressant 633 was determined to be 0.5 
ib/ton, while agitation speed and air rate were kept at 900 rpm 
and 0.4 cfm, respectively. The quantity of Potassium amyl 
xanthate was taken as a variable. After addition of the 
reagents the froth was conditioned for 1 minute, then ai~ was 
applied, and the pyrite froth was collected for 1 minute. 

Results and Discussion 

The results of tests with different amounts of Potassium 
amyl xanthate are shown in Tables 6 and 7 for upper and lower 
coal seams. For the upper seam, as seen in Table 6, the coal 
recovery, ash reduction and pyritic sulfur reduction increased 
with increasing amount of Potassium amyl xanthate from 0.4 
ib/ton to 0.6 ib/ton. A final clean coal with 1.03 percent 
pyritic sulfur, 15.3! percent ash and 60.52 percent coal 
recovery was achieved with 0.6 ib/ton Potassium amyl xanthate. 
Clean coal contained 24.01 percent of ash, 16.36 percent of 
pyritic sulfur and 29.40 percent of total sulfur present in the 
feed. The concentrate from the first stage flotation froth 
contained minimum 2.33 percent pyritic sulfur which is 44.22 
percent of the pyritic sulfur present in the feed. 
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TABLE 6 

Reverse Flotation,Results of Beypazari 
With Various Amounts of Potassium Amyl 
in the Second-Stage 

upper Coal seam 
Xanthate 

No sroduct Weight 
Percent 

35 

Analysis,percent Distribution,Percent 

Pyritic Total Ash Pyritic Total 
Sulfur Sulfur Sulfur Sulfur 

Ash 

C.C.(2) 55.82 19.14 1.16 2.69 27.68 17.00 30.20 
R.(2) 17.04 56.16 8.95 9.36 24.79 40.05 32.03 
C.C.(1) 72.86 27.80 2.98 4.25 52.47 57.05 62.23 
R.(1) 27.14 67.60 6.03 6.93 47.53 42.95 37.77 
FEED I00.00 38.60 3.81 4.98 100.00 100.00 100.00 

38 C.C.(2) 59.83 15.79 1.09 2.60 
R.(2) 13.59 75.27 8.55 10.32 
C.C.(1) 73.42 26.80 2.47 4.03 
R.~I] 26.58 71.19 7.51 7.61 
FEED 100.00 38.60 3.81 4.98 

24.48 17.12 31.23 
26.50 30.49 28.16 
50.98 47.61 59.39 
49.02 52.39 40.61 
100.00 100.00 100.00 

41 C.C.(2) 60.52 15.31 1.03 2.42 24.01 16.36 29.40 
R. C2~ 1 1 . 6 4  s 3 . 2 v  9 . 1 2  1 1 . 9 2  2 S . l l  2 7 . 8 6  2 7 . 2 8  
C.C.(1) 72.16 26.27 2.33 3.91 49.12 44.22 56.68 
R. Cl~ 27.~ 70.54 7.63 7.75 50.88 55.78 43.32 
FEED 1 0 0 . 0 0  3 8 . 6  3 . 8 1  4 . 9 8  1 0 0 . 0 0  1 0 0 . 0 0  1 0 0 . 0 0  

# 35 
# 38 
# 41 
Abbr: 

0.4 ib/ton Potassium amyl xanthate; 
0.5 ib/ton Potasium amy! xanthate; 
0.6 Ib/ton Potassium amyl xanthate; 
C.C.(2): Final clean coal; 
R.(2): Final reject~ 
C.C.(1): First-Stage froth conc.; 
R.(1): First-stage reject; 

Initial Sample Size: -35/0 mesh; 
Froth from first stage ground to 
and used for pyrite flotation. 

-2O0/O mesh size 
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TABLE 7 

Reverse Flotation Results of Beypazari Lower Coal Seam 
With Various Amounts of Potassium Amyl Xanthate 
in the Second-Stage. 

No Product Weight 
Percent 

m w M  

47 

Analysis, percent Distribution,percent 

Ash Pyritic Total Ash Pyritic Total 
Sulfur Sulfur Sulfur Sulfur 

C.C.(2) 58.18 16.81 1.15 2.47 28.68 20.68 
R.(2) 11.96 62.13 8.68 9.34 21.79 32,35 
C.C.[I) 70.14 24.54 2.44 3.64 50.47 53.21 
R.(1) 29.86 56.56 5.03 5.18 49.53 46.79 
FEED 100.00 34.10 3.21 4.10 100.00 100.00 

35.02 
27.25 
62.27 
37.73 
i00.00 

50 C.C.[2) 60.12 15.23 0.98 2.14 26.85 18.35 
R.(2) ii.ii 74.22 10.07 10.59 24.18 34.87 
C.C.(1) 71.23 24.43 2.40 3.46 51.03 53.22 
R.(1) 28.77 58.04 5.22 5.68 48.97 46.78 
FEED 100.00 34.10 3.21 4.10 100.00 100.00 

31.43 
28.71 
60.13 
39.86 
i00.0 

53 C.C.(2) 60.49 14.45 0.96 2.07 25.63 18.09 
R.(2) 11.36 75.79 9.82 10.61 25.25 34.87 
C.C.(1) 71.85 24.15 2.36 3.42 50.88 52.85 
R.(1) 28.15 59.50 5.38 5.83 49.12 47.15 
FEED !00.00 34.10 3.21 4.10 I00.00 I00.00 

30.58 
29.41 
59.99 
40.01 
i00.00 

# 47:0.4 Ib/ton Potassium amyl xanthate; 
50:0.5 Ib/ton Potassium amyl xanthate; 

# 53:0.6 Ib/ton Potassium asuyl xanthate; 
Abbr: C.C. (2): Final clean coal; 

R.(2) : Final reject; 
C.C. (i): First-stage froth conc.; 
R.(1) : First-stage reject; 

Initial Sample Size: -35/0 mesh; 
Froth from first stage ground tD -200/0 mesh 
and used for pyrite flotation. 
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For the lower seam, Table 7 shows a somewhat different 
distribution of ash and pyritic sulfur. Even though the lower 
coal seam has less ash and sulfur than upper coal seam, the 
pyrite is more finely distributed in this seam. For this 
reason, the first stage flotation froth had 52.88 percent of the 
pyritic sulfur that was present in the feed. This is higher 
than the pyrite percentage found in the first stage froth for 
the upper seam. Final clean coal contained 0.96 percent pyritic 
sulfur, 14.45 percent ash and the coal recovery was 60.49 
percent. Only 18.09 percent of pyritic sulfur present in the 
feed reported to final clean coal. 

C0NC%USIONS 

Microscopic analysis of Beypazari upper and lower coal 
seams indicated fine dissemination of pyrite in the coal. 
Regular flotation experiments carried out by using kerosene and 
MIBC on -35/+200 mesh and -200/0 mesh sized coals did not give 
satisfactory pyritic sulfur removal due to non-liberated pyrite" 
and entrapment of pyrite particles in the froth concentrate. 
Then the experiments were carried out with the use of -35/0 mesh 
samples and two stage flotation was applied. In applying the 
two stage flotation, first a froth, free from coarse pyrite was 
obtained. Then the froth from the first-stage was wet ground to 
-200/0 mesh size to further liberate the pyrite. This froth was 
used for coal or pyrite flotation. The coal flotation results 
in the second-stage were again not satisfactory. However, in 
the case of pyrite(reverse) flotation with potassium amyl 
xanthate and Aero depressant 633, successful results were 
obtained. Microscopic analysis of the pyrite flotation products 
revealed that the clean coal contained only non-liberated pyrite 
while railings included mostly liberated pyrite. The analysis 
also showed that good selectivity was possible. 
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HISTORY OF TEXAS LIGNITE UTILIZATION FROM 
A SOLID WASTE MANAGEMENT PERSPECTIVE 

By Donald F. Weber 

ABSTRACT: 

Texas lignite utilization generates an operating solid waste environment 
that relies heavily on the use of surface impoundments and landfill 
disposal. Surface impoundments a~d landfills have traditionally Seen 
designed to support lignite power generation in terms of on-site water 
management practices and solid waste disposal, respectively. The need for 
power plamt operations to he located near large bodies of water for makeup 
and cooling wager purposes frequently resulus in locating essential 
operating ponds and land disposal facilities within distinct 
hydrogeological locations capable of potentially impacting ground and 
surface water resources. 

Solid Waste Management practices have evolved and currently reflect site 
selection and corrective action considerations based on environmental 
assessments, changes in design and operating standards, economics, and 
ohanBes in social and regulatory climates. A once pure geoteehnlcal/civil 
engineering approach to solid waste management has now given way to a more 
interdisciplinary concept which integrates engineering wirahhydrogeology, 
geophysics, soil, water and leachate chemistry, computer modeling; and 
regulatory affairs. As solid waste management regulations continue to 
focus on the pouen=ial impacts of solute uransporu on valued ground- and 
surface-water resources, it is increasingly important to expand our 
understanding of the complexities of lignite combustion waste leachate 
chemistry and the dynamics of leachate migration, in addiuion uo pursuing 
markets for the recycling of these comgu-~tion wastes. 

INTRODUCTION: 

Landfills and surface impoundments have traditionally been designed to 
support lignite power generation in terms of solid waste disposal and 
on-site water management practices, respectively. The need for power plant 
operations to be located near large bodies of water for makeup and cooling 
water purposes frequently results in locaWing essential operating ponds and 
land disposal facilities wir/~in distinct hydrogeological locations capable 
of potentially impacting ground and surface water resources. 

Past practices for site evaluation and construction of both landfills and 
impoundments were directed primarily towards satisfying various 
geotechnical standards a11d criteria chat per=alned to dike stability and 
liner material permeability. The basic geotechnical testing and drilling 
procedures that are used for soil foundation investigations were also 
thought to be more than adequate to address site investigation requirements 
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for selecting, designing and eventually constructing these waste management 
facilities. Additionally, the same subsurface information developed during 
such an evaluation was incorporated into the design and installation of 
associated leachate collection and detection systems, the latter being 
inclusive of moniaoring wells. Therefore, the final site selection, design 
and construction of these types of facilities were not necessarily 
considerate nor complimentary inherent si~e related of potential 
environmental impacts. 

What the Texas lignite community has recognized, through hindsight and 
experience, is chat there is a complexity of underlying considerations that 
must be addressed when evaluating a site in terms of possible corrective 
aczion or iUs p:ospeccs as a suitable candidate for waste managemen~ 
purposes. Among those items for consideration are the surrounding 
subsurface lithology and stratigraphy; ash and scrubber sludge leachate 
chemistry; soil, ground- and surface-water chemistry; various attenuaticn 
and solute transport mechanisms; and alternatives in primary and secondary 
containment for controlling and monitoring leachate migration. 
Subsequently. disciplines have been expanded from geotechnical and civil 
engineering to include the sciences of geology, hydrology, geophysics., soil 
and water chemistry, computer modeling and environmental e~ineering. 

ENVIROh~ENTALASSESSMENTS: 

Geophysical and Cultural 

Site investigative programs, preliminary and problem solving in n a t u r e ,  
require an understanding of the subsurface materials and stratigraphy 
associaaed within the area of interest. In the past, a comprehensive 
drilling and coring program would be developed to ascertain needed 
information on subsurface conditions. Such a program would typically 
consist of drilling pilot holes at select intervals while monitoring the 
cuttings in the drilling fluids from each hole every five to ten feet. 
Usually one or more continuous cores would also be collected which, along 
with the cuttings data, would be used to develop cross-sections of the 
subsurface environment. Experience has shown that supplementing such a 
program to provide better definition of near-subsurface conditions is 
essential in the analysis and/or prevention of contamination to the 
surrounding envirorEen=. 

Two geophysical analytical tcols for enhancing interpretive skills include 
terrain conductivity and down-hole geophysical logging. Terrain 
conducti~iL-y is based on the applied principle of induced magnetic currents 
to measure apparent conductivity of shallow subsurface conditions. An 
electromagnetic field is induced by a primary coil which is transmitted t o  
and received by a secondary coil. A conductivity meter =hen measures the 
variations in apparent conductivity from which stratigraphic and possible 
groundwater quality assessments can be made. By alternating the 
orientation and spacing of the coils, conductivity data can be obtained 
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%'hich represents successively deeper components of the subsurface matrix 
being investigated (Figure I.) After analyzing ~he conductivity data 
developed, a s~ratlgraphic boring program can he designed ~o provide more 
accurate information on subsurface conditions. Additionally, ~f 
interpreted correctly, such information will offer insight to potential 
avenues for and/or areas impacted by leachate migration. 

As mentxonedabove, sura=igraphic borings are essential to furthering an 
understanding of true subsurface condi=icns. However, even if accompanied 
by continuous cores from select locations, the intricacies of some 
deposi=ional environments can often be overlooked or misinterpreted thus 
leading to erroneous conclusions of significant importance. Down-hole 
~eophysical logging, a technique widely applied in the oil and gas 
exploration industry, can provide details on subsurface stratigraphy %~a a 
suize of analytical logs such a natural gamma, self potential, compensated 
denrity/porosity, caliper, and medium and deep induction/resistivity 
(Figure 2.) Natural gamma and compensated density ane induction logs are 
very useful in providing interpretive assistance. 

Navural gamma has a direct relationship to the permeabi!icy of the 
subsurface s~rata from which delineations of significant sand and clay 
lenses can be made. Apparen~ resistivity of pore water (Rwa) can be 
calculated from compensated density and induction data by developing Rwa 
relationships between surrounding wells of kq~own water quality and Rwa 
values with the observed Rwa values from borings without monitoring wells. 
Major cation and anion composition can then be extrapolated from such a 
relationship. 

Addizional information that should not be overlooked are the precultural 
and current activities associated rith the si~e under ~nvestigation. Land 
use, precipitation and evapotranspira~ion data, both past and present, are 
essential in helping to develop seasonal and other cyclic fluctuation 
information. Past practice in routine site investigations, whether it had 
been for pre-sit6 development purposes or in response to corrective acKion, 
rarely took such information into account. Site investigations are 
anything but routine, and any additional history on sire activities that 
can he obtained from company and public information files at the state are 
considered a valuable resource. 

Leachate and Water Chemistry 

Major components cf ash and scrubber sludge leachate 'chemistry consist of 
calcium, magnesium, sodium, potassium, sulfates, chlorides, boron, 
selenium, arsenic, aluminum, silicates and a variety of other trace 
constituents. Additionally, many of these components are normally found in 
dissolved form in na=ural ground- and surface-water environments. 
Traditionally, analytical assessments of leachate and water chemistryhad 
been limited to evaluating r-he data obtained in terms of waste 
characteristics as related to ECKA and chemical equilibrium as determined 
by cation-anion balance of ~he major constituents in solution. The next 
generation of analytical tools used for assessment of data added visual 
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aids such as =rilinear an~ Stiff diagrams (Figures 3. and A., 
respectively). More recent laboratory and field investigations have 
identified numerous physical and chemical transport and attenuation 
mechanisms that exist which dramatically affec= the characteristics of the 
leachate and ground- and surface-water chemistry involved. 

Several of the more important relationships to be considered include: 
sulfate-selenate competition, chemical specia~ion-adsorpt~on/ co-precipi- 
tation of trace metals, cyclic fluctuations due to intermittent releases of 
solutes from water soluble sal~s on land surfaces and/or in unsaturated 
soils,pE (redox)-pH status and the effects this relationships has on 
determining chemical speciation, and exergonic microbiological mediated 
oxidation and red,~ion reactiov~ (Figures 5.-7. and Table I. illustrate 
examples of The referenced re!a~ionships, respectively). The relative 
importance of understanding these relationships is manifested by the 
micr0biologic catalysi~ of ferrous (Fe2+) zo ferric (Fe3+) iron by such 
microorganisms as Thiobacillus ferroxidan and Ferrobacillus ferroxidan. 
Under controlled conditions_ these organisms are ~ble to accelerate uhe  
oxidation of Fe2+ to Fe3+ by a factor close to I0 ~ times over that rate of 
oxidation via oxygen only. 

High volume combustion waste leachate and associated water quality 
chemistry is now a multi-faceted science that has significantly improved 
and eruhanced the analytical resources available for evaluating leachate and 
water quality related issues. 

Computer Modeling 

The ~opic of compuzer modeling is so broad that any serious discussion 
could not be adequately covered in ~his paper. Suffice it to say, 
computers have greatly e.nhanced our abilities to evaluate and predict 
ground water flow and chemistry scenarios. There is nothing novel about 
lig~ize combustion waste management in terms of applying the variety of 
models available (e.g., chemical equilibrium models; 1,2,3-dimensional f!o-~ 
models; iterative numerical models; solute transport models; etc.) to 
ascertain reasonable estimates of ground water flow directions, rates of 
movement and changes in both ground- and surface-water chemistry: potennial 
impacts of same and assessments of corrective action alternatives -- active 
and passive. However, what is significant to our industry is that wit~ an 
increased understandin~ of lignite combustion waste chemistry and 
hydrogeologic environment associated with solid waste management 
activities, employment of such modeling efforts is becoming more proactive 
in nature with an emphasis being placed on predictive assessments for 
future waste management sites and facility design and operating standards 
equivalency demonstrations. 

Design and Operating Standards 

Changes in design and operating standards regarding lignite combustion 
waste management are a direct consequence of changes in three extremely 
critical areas. The first relates ~o wauer budgeus and its managemenu, 
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Source: Reference 9 

The second issue is t.he growing com~un/ty and reEulatory concerns on ground 
water protection, and the third aspect is limited space for disposal of ash 
and slud~, especially when dealing with r_he state regulatory agency (i.e., 
Texas Water Commission) guidelines of a 2-5% slope on the final cap for 
c l o s ' . u : e  p u r p o s e s .  

D,~siEn fea~ares have changed from the use of three feet of I0 -7 cm/sec clay 
for liner material in both landfills and surface impoundments =o conducting 
site feasibility studies for implementing end-of-pit disposal practices and 
the use of dual liner-leachate detection~collection systems for surface 
impouz,dmeu: applications. Additionally, this indust_~y has seen changes in 
th: use and construction of monitoring wells precipitated by the 
variability in subsurface stratigraphy and water chemistry. Whereas 
monitoringwells in =he past were actually nothing more than vertical 
leacha~e detection systems, and in some cases served as po=enuial conduits 
for cross communication between distinct hydrological units, current 
monitoring wells are designed to differentiate these unique hydrological 
units and provi4e water quality data from each of these distinct zones of 
interest (Figure 8.). Finally, because of the physical consistency of ash 
and scrubber sludge in solution and the relatively high conductivity 
exhibited by such solutions, state of r . h e  art electropotencial leak 
detection methods foe evaluating flexible geomembrane integrity (eg. 
Figures 9. and I0.) are now being incorporated into equivalency 
dzmonscrations for surface impoundment construction in an effort to provide 
rapid, more accurate leak detection systems and a cost effective 
alternative to current construction standards. 
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Operating changes have c c m e  about d u e  to space economics coupled witch 
increased regulatory and neighboring community scrutiny and the 
realizaulon ~hat in some cases what should have been a water consuming 
feature (e.g., scrubbers) is oper==ionally just the opposite. With 
liEni~e operations in Tea.u= =xperlenelng normal annual precipitation of 
38" ~o 46", deliberat~ decisions are being made to reduce the water and 
space demands that accompany waste handling and disposal activities. 
Conversion from wet sluicing and decan~ opera,ions to dry 
disposal/recyclin~ sys~em~ via clarifiers, dewacering bins, forced 
oxidation and/or vacuum filtration is taking place au m~ny fac~liuies, if 
not already in place. I~ an efforu uo minimize the disposal of ligniue 
combusuion waste, markets for ~-hese wastes are actively being uuilized and 
puraued. (See Table 2.) 

Finally, regarding regulatory considera=ions, wlch t h e  TWC promoting 
~oundwacer conservation districts, federal drinking water regulatior~ 
concentratln E ~n well head protection legislation, and RCRA Subtitle D 
proposed rule changes for soii~ waste management facility requirements to 
be based on ma~chiugfacilit~ performance standards with (I) ~he potential 
for h~.naful waste constituents to migrate from the facility, and (2) the 

Kmzka cs  Fo~" 

Y-ql~nice CoutmscLon Waste 

~ u ~ a  T ~ c  Uze 

FrID Gypsva I .  Wal l  Board 

2. Porclat~d Cement 
£ o r  C o n c z o l l l n l ;  Sac  TLme 

3. Cmmenc Se-~illzacion 

FlY ~J~ I. i~dLctve Eor Roady XZx Conczer.e 

2. Addltive for Type I-P CeaenC 

3. SoL1 S t a b i l i z a t i o n  by 
Texas Hishvay Deparcaenc 

3occoet Ash 1. Xn !!oc Asphal t ic  Comcrece 
fo~ Scabi lA:y and. SkLd V81um 

2. Detcin~ Medium by 
Texas; Hl.i;hway Depazcm,~t 

] .  0 ~  ~ :11 at%~ P|anr Service R o a ~  
.cow Tracc lon  ~.nd 5 c a b t l l t y  

4.  K3nufaccurlnc of Clay Brick 

TABLE 2 

S o u r c e :  T J  E l e c t r i c  ( 1 9 8 7 )  
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value of the resources that may subsequently be affected by such releases, 
the commitment to controlling and minimizing environmental releases from 
lignite utility landfills and operating surface impoundments is obvious 
from an environmental and political standpoint. 

CONCLUSION: 

Environmental concerns, economic and social considerations and increasing 
re~latory impacts are the predominant factors that have affected the 
attitudes, philosophies, perspectives and ultimauely the changes that have 
occurred in solid waste management activities at lignite utilities in the 
state of T~xas. Once an activity governed bypure geotechnical and civil 
engineering disciplines, such solid waste practices now incorporate an 
innerdisciplinary approach with a conscious effort to integrate 
engineering wi~h hydrogeoloKy , geophysics, soil, water and leaeha~e 
chemistry, computer modeling, social climates, and reguiatory affairs. As 
solid waste managemen~ at these facilities continues to focus on ~he 
potential impacts.to valued ground- and surface-water resources, it is 
~uc~easingly importan~ to expand our understanding of the complexities of 
lignite combustion waste leachate chemistry and the dynamics of leaehate 
migration, in addition to pursuing markets for recycling these combustion 
wastes in an effort to minimize, to the extent possible, the amount of 
waste t o  b e  disposed. 
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Physical-Chemical Composition of 
Lignite Coal Ash: A Review 

by 
Ishwar P. Murarka, Ph.D. and 
Jacques P. Guertin, Ph.D. 

ABSTRACT 

The combustion of Texas and North Dakota lignite coal results in 

an ash consisting of essentially inorganic glassy, spherical 

particles. (The organic content is <<0.1%.) Physical proper- 

ties, species solubility, and elemental and mineral composition 

are documented. The ash contains numerous minerals, quartz being 

the dominant mineral. The flue ash particles are 5 to 100 ~m in 

diameter, relatively richer in gallium, lead, selenium, and zinc 

compared to the 100 to 10,000 ~m bottom ash particles. The 

solubility of inorganic constituents in the lignite ashes is a 

measure of the leaching potential. The extractor species greatly 

influences the elemental concentrations in the extracts. For 

example, ash elemental concentrations in nitric acid extracts are 

typically a few orders of magnitude higher than in hot water 

extracts. Sulfate and calcium are the most abundant species 

observed in hot water and nitric acid extracts, respectively. A 

comparison of the toxicity characteristic leaching proce- 

dure (TCLP) versus the existing extraction procedure (EP) shows 

notable differences only for iron extract concentrations. 

INTRODUCTION 

Lignite coal is burned in utility boilers to generate 

electricity. Power plants (apgroximately 30 units of 20 to 

1,000 MW size generation capacity) that burn lignite coal as 

their principle fuel are located in four states (Minnesota, North 

Dakota, South Dakota, and Texas). Their total generating capac- 

ity is ll,000 MW. The lignite coal as mined contains 35-40% 

water and 6-9% "mineral" matter [ash) (!)- Lignite coal has a 

relatively lower heat value [i.e., 22,000 to 24,000 Btu/kg on a 

dry-weight basis) (!)- As a result of lignite coal-ccmbustion in 
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electric utility boilers, lignite ash is generated. At some 

power plants removal of sulfur (scrubbing) from flue gas produces 

flue-gas desulfurization [FGD) sludges. This paper summarizes 

the physical-chemical composition of lignite ash based on the 

literature and recent data from continuing EPRI research under 

the Solid Waste Environmental Studies project (EPRI Research 

Project 2485) [~]. 

Increased interest in the lignite ash comes fro,, issues raised by 

solid-waste disposal management requirements under the Resource 

Conservation and Recovery Act (RCRA). Regulators under RCRA are 

examining the release, migration, and changes in groundwater 

quality owing to land disposal of solid wastes. Most of the lig- 

nite ash at electric power plants is disposed of in landfills, 

ponds, or as backfill in mines. To address the release and 

migration of chemicals to groundwater from these disposal units, 

it is necessary to know the physical-chemical composition of the 

lignite ashes. 

PHYSICAL PROPERTIES: 

Coal combustion ash has been categorized into two groups: 

(1) "fly ash" which accounts for the majority of the ash 

generated and consists of smaller size particles of unburned 

mineral matter less than 1% of which is emitted into the atmos- 

phere as fly ash with the remainder generally collected as flue 

ash by a baghouse or an electrostatic precipitator (ESP), and 

(2) bottom ash which is collected at the bottom of the furnace, 

consisting of much larger size particles. This paper will not 

cover the fly ash emitted into the atmosphere. The term "flue 

ash" will be used when referring to the ash collected by a bag- 

house and ESP although "fly ash" has also been used in the 

literature to mean this type of ash. Most ash particles are 

glassy and spherical, indicative of their prior molten state in 

the boiler. Some particles are solid, some are hollow, having an 

average density of 2.5 gcm -3. 
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Some particles are magnetic owing to dendritic iron oxide, and 

the ash is a good electrical insulator (-109 ohm cm-l). Coal ash 

may possess pozzo!anic and cementitious characteristics if its 

siliceous--aluminous content is mostly noncrystalline (glassy). 

An important physical characteristic of coal ash is its particle 

size. Available data indicate that bottom ash particles have 

diameters 100 to 10,000 pm. Most flue ash particles have dia- 

meters 5 to 100 ~m whereas fly ash particles are typically 

0.05 to -5 ~m aerodynamic diameter (3-5). Figures 1 and 2 are 

scanning electron micrographs (SEM) showing morphology of flue 

ash from the Pl plant. Figures 3 and 4 are the corresponding SEM 

for bottom ash from the P1 plant. 

Another physical characteristic of the lignite ash is its 

permeability which is important in estimating water movement 

potential through the ash. Most bottom ashes have a permeability 

of 10 -3 to 10 -1 cm/s. Permeability of lignite flue ash appears 

to be around 10 -6 to 10 -7 cm/s. Through compaction and various 

fixation treatments the permeability of ashes can be further 

reduced. 

ELEMENT~ COMPOSITION: 

Total elemental concentrations are the most commonly measured 

composition descriptions. Both the lignite flue ash and the 

bottom ash contain aluminum, calcium, iron, silicon, magnesium, 

potassium, sodium and sulfur, each at >0.3% concentration. These 

elements generally occur in oxide forms and including oxygen, 

account for over 90% the mass. Table 1 shows the data on com- 

position of flue ash and bottom ash from Texas and North Dakota 

lignite coals. The samples were analyzed by X-ray fluores- 

cence (XRF). Generally, the lignite flue ash has higher amounts 

of K and Na, whereas the bottom ash is generally higher in Fe and 

Mg content. Aluminum, Si, and Ca concentrations are approxi- 

mately the same in flue ash and bottom ash from lignite coals. 
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Figure i: Microphotograph showing morphology 
of a flue ash sample from the P! 
plant. (26.6 ~m ) 
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Figure 2: Micro photograph showing a typical 
flue ash particles morphology from 
the P1 plant. ( 6.6 ~m ) 
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Figure 3: Microphotograph showing morphology 
of a bottom ash sample from the P1 
plant. ~ 20 pm ) 

Figure 4: Microphotograph showing a typical 
bottom ash particles morphology 
from the PI plant. ( 6.6 ~m ) 
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Elements present in trace concentrations (by XRF) in these ash 

samples are illustrated in Table 2. The following differences in 

abundance of these elements in flue ash and bottom ash are 

observed: 

As, Ga, Pb, Se, and Zn concentrations are higher in flue 

ash than in bottom ash. 

Zr concentration i~ somewhat lower in flue ash than in 

bottom ash. 

~he botton ash from one power plant had much higher 

concentration of Cr and Ni than that of the other four 

power plants sampled. 

For elements that were not observed, their concentration values 

are listed as less than a detection limit. The detection limit 

is determined by standard addition and varies owing to matrix 

effects. The X-ray fluorescence technique used could not detect 

elements having atomic number <ll. 

CRYSTALLINE PHASES 

Coal ash consists of crystalline and noncrystalline (amorphous] 

phases. The crystalline phase composition is often referred to 

as the "mineralogy" of the ash analogous to the naturally occur- 

ring minerals [although some "mineralloids" are not crystallinef 

e.g., opal and chalcedony, Si02(H20)x] [6, ~). The crystalline 

phase composition of lignite coal ash is illustrated in 

Table 3 {8, 9). 

CHEMICAL COMPOSITION OF AQUEOUS Ek~RACT: 

It is a c o m m o n  practice to examine the solubility of inorganic 

constituents in the lignite ashes to assess leaching potential of 

wastes. Many approaches have been used to obtain solution 

concentrations from solids extracted with a variety of liquids. 
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The lignite ash samples used in the XRF analyses summarized in 

Tables 1 and 2 were subjected to four different extraction tests 

in the laboratory. All extractions were made for a period of 

18 to 24 hours. Table 4 shows a summary of the test methods. 

Tables 5 and 5 give the results on extract concentrations for 

selected elements. 

These data clearly show that depending on the extraction medium, 

one can get very different elemental concentrations for the 

extracts. Nitric acid is the strongest extractor of the group 

yet, even nitric acid did not always dissolve the entire solid 

phase. The hot water extract concentrations should be inter- 

preted as the release amounts which are most likely to occur over 

several decades of a landfill operation where lignite flue ash or 

bottom ash may be deposited. The -.S. EPA prescribed procedures 

yield solution concentrations which are generally lower than the 

nitric acid extraction medium and are comparable to the hot water 

extraction medium. The following are general conclusions on the 

leachability of inorganic constituents from lignite coal ashes: 

When compared to Texas coal bottom ash (TCBA), the North 

Dakota coal bottom ash (NDCBA) is relatively higher in 

leachable Na and SO42-. Considering only hot H20 

extractor, the NDCBA is relatively higher in leachable 

Ai, B, and K, but is relatively lower in leachable Mg. 

Considering only KNO 3 extractor, the NDCBA is relatively 

higher in leachable As and Cr. 

Considering only hot H20 extractor, the TCBA has 

relatively higher leachable Fe than the Texas coal flue 

ash (~CFA). The opposite is true for B. 

Solutions from hot H20 extraction of Texas and North 

Dakota lignite ash have low concentrations of Fe, Ti, 

As, Ba, Cd, Co, Cu, Pb, Mn, Ni, and Zn. 
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Solutions from HNO 3 extraction of Texas and North Dakota 

lignite ash have low concentrations of Cd and Pb. 

Sulfate is the most abundant species observed in hot H20 

extracts from both the Texas and North Dakota lignite 

ash. 

HNO 3 dissolves essentially all the Ca from Texas and 

North Dakota lignite ash. Ca is the most abundant 

species observed in HNO 3 extracts. 

A comparison of TCLP versus EP shows notable differences 

only for Fe extract concentrations. 

SUMMARY AND CONCLUSIONS 

This paper has reviewed the physical, chemical, and leaching 

characteristics of inorganic constituents from lignite coal ash 

produced at electric .Dower plants. The lignite ash is essen- 

tially an inorganic earth-like material (organic content <<0.1%) 

conisting of glassy spherical particles containing numerous min- 

erals. Quartz is the dominant mineral. The flue ash consists of 

5 to I00 ~m particles relatively richer in Ga, Pb, Se, and Zn 

compared to the i00 to i0,000 p/u bottom ash particles. Sulfate 

and Ca are the most abundant species observed in hot H20 and HNO 3 

extracts, respectively. A comparison of TCLP versus EP shows 

notable differences only for Fe extract concentrations. 
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pd 

tu 

# 
I-I 

o 

Table I: Total Elemental Compos~on (%) for Dominant Constituents 
in Lignite Flue Ash and Bottom Ash Samples 

Texaa L i g n i t e  

Flue Ash Bottom Ash Element I .... PI* P2 P3 ......... 

9.32 

21.5 

11.47 

Aluminum 

10.27 

2.25 

1.O0 

0.78 

10.47 

24.9 

8.19 

4 .79  

1.97 

1.43 

0.82 

3.1.59 

27.5 

7.41 

2.52 

1 .36  

0,76 

0.57 

Silicon 

Calcium 

Iron 

Magnesium 

Potassium 

Sodium 

0.59 0 .28  

<0.ii <0.I0 
..... , 

0.69 0.71 

0.13 

<0.i0 

0.95 

P1 P2 

5 . 8 8  7 . 3 4  

25.4 

5.93 

5.95  

1 .5  

1.03 

0 .52  

0 .97  

<0.09 

0.62  

28.4 

7.L3 

13.37 

1.55 

0 . 8 0  

0.49 

0.06 

<0.09 

0.54 

Sulfur 

Phosphorus 

Titanium 

Measurements made by X-ray fluorescence. 

North Dakota Lignite 

P3 

8.94 

32.9 

5.01 

1.96 

1.08 

0.78 
i. 

0 .31 

0.05 6.23 

<C.08 0.55 
= ---, , 

0.75 0 .65  

FlueAsh 
P4 P5 

7.22 6,7 

10.26 15.8 

18.69 14.9 

5.43 3.21 

3.98 4.18 
...... ,,. 

0.72 0.92 

6.25 4.75 

4.66 

0.36 

0.60 

Bottom Ash 
P4 P5 

7,22 

9,73 

17.67 

8.96 

3,35 

0.55  

4.13 

4.4 

0.46 

0.59 

6.29 

20.8 

16.1 

8.25 

4.55 

0,48 

2.11 

~0.04 

<0.13 

0.69 

Mg and Na were measured by acid digestion followed by Atomic Absorption Spectroscopy. 
*PI = Plant i, P2 = Plant 2, P3 = Plant 3, P4 = Plant 4, P5 = Plant 5. 



Table 2: Total Elemental Composition (mg/kg) for Additional Elements 
in Lignite Flue Ash and Bottom Ash Samples 

tu 

I 

Element 

A r s e n i c  

Barium 

Cadmium 

Cerium 

Chromium 

C o p p e r  

P1 

55 

2610 

<6.7 

94 

651 

214 

Flue Ash 
P2 

4R 

2230 

<7 

69 

90 

138 

Texas Lignite 

P3 

20.7 

1260 

<6 

76 

113 

132.4 
T 

P1 

9 .7  

2850 

<8.1 

71 

95 

115.4 

Bottom Ash 
P2 

I0 

1730 

<6.4 

57 

105 

6 g . 6  

P3 

2.2 

816 

<7.7 

71 

122 

69.7 

Gallium 29.8 33.9 44,9 9.3 11.9 16.5 

I 

Lanthanum 52 66 69 40 42 36 
| 

5ead 58.3 43.2 63.8 12.9 10 16.1 

I 

M a n g a n e s e  365 801 573 154 681 479 

I 

Molybdenum 16.6 12.4 14 4.3 6.3 

North Dakota Lignite 

Flue Ash Bottom Ash 
P4 ~ P5 

i 

95,7 52.4 

i 
i 

10850 i 4770 

i 

<7.6 <6.3 

62 81 

D 

<46 <36 

| 

63.5 110.6 

.... i 

26.9 40.9 

! 

61 58 

# 

39.1 76.4 

I 

960 1332 

7.7 19.7 

P4 P5 

36.5 2.B 

9360 7700 

<6.6 <6.6 

55 55 

<48 4710 

47.7 82.4 

11.4 12,3 

48 69 

9.5 <4.2 

908 1684 

<2.8 I 45.5 
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Table 2= Total 
in 

Element 

Nickel 

Niobium 

Rubidium 

S e l e n l u m  

Silver 

P1 

309 

16.8 

39.7 

46.9 

<6.4 

Strontium 2910 

Vanadium 182 

97.2 Yttrium 

~lue  
]P2 

7 2 . 2  

19 

65.3 

21.6 

<6.4 

2520 

178 

5 0 . 4  

Elemental Composit~'~n (mg/kg) for Additional Elements 
Lignite Flue Ash and Bottom Ash Samples 

,J, 

Ash 

--Continued-- 

Texas_Lignite 

P3 

44.5 

33 

37.8 

9 . 5  

<5 .5  

1400 

268 

56 

P1 

106 

14.4 

30.5 

<1.5 

<8 

1898 

<67 

79.4 

Zinc 127.2 82 57.5 38.5 

Zirconium i 249 258 331 330 
...... L 

Measurements made using X-ray fluorescence. 

B~tt0m Ash 
P2 P3 

86.9 68.8 

18.8 3 0 . 8  

46.1 38.1 

9.0 <1.4 

<6 <7.3 

1812 840 

151 263 

38.4 50.2 

28.8 18.6 

333 411 

North Dakota 

Flue Ash 
P4 P5 

44 33.8 

17 17.4 

<6.3 30.2 

10.7 14.2 

6.9 <5.9 

6820 4720 

<110 <87 

43.6 41.7 

32.2 24.8 

117.5 207 

Ll~nite 

Bottom Ash 
P4 P5 

43 1267 

18.1 21.2 

<5.7 9.3 

2.1 <I,8 

<6.9 7.1 

6440 4600 

<I00 <i00 

41.2 44.4 

14.6 3.8 

149 323 



Table 3: Crystalline Phase Composition of Lignite 
Coal Ash in Order of Decreasing Concentration 

Phase 

Quartz 

Periclase 

Tricalcium aluminate 

Merwinite 

Ferrite spinel 

Anhydrite 

Lime 

Dicalcium silicate 

Melilite 

Chemical Formula 

SiO 2 

MgO 

Ca3Al206 

Ca3Mg{SiO4) 2 

(Mg,Fe)(Fe,AI)204 

CaSO 4 

CaO 

Ca2SiO 4 

(Ca,Na,)2(Mg,Fe3+:Fe2+,Ai,Si)307 

Note: Quartz and ferrite spinel are common to all coal 

ashes. Mullite, A16Si2013, is characteristic of 

Dituminous and some sub-bituminous coal ashes. Melilite 

is essentially a solid solution of gehlenite, 
a 

Ca2A12SiO 7, and akermanite, Ca2MgSi207, including minor 

constituents such as Fe, K, Ti, Mn, and H20. 
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Table 4: 9ummary of ~xtractlon Hethods Used 

bJ 

"7 

BNO 3 Extraction Hot R2O extractior 

Delonized 

EP 

Deioni~ed D i s t i l l e d  Ext rac t ion  
Solution Used Nitric Acid 

Extraction <0.5 
Medium pH 

Solld/Liquid 
Ratio 

pH Adjustment 

Concentrated 
D i s t i l l e d  Rater 

7 

Nater 

pll adjusted to 5.0 if 
inltiai waste-e~tract 
mixture >5.0 

1/20 

During 
Extraction 

120 

Not adjusted Adjusted at 5.0+0.2 with 
0.SN acetic acid at an 
i n t e r v a l  of 15-45 min. pH 
adjustment made un t i l  a 
maximum of 400 mL of acid 
has been used up 

Tef lon Paar 
autoclave 

6h 

0.22-pm membrane 

Crushed and 

Rotary mixer >~0 rev./ 
min or blade s t l r r e r  

24'h- 

O,45-pm membrane f i l t e r  

Crushed and through 

TCLP ...... 

0.1N sodium acetate bu£fer so!ution 

I120 

Not adjusted 

Ruler F mixer(end-overL~nd)t 
30+2 rev./min. 

18h 

0,5 to 0.8-~m prer insed  g l a s s  
f i b e r  filter 

Crush and Screen to pass through 
9-mm mesh 

22°+3°C 

Equipment Teflon Poar 
Used autoclave  

Time Used Igh 

Filtering at O.22-pm 
the end of membrane 
Extraction 

Physical  Crushed and 
Prepara t ion  screened to 
of SampLes fo r  pass through 
Extraction O.044-mm mesh 

Extraction 105°÷2°C 
Temperature 

1120 

Not adjusted 

105°~2°C 

screened to puss 
through O, 149-mm 
mesh 

I" 20~L40oc 

9-mm mesh 

5 for the buffer solution 2.9 for 
the actlc acid solution 

for nonalkaline wastes and 0.1N 
acetic acid solutien for alkaline 
wastes.  Solut ion based on an 
alkalinity test, 



Table 5: Major Spec i e s  C o n c e n t r a t i o n s  Range (mg/kg) in 
Extracts Obtained With Dif f e r en~  HeLhods 

Chemical 
"Spec i e s "  

Aluminum 

Silicon 

Calcium 

I ron 

| " . . . .  , ,  

Hagnesium 

Te x~ s 
Flue  Ash 

Hot H20 
Extract 

54,8-514 

25.8-176.2 

1536-4380 

0,1-0.22 

. 66 -1 .28  

Potass ium 42-85 

Sodium 117.8-334 

S o l [ a t e  2800-5840 

titanium 0 . 0 2 - 0 . 0 8  

llNO 3 
Extract 

38000-53500 

20-658 

47750-86500 

11525-61000 

L i g n i t e  
Bottom Ash 

.ff-H2 o 
Extract 

14-75 

264-596 

432-3640 

0.2-36,8 

8250-18175 1-434 

512.5-2880 20-74 

IO85-2440 52-110 

N/A 300-9180 

1928-2252.5 <.02-.20 

.No3 ' , ,  

Extract 

2z,000-38750 

265-408 

2 L600-58500 

5360-56750 

3200-12725 

426-1175 

614-2130 

Flue Ash 
North 

Hot H20 
Extract 

Dakota Lignite 
i [ , , ,  B , o t  tom 

296.8-440 

38.2-54 

4600-72OO 

. 3 2 - . 4  

<l 

1472-1664 

16920-40160 

N/A 39100-71620 

796-1832.5 <.O2-0.08 

HNO 3 
Extract 

57200-65000 

458-1590 

127000- 131600 

21600-39800 

35800-36800 

3220-3420 

37800-65800 

N/A 

L720-1770 

Hot H20 
E x t r a c t  

61-852 

29-250 

434-3536 

<.I-0,3 

<1 

16-624 

170-17240 

316-37140 

< .02 

Ash 
HNO 3 
Extract 

58000-6420U 

146-856 

127400-150800 

54800-55400 

29000-42200 

1980-2460 

19480-42400 

N/A 

1560-1950 

N/A = Not Available 



Table 61 Additional Species Conc~ntratlons (mg/kg) and pH Range 
in Extracts Obtained With Different Hethods 

t- '  

~J 

A 
O~ 

Chemical 
"Speci es" 

A r  5 R n i  C 

,or H20 
Extract 

. . . .  'iet  , . . h _  _ 
llltO 3 
Extract 

<2-3,98 

Texas LiRnLte 
Bottom Ash ..... 

'Hot H20 ...... HNO 3 
Extract Extract 

N/A <2-3 N/A 

HOt H20 
Extract 

2o6-7,0 

Barium 1.9-14.2 722.5-1695 .9-II.68 266-1922.5 4.3-4.6 

,, |,, ,, . . . . . . .  , , , 

135.2-364 660-1980 9 .7 -49 .2  Boron 102-758 543.2-1648 

Cadmium <0.O4-.06 2.25-6.25 <0.04-0.06 <.4-I.75 <.04 

Chromium 2.~-19.2 71-92 <.2-92 19-61 11-47.8 

Cobalt <.08- .14 11.25-37 <.08-.60 3.6-15.75 <.08-.32 

Copper <,OB-,2 51-113 <,08-.10 17.6-68,75 <.08- .4 

FLuoride N/A N/A 14.-18.4 2-3 5.6-26.6 

<12 <1.2 
, ,  L , 

<12 Load <1.2 <1.2 

LithLum 3,22-4.26 38-66 ,50-2.76 24-50 16.4-16.5 

Hanganese 0.02-4.04 2~5-§00 .04~22.8 167-206 <.02-.08 

North Dakota 

HN03" 
Extract 

N/A 

3880-4880 

1780-3740 

5.2-9 

44-49 

10.8-15.4 

41-52 

~/A 

<12 

LiBpLte 
Bottom Ash 

Ho~ ~2 o . . . . . . . . . . .  HsO 3 
Extract  Extract  

<2-6 

2.3-6.3 

14-543,2 

<.04 

<.2 

<.08 

.08 

1-2 

2520-5880 

1132-1356 

5.2-8.2 

12.8-24 

36.8-51.2 

~/A 

.78-6.48 

<.02-.0~ 

<12-200 

88,8-127.8 

686-1169 

102-114 

758-914 

<1.2 

54-1034 



Table 6: Additional Species Concentrations (mglkg) and pH Range 
in Extracts Obtained W~th Different Methods 

- - C o n t i n u e d - -  

b-J 

t ~  

I 

Chemical 
"Species" 

= , 

Holybdentun 

Nickel 

Strontium 

Zinc 

pll 

II I 

Flue Ash 
Hot H20 
Extract 

3 , 6 8 - 5 , 1 2  

Texas Lignite 

11-19 

18-79 

Bot't'0~"Ash 
HoE H2o 
Extract 

< . 2 - 1 . 0  

HNO 3 
Extract 

<2-11 

5-61 

North 
Flue Amh 

Hot H20 HNO 3 ....... 
Extract Extract 

<.2 

HNO 3 
Ext rac t  

< . 2 - 1 . 9  

Dakota L i g n i t e  
Bottom Ash 

IIoL H20 
E x t r a c t  

HNO 3 
Extract 

6 .7 -15 .3  16-23 < . 2 - 3 . 7  14-34 

n , . 

<,2 30-39 <.2 37-490 

262,4-432 4120-5460 13,9-146 4000-4660 

<.2 24-37 <.2 23-24 

28 .8 -174 .8  

<,2 

10.8 -11 .6  

920-2380 

7-85 

3 .9 -53 .2  

<.2-,7 

360-1598 

7-41 

II.8-12.1 NIA 10.7-11 .7  .I^ 4.33-10.5 NIA N/A 



Table  71 Elemental Concentr ns (mg/L) Obtained Through 
EP & TCLP Extractions of  Texas L i g n i t e  C~aL ABhes 

b~ 

i 
oo 

Element 

As 

B 

Ba 

Ca 

Co 

Cr 

Cu 

Fe 

Hg 

Hn 

Ni 

Pb 

Sb 

Sl 

Sr 

V 

Zn 

P2 

<0.08 

38.3 

0.55 

695 

EP 
Flue Ash 

P3 

<.08 

13.5 

0.6 

302 

P2 

<.08 

35.3 

0.49 

610 

TCLP 
P3 

<,08 

13,4 

1.17 

323 

<.01 

<.02 

<.004 

0.72 

92.8 

1.47 

<.O2 

<.06 

<.05 

40.4 

18.6 

<.01 

<.02 

<.01 

0.25 

0010 

0.15 

34 

O.65 

<.02 

<.06 

<.05 

31.5 

4,9 

< .01 

<,02 

<.01 

0.22 

<.004 

0.05 

69 

0.99 

<.02 

<.06 

<.05 

23 

16.7 

<.01 

<.02 

< .Of 

04 

0.21 

3.16 

38 

0.87 

<.02 

<.06 

<.05 

57 

5.42 

0.11 

0.23 

EP 
P2 

<.08 

1,2 

0.09 

101 

<.01 

<.02 

<. 004 

2.15 

16.6 

0.79 

<.02 

<.06 

<.05 

3.6 

1.7 

<.Ol 

<.02 

Bottom Ash 

P3 

<.08 

0.3 

0.11 

34 

<.01 

<.02 

<.004 

<,005 

2.3 

0.32 

< .02 

<.06 

<.05 

2 ,9  

O.26 

< .01 

< .02 

-- ~PCLP 
P2 

<.08 

1.0 

0.19 

78 

<.O1 

<.02 

<.004 

0,49 

14 

0.59 

<,02 

<.06 

<.05 

1,8 

1..56 

<.01 

<. 02 

P3 

<.08 

0.35 

0,24 

39 

0,62 

<.02 

<.004 

0 .26  

3.11 

0.50 

':.02 

<.06 

<.05 

4.2tj 

0.32 

<.O1 

<,02 
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A B S T R A C T  

To meet the government regulazions with their stringent ] imits 
for the SOx, NOx, HCI, HF, CO, CH flue gas emissions, but also 
the cancerogenous substances including heavy metals as particles 
and in their vapour state an effect ive, simple handling and 
ef f ic ient  system for maJn]y medium and smaIJ sized power plants, 
d i s t r i c t  heating plants, refuse incinerators etc. up to 3DO MW 
electric output could be developed. For the 80 to 90 ~ decrease 
of the acidic components in the flue gas the "Spray Drying 
System OOsse]dorf" has be applicated in the meantime for more 
than 25 units of di f ferent sizes and a total of more than 3 
million cubicmetres of flue gas. Especially in case of r e t ro f i t -  
ting this system is an optima] approach for the small space 
available in mos: of the elder existing plants. The usual deni- 
~r i f icat ion by oxygen reduction, overfire a i r  etc. decreases the 
content of NOx for coalfired boilers at least to 50 %. Further, 
socalled secondary methods are necessary. 

An optimal solution instead of a SCR NOx reduction seems to be 
the combination of a l ign i te  coke f i l t e r  and catalyst. This type 
of a multistage f i l t e r  coupled with the spray drying system, 
f i l t e r s  the rest of solids, adsorbes {the rest of) tha acidic 
components, the vaporous heavy metals, the carbon hydrates etc. 

After adding ammonia to the flue gas the coke coal then works as 
a catalyst for the NOx-reduc~ion at temperatures of about 80 to 
100 deg. C, that means without any expensive reheating, as known 
from the metal typ 5CR-catalysts. The l ign i te  coke is an uncom- 
plicated, unexpensive material, which w i l l  be burned as fuel 
after use. The coke consumption only depends on the amount of 
the acidic components in the flue gas ( i .e .  eff iciency of the 
scrubber). The results measured up to now have shown that with 
l ign i te  coke 

I) the flue gas from a coalfired boiler can be completely desui- 
phurized, whereby SD2 loadings of the coke of 10 - 15 % are 
to be achieved, 

2) and a flue gas remaining for a period of 15 - 20 seconds 
i t  is possible to achieve NOx reductions of 80 - go %, 

3) the NOx con ten t  Jn the c lean gas v a r i e s  between I50 and 
250 mg/m=n. 
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1. Introduction 

After desulphurization of the flue gases in thei r  power sta- 
tions the next step to be taken by Stadtwerke DDsseldorf in the 
che~nical cleaning of the flue gases is the reduction of the 
n~trous oxides. 

The municipal u t i l i t y  of DOsseldorf is operating di f ferent test 
units for  NOx-reduction, S02 and heavy metals (especially mercu- 
ry) removal by means of coke coal. The experiments were carried 
out with activated coke coal manufactered by Bergbauforschung, 
Essen and l ign i te coke coal manufactered by Rheinbraun, KSln. 

The f i r s t  result of these investigations was, that the Denox- 
process with activated coke coal is expensive, because sul fur,  
f l y  ash and heavy metals in vapour state are removed from the 
gas by the coke coal as a secondary effect causing a drop of 
denitration ac t i v i t y .  Therefore a regeneration of the activated 
coke coal is necessary. 

The disadvantage of the regeneration is the high cost for the 
regeneration process, the chemical loss of carbon and the mecha- 
nical loss of coke coal (abrasion). To reduce the costs for the 
flue gas cleaning low cost l ign i te  coke coal with costs of 10 % 
of the activated coke coal was tested. 

2. Concept for cleaning the f l u e  gases a t  the Lausward and 
F l i nge rn  power s t a t i o n s  

When taking account of a l l  f lue gas cleaning processes the use 
of the l ign i te  coke technique results in a 5-stage flue gas 
system for the slag tap f i r i ng  used by Stadtwerke DQsseldorf 
(Figure I) :  

Stage I: E lec t ro f i l t e r  for f l y  ash precipi tat ion 

Stage 2: Flue gas desulpfurization 

Stage 3: Elec t ro f i l t e r  for precipi tat ion of desulphurization 
products 

Stage 4: Residual desulphur~zation ~. lignite coke 

Stage 5: Deni t r i f icat ion with NH3 and l ign i te  coke as 
catalyst 
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/1 uasl-dry 
s p r a y m ~  system 
\ 

precipitator f ~ I I~'~/ai'or 

/ <.<L,,I !11 /  

I I Heat exchanging system 

Fig.1 : Flue gas cleaning process 

80 - lOOOC 
I ;E 

NH 3 

t 
Lignite coke 
filter 

DeNo=with 
lignite 
coke 

80 IO0=E 

As shown in Figure I, the f ly  ash is f i r s t l y  precipitated in an 
e lec t ro f i l te r  and then fed back to the furnace and completely 
retained in the molten cl inker. This return of the f ly  ash also 
ensures the ut i l izat ion of the 20-30 % proportion of unburnt 
carbon that remains in the f l y  ash. Furthermore, this system 
dispenses with the problem of f ly  ash disposal. 

The second stage consists of desulphurization of the flue gas. 
The principle of the quasi-dry process is that a suspension of 
hydrated lime is sprayed into the flue gas stream within a reac- 
tion section. The reaction of the SO2 with the hydrated lime 
primarily produces ca]cium sulphite and calcium sulphate which 
are then precipitated ~n a downstream e lec t ro f i l t e r .  The degree 
of desulphurizatton is between 85 and 90 % so that the S02 
content in the flue gas varies between 200 and 400 mg/m=n. 

The desu lphur ized f l u e  gas then passes to  the  soca l l ed  Denox 
p]ant, which is made up of two stages. The residual SO2 contents 
(200-400 mg/m~n) and dust (approximately 50 mg/m'n) are comple- 
tely adsorbed in The f i r s t  stage. This adsorbation process is 
necessary because the residual SOZ conten~ and dust so heavily 
load the activated coke in the catalyst stage that very soon i t  
functions no longer as a catalyst. In the second Denox stage, 
after additCon of ammonia the gas is passed through l ignite 
coke~ whereby, depending on the entering concentration of NOx 

2 A1-4 



and the dwell time, i t  is sough: to achieve 80 to 90 % den i t r i -  
f i ca t ion  in order to maintain the extreme NOx value of 200 
mg/m3n. 

3. Oenox - reactor 

The Denox-reactor, produced by firm Krantz, consists of a number 
of f i l t e r  beds arranged one above another (Figure 2). 

The f lue gas f i r s t l y  passes through the bottom f i l t e r  bed, then 
enters a reversing chamber and passes through the next bed. 

,• L,gn,te 
coke 

-~,.mper 

,= • 
I No , ' l ooom~a-  " I 
I ~ =?0-90"C ISO, saturated cowe 

Fig 2: OeNO, Krantz system 
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The 200-400 mg/mZn concentrations of S02 entering the reactor 
are removed from the flue gas in the 2 lower f i l t e r  beds through 
adsorption by the coke. After complete removal of the 502, gase- 
ous ammonia (NH3) is added to the gas in the 2rid reversing cham- 
ber so that ~he nitrous oxides are cata ly t ica l ly  reduced in the 
four upper f i l t e r  beds. 

3.1 Test p l a n t  in  the  Lausward power s t a t i o n  

~igure 3 shows a schematic layout of this test plant, which is 
butut up in accordance with the Krantz system. This plant was 
installed downstream of a slag tap furnace in order to Investi- 
gate the Denox characteristics of l i gn i te  coke wi~h high :oncen- 
trat ion of NOx in the entering gas. 

I, 
i ,  

! i ¸ 

! '  

,500 n~r.lh 
I ¢ ~  

~ll~t ~ E]~;~rofilt~ Dw~ul~q~iz~lian I~dlz1~l~]t@r "DF.NI)X-I~St plant ~im 
fly n ~  p r l -  WlciOtlt:fien l l g ~  
~ l ~ o n  of  m , d u ¢ ~  

tmm fiul  g¢:~ 
¢ i m r t a ' ~ ' ~  t i ~  p ~  

• l o f  f l u e  goses  w i t h  l igr~te coke  . . = " = ' ~  ~ -  

The 6-s tage Denox reac to r  operates on the cross coun te r f l ow  
p r i n c i p l e ,  w i th  the res idua I  d e s u l p h u r i z a t i o n  of the f ] ue  gas 
tak ing  place in the lower f i l t e r  beds. A f t e r  the a d d i t i o n  of  
ammonia in the 2nd revers ing  chamber the n i t rogen  is  ex t rac ted  
in the upper f ou r  beds. The con t ro i  parameter fo? the movement 
o f  coke through the reac to r  from top to bottom is the 502 
con ten t  a f t e r  the second s tage.  
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As soon as 502 is measured at this point, coke is discharged at 
the lower end of the reactor so that S02-free materia! settles 
into the 2 lower f i l t e r  beds. 

4. Lignite coke for f lue gas cleaning 

Lignite coke is produced in the Federal Republik of Germany from 
Rhineland brown coal by the so-called hearth furnace process. 
The current production capacity is 230.000 t/year. The fine- 
grained l ign i te  coke basically dif fers from activated char coal 
not only with respect to the production process but also in its 
properties. The special properties of Rhineland brown coal, 
namely, high react iv i ty ,  low sulphur content and a basic ash, 
are also characteristic features of the l igni te coke. 

Figure 4 Shows the grain fraction of l i gn i te  coke that can be 
used for flue gas cleaning. I t  can be seen from this figure that 
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the l ign i te  coke is produced without a n y  preceding shaping 
process. The irregulary shaped grain produced by the coking of 
dry brown coal is used in the flue gas cleaning without any 
Further treatment. The surface area of 275 m=/g denotes the high 
surface act iv i ty of the product. 

Figure 5 shows additional physical and chemical characteristic 
data For the material. In addition to the very low water content 
of 0,5 g wt. and the 3,5 % wt. of vo]atiles that essentially 
consist of CO2, special attention is to be drawn to the basic 
a s h .  

Fiosh anolysis 
Water content 0.5 % wt 
Ash content 9,0 % wt. 
Volatiles 3,5 % wt. 
Calorific value 29 @00 ~/kg 

Elemental onaJysis 
C 87 %wt, 
H 0,7 %wt.  
0 Z.1%wt. 
hi 0.6 %wL 
S O/,5%wt. 

Oxide onalysis of" the ash 
Si z ~,S %wt. 
N~s E.O % wt. 
~ s  s,o %wt. 
so~ 13~ % wL 
Ca(: ~n % wt 
~jO t~,,o'v'o , t  
~ ,  Z,~O Z,0 *,', wt. 

Fig.s i . . . . . . . .  ....... 

Up to now, ] ignite coke has mainly been used for the sinter~ng 
of dolomite, various ~etal lurgical processes, lt~e burning and 
waste water puri f icat ion. I ts use for flue gas cleaning opens up 
new and wide fietd of application. 

5. R e s u l t s  

5 .1  5 0 2  a d s o r p t i o n  o f  l i g n i t e  coke  

Lignite coke adsorbs SO2 from the flue gas and cata ly t ica l ly  
oxides i t  to sulphuric oxid which is not only retained in the 
coke through adsorption but part icalIy through chemical combina- 
tion (Figure 6). 

i 
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502 (Gos} ---" 502 (od) 

2502o d" 02" 2H20 ----- 2H2SOLo d 

Por'tia[|y 
H2SOl.od*C°O[ ~h ~ C°SOL * H20 

Lgaciing c¢~acity ot lignitle ¢~ke 
'zS-~O%wt. H~,SOz.-'- lO-lS,,(,~. SO z 

Slight ly dependent on the SOZ content in the f lue gas, the maxi- 
mum loading capacity of l i g n i t e  (coke) determined under labora-( 
tory conditions amounts to approximately 25 % wt. sulphuric 
acid, which corresponds with over 16 % wt. 502. Nevertheless, 
the prerequisite for this high loading is a very long l i f e  of 
the coke bed, which is not possible tc achieve in practical use. 
The practicably realizable dwell times of 6-I0 s with approach 
flow rates of 0,I-0,15 m/s result  in lower 502 loadings. The 
following operazing conditions in the plant at the Lausward 
power station produced 10 to 12 % S02 concentrations in the 
coke: 

502 concentration on entry 
S02 concentration on exi t  
Flue gas temperature 
Depth of bed in coke reactor fo r  
residual desulphurization 

approx. 400 mg/m=n 
0 mg/a'n 

90 °C 

0 , 6 -  Im  

5.2 WOx r e d u c t i o n  w i th  l i g n i t e  coke 

In these tests the residual desulphurization of the f lue gas 
took place in the bottom or the 2 lower f i l t e r  beds. NH3 was 
then added to the $02-free gas in the f i r s t  or second reversing 
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chamber so that the nitrous oxides were broken down into N2 and 
H20 in the upper f i l t e r  beds: 

6 NO + 4 NH3 ) 5 N2 + 6 H20 
2 NO2 + 2 C .... -~ 2 C02 + N2 

i 1oo % 

80 .... 

- 

° / 
O 

~ LC 

5 

I r 

10 15 s 20 
Dmu lime - - - ~  

to,~nm or NOx a , ~  ~- I ~  corot ~ j 
Ng. 7 I r w ~  to~t'~dm~ttt~,,~k~tia,_NO~ ~ l l ~  

F i g u r e  7 c l e a r l y  shows l~hat i n  o r d e r  ¢o a c h i e v e  h igh  deg rees  o f  
NOx precipitation with lignite coke t¢  is necessary to  have long 
dwell times. I .  order to achieve 80-90 % precipitations with 
this catalyst material It is necessary that the flue gas remains 
i n  t h e  coke f i l t e r  f o r  a p p r o x i m a t e l y  20 seconds .  Th i s  r e s u l t s  i n  
the fact that, with flue gas flow rates of approximately 0,13 
m/s, lignite coke catalysts must have filter bed depth of appro- 
ximately 2.5 m. 

2 AI-10 
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., i 

~°°°i H3= 2'~ v. 
i 

200 ,, 

o~__.,,__~ 2 

J 
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SO 2 J__ DENOX 

s~a~ / stafles 
[l~ductm. ot NO x ,n me tndiv@dual coke 

~g. ~ ,clyers in the. D~NOX re~octor ~ 
L.,, 

No. of cows la~,~ _- 

Figure B snows the curve of the NOx concentration in relation- 
ship to the bed depth and the number of coke layers in the 
6-stage Oenox plant at the Lausward power stat ion. 

In this case the bottom coke bed operated as the residual desul- 
phurization stage and the 5 upper beds as denitrogenization, 
whereby the NH3 was added in the first reversing chamber. The 
first interesting fact to emerge from the test results is t,hat, 
even without the addition of NH3, there is already a distinct 
reduction of NOx of I00 to 200 mg/m'n in the residual desulphu- 
rization stage. After the addition of NH3 the catalytic break- 
down of NOx into N2 and H20 then follows in the upper five 
filter beds. The tests conducted up to now have resulted in NOx 
concentrations in the clean gas of around 200 mg/m'n with NH3 
slip values of between 5 and 30 mg/m~n. Furthermore, it could be 
established that the NOx content in the clean gas is no affected 
by its content in the gas entering the system. Both with low NOx 
contents of approximately 800 mg/m*n and also with values of 
1600 mg/mJn the NOx content on the exit side varied between 150 
and 250 mg/m~n {Figure g). Contrary to this, the figure shows 
that the degree o? reduction of NOx is strongly dependent on the 
NOx concentration on entry. Whilst high initial NOx concentra- 
tions show a degree of precipitation of around gO %, with low 
initial concentrations this figure drops to below BO %. 
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5.3 More extenslve flue gas cleaning w~th activaZed carbon 

In addition to the reduction of NOx and the complete removal of 
S02 the f i rs t  tests with lignite coke establlshed that this 
material also adsorbs other pollutants. A test plant in the 
Flingern refuse incineration plant proved that l ignite coke 
simultaneously a~d almost completely removes gaseous and p a r t i -  
culate heavy me~aIs (e.g.  Hg), halogen compounds (e .g .  HC1), 
sulphur d ioxide,  ammonia and high molecular weight organic 
compounds (e .g ,  dioxines) from the f lue  gas [Figure 10). 

~j 10: Li~e co~ fiitm" _ __ ~ Lignite coke 
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5.4 Operational experience, safety considerat ions 

During the work with l ign i te  coke a high measure of importance 
was accorded to Zechnical safety aspects. No c r i t i ca l  conditions 
have yet been experienced on the d i f fe rent  plants during the 
approximately 3000 hours of operation. The feeding and remora] 
operations were always carried out without any problems. Even 
operating conditions with very low throughputs of flue gas did 
not in any case lead to unusual temperature increases. 

At the start, a low nitrate loading on the lignite coke in the 
denitrogenization section was looked on as being critical becau- 
se it was feared that continous nitrate enrichment would occur 
here. A small part of the NOx contained in the flue gas is 
oxidized to nitrate, which is then combined in the lignite coke 
as calcium nitrate. Figure 11 shows a loading profile of 502 and 
NO3 in the Krantz plant coke bed. 

'i 

Rue gas entry Flue gas eK~ 

Fig. 11 I } 

Continous tests over a number of months resulted in a max. of 
2-3 % wt. concentration of NO3 in the first denitrogenization 
section is broken down by the sulphuric acid that is formed when 
the coke settles in the desulphurization section, so that nitra- 
te-free coke is discharged from the plant. 

Thermal tests in order to determine the self-ignition temperatu- 
re showed that coke samples from the filter beds are substan- 
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t i a l l y  less reactive than fresh coke. Whilst the se l f - ign i t ion 
teIKoerature of fTesh coke in air  is 200-220 °C, the measured 
temperature of the samples from the f2] ter  beds (also o~ samples 
with 3 % wt. NO3) was 250-300 °C (in al~!). The se l f - ign i t ion  
temperature of the coke in the flue gas ~tmosphere is consider- 
ably h igher  than 300 o~. 

C~mbusti~n tests in the meantime carried with $@2 loaded l ign i te  
coke in the boi ler plants in question have shown that there are 
no d i f f i c u l t i e s  to be expected with the planned disposal of the 
material. According to these .tes~cs Zhe l ign i te  coke ca~ be burnt 
no: ~nly in slag t~p but also in ~ravelling gr~te furnaces 
without any further grinding. 

5.5 Dust measurements 

The dotermination of the du~t concentrations with the stat ic bed 
operation after the coke reactors shows that the dust content in 
the clean gas varies from 0,5 to I0 mg/m=n, whereby the majority 
of measure~nts are below 5 mg/m~n. During the start ing up of a 
coke reactor and during the discharge or movement of the packed 
coke bed there is a short term considerable increase in the dust 
contents in the flue gas. Because a large plant incorporates 
numerous coke reactors operating in paral le l ,  these operating 
cond i t i ons  are ,not expected to exceed the dust  l i m i t s  i f  on ly  
one reactor at a time is in the start up or coke discharge 
phase. 

6. Operation costs 

The data ava i l ab l e  up to n~w has been used to es t imate the 
operating costs for a lignite coke catalyst for the denitrifica- 
t i o n  of  SUe coal f i r e d  b o i l e r s  in a 4 x 150 MWe-power s t a t i o n ,  
where an amount of around 900 OOO t l a  o f  b lack  coal and around 
75 000 t / a  of l i g n i t e  powder is  f i r e d .  The l i g n i t e  coke from the 
cata lys~ w i l l  s u b s t i t u t e  30 000 t / a  of  low cost l i g n i t e  powder. 
The opera t ing  cost  c a l c u l a t i o n  has been based on the data shown 
in Fig.  12. 
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1) Flue gas 2 mill. m~/h 
2) Oporatin9 time on 

maximum demand ,5000 h /a  
3) Flue gas bebi~l scnabl~r 300 ragS02/ms 
4) Loss of Iltess~e by catalyst "i300 Pa/m 
5) Cost of ammahia 600 DM/t 
6) Cost of ignite coke (catalyst) 226 DM It; 30,200 kJ 
7) Cost of ~lnite powder(fuel) 127 DM/t~ 21,500 kJ 
8) I~ff~nce of costs[8) minus 7)] 30 OM/t 
9) Con_~unptJon of lignite coke 3Q, 0OO t/a. 

,1) Cost of ignite coke(for catalyst) 
ap~o-.  900,000 OM/a 

b) Indepondent needs for flue gas vent~ltor 
approx. 2.114. OOO DIM/a 

¢) Consumption of ammonia(= 800 mg NO,/m )) 
approx. 1,778,000 OM/~ 

d) Maintenance aM repairs 
~p~ox. 700,000 DM/a 

Total 5,493, 000 DI; /a 
0.21 ptennigs/KWh SiDecitic costs 

e) investment costs for 4 units eaclt 500, 0~0 m=.'h flue gas 
200 DM/KW . aWox-  120 mdi. DM 

-- 0.7 pfennigs/KWh 

Sgecific costs in total ,approx. O. 91 pfenn~is/KWh, 

Fig.  12: Operating cost ca lcu la t ion  

When taking both the operating and capital Lnvestment costs 
together th is  then produces an add%tional power generation cost 
of  around 0,9 Pfennings/kWh for th is  Denox process. By compari- 
son with other Denox processes this  cost ca lcu la t ion  shows that  
l i g n i t e  COke catalys¢s can be expected to involve by far  the 
lowest increases in the costs for power generat ion .  

7. Further  proceedings 

On the bas is  o f  the p o s i t i v e  r e s u l t s  o f  the  measurements on the 
a c t i v a t e d  carbon Denox system i t  is p lanned to c a r r y  out  t r i a l s  
in two demonstration plants. One at the Garath heating and power 
station for the fu l l  flue gas volume of 120.000 m'n/h and the 
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other on one module .at the Lausward powers)ar ian-w) tb  a f l ue  
~as volume of 7 5 0 0 ~ = n / t ,  The Lausward pl.¢nt is  planned f o r  
commissioning in  Ray 1987 and t ha t  a t  Garath in  October 1987. 

The den i tT~gen iza ; i on  stages in both these demon.stration p lan ts  
w i l l  not only prov ide f o r t h e  use o f  lign_~te coke but also a c t i -  
vates • carbon from .BergJ~ufoT..schung E~sen ~.,qF), This is  being 
considered on the basLs of  a combinat ion of 80"~ l i g n i t e  coke 
and 20 % BF a c t i v a t e d  carbon, I n i t i a l  t ~ s t s  in the t echn i ca l  
study "ply.n% .at ~ciTe -L~u3.w~rd ~ s.1~+,Lon conf i rmed .that .the 
replacement o i  the l igni~c~ coke in t t te- '6th pscked ~bed of t h e  
Oenox stage by Bergbauforschung D52[4 a .c t i v~ed  carbon-reduced 
the l(Cx content  in the c lecn gas from about 200 to  100 mg/m=n, 
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Since 1982, Saskatchewan Pover Corporeclon and C-E Canada Power Systems 
have J o i n t l y  crJaduc'l:ed r e s e a r c h  Co redune NO and SO_ em£ss:[ons frme 
steam g e n e r a t o r s  f i r i n g  l i E n i t e  c o a l .  This ~ p e r  s ~ B a r l z e e  
pre~£ou~ r e s u l t s  o f  th:ts J o i n t  r e s e a r c h  e f f o r t  and p r e s e n t s  the  r e s u l t s  
of a recent program to demonstrate a relat£vely low cost ~echnoloEy to 
control both NO and SO_ emlsslonsfor low rank fuels on a full ;tale 
150 ~ llEnlte Xoal flr~ steam 8enerator. Design couslderatlous for 
Sas~atchew~_. lignite coa l s  a r e  reviewed.  The Modified C.~tbustion 
Zr_dss£~ ContEol System w£ch Sorbent  Znjecc~on demonst ra t ion  p!anc  l e  
desc~-~'~-d. The tes t  program carried out with the demonstrat£on p1=nt 
:,slug ~o Saskatchewan llgn/te coals, B.~mda.ry Dam and Shand, and two 
sorbents, l~estone and press-re hydrated llme, £s outl~ed. Test 
results are presented for NO x and SO 2 e~.i~s~ons reducClon and the 
effects of the d e l o n s t r a t t a n  plan~ on steam generator c~eratlon. The 
lapact of these results on new lIEn/te coal fired steam generator des£~n 
is discussed. 
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JJ~8)rF/]~ CGNSUSTION maSSlOW OONTROL 
SORBImT /I.TECI~ON ~J~NSTR~"ION PLANT 

FOR NOx/SO2 ~ O N  FOR L.T~8~'~ COAL 

Intxoducclon 

Since 1982, Saskatchewan Power Corporation a~d C-E Canada Power Systems 
have Jolntly conduc=ed research to reduce NO and SO. emissions from 
steam generators firing 11Enlte coal. Results from ~esearch conducted 
in 1983 indicated that staged combustion could siEnlflcantly lower NO 
e~Lsslon levels from what is achleved wlth conventlonal tangential x 
flriug systems and that staged combustion could increase the utillzatlon 
of alkall material inherent in the coal for SO? reduction (1). These 
results made it appear possible to combine sta~ed combustion ~rlth 
furnace dry ~orbent injection technology to create a system that would 
have the potential to reduce the NO em~ssion of conventional tansent~al 
flrlnE systems without overflre alrXby up to 75Z and reduce the SO_ 
em/sslon by over 50Z for steam generators flrlng low sulfur llEnlt~ 
coals. 

In parallel with this effort the University of North Dakota was 
contracted by Saskatchewan Power to perform a series of pilot scale 
tests to ascertain the effectiveness of dry sorbent Injection of various 
sorbents on several Saskatchewan lignite coals. 

The results of t h i s  testing encouraged Saskatchewan Power Corporation 
and C-E Canada Power Systems to carry out a progra~ to design, 
manufacture, install and test a demonstration plant to evaluate ~nd 
optimize a "Modifled Combustion Emlsslon Control System wlth SorbLmt 
!nJectlon "~ for simultaneous NO x and 50 2 em!sslons reductlon. 

This paper presents the results of the research performed at the 
demonstration plant and discusses the slEniflcance of these results on 
the des~En of new lignite coal-flred steam generators. 

F r e v ' ~ o u s J O x / S O x ~ t O n ~  f o r  L l 4 ~ t t e  Ceels  

~rom 1982 to 1984, research was conducted on Saskatchewan Power 
Corporation's Bounda_'TDam Generating Station Unit #6 to determine the 
effect of :he C-E Concen~rlc Firing System on NO emission, 50_ capture 
by sorberts Inherenc to the csal ash, and the s]~xEEInE behavlo~r of thls 
furnace. As well, the effect of direct furnace Injection of sorbent on 
SO 2 capture was also investigated. 

The results of this research showed that the most Influential parameters 
affectlnE NO reduction were primary alr to fuel ratlo, excess alr, and 
firing techniques, i.e. the use of the Concentric Fi~Ing System and 
overflre air. 502 c~pture was influenced by the concentratlonof SO2, 
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heat ~nput to the furnace, and both the insistent and injected Ca/S 
ratlos. The results showed that staged com~us~Io~ could slgn~f~cautly 
lower NO emlsslon levels from the low levels already achle~,ed with 
conventional tangentlal firing systems, and that staged combustion could 
increase the utilization of alkali material Inhere~ in the coal for SO 2 
r educ t ion .  

These results encouraged Saskatchewan Power and C-E Canada Power Systems 
to ~nlt~ate a research program to develop aud install a full scale 
NO /SO~ reduction demonstratlon plant on a liEn/re coal fired steam x 
generator. 

O ~ J e ~ I v e s  o f  t he  P r e s e n t  ~ e a r e h  

The objectives of this demonstratlo~ project were as follows (2): 

1. To demonstrate at full scale on a 150 MW lignite coal fired steam 
generator a low cost technology to control both NOxand S02 
e=/sslous. 

2. To demonstrate that NO emission reductions of up to 75% are 
achievable wlth the ne~ technology compared to conventional 
tangential firing methods. 

3. To demonstrate chat S0^ emission reductions of over 50% are 
achlevable for fuels ~th sulfur contents b/tweet 0.5 and 1% at 
calcium ~o sulfur ratios of 2:1 (inherent or added). 

To demonstrate tbmt the technology reduces NO x and S0_ em/[sslons 
without any sIEnlflcant detrimental effects on steam~enerator 
operation, availabillty, maintenance, or ~ffleSency. 

B o U e r  Des/sn O m s i d e r a ~ o n s  f o r  Salkatchemm L/gn~te  Coals 

At the present time Saskatchewan has four coal fired power plants. The 
largest one is the Boundary DamGeneratlng Station located near Estevan, 
with an installed capacity of 875 MW, of which C-E Canada Power Systems 
has supplied steam generators totaling 809 MW. The next largest is the 
2 un/t - 592 MW Poplar Kiver statlou located near Coronach. One of the 
Poplar River units was supplied by C-E Canada Power Systems and has been 
In operation since 1983. 

Fuel Characteristics 

Saskatchewan coals are c l a s s i f i e d  as L/~-~nlte-A, and possess the 
foilow~ng uru[que c h a r a c t e r i s t i c s :  

" High Moisture Content 
" ~iEh Volatile Matter, usually High Oxygen Content 
" Low HeatlnE Value 
" Low Sulfur Content, and 
• Highly Varlable and Alkaline Ash. 
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These coals vary from mlne to mine, and frequently the coal 
3peci~Icatlon indicates a range of values for boile~ design. 

Pulverizer Selection 

Saskatchewan llgnltes are non-agglomerating and highly reactive by 
nature, properties which are ideal for pulverized fuel firing systems. 
These easy to burn lignites achieve good combustion efficiency in 
liberally sized furnaces with a pulverized fuel product of 65% through 
200 mesh U.S. sieve size (7bum). The carbon In flyash is controlled at 
less than 0.5 percent as a Necessary prerequisite for marketing this 
by-product. 

Since the 1960's, when the Saskatchewan Power Corporation began 
specifying unit sizes of 150 MW wlth 12 400 KPa "urblne cycles, all 

pulverizers ~mve been of the pressurized type. The overwhelming reason 
for this is the power savings associated with the primary air fans 
handling only cold, clean alr, Pressurized milling systems have also 
improved availability, because this type of air handling equipment is 
n o ~  subject t o  erosion. 

The variable nature of Saskatchewan lignite properties leads to some 
difficulty In speclfyingthe hardness of the coal for pulverizer 
selectlons. This is compounded by the fact that the hardness of the 
coal, as specified by the Hardgrove Index ~RGI), varies with fuel 
moisture content - even as the fuel Is dried and pulverized wlthin the 
mill. Figure 1 illustrates thls important effect. 

7 0 -  

6 0 -  

~ 5 0 -  
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i i i i I i • 
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Figure  1 G r i u d a b i l i t y  v s .  M o i s t u r e ,  T y p i c a l  L i g n i t e  Coal 
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S l a g g i n g  and Fou l ing  

The v a r i o u s  i n d i c e s  C-E uses  to  c h a r a c t e r i z e  s l a g g i n g  and fouling 
p~tentlal have been reported previously (3:4,5). Saskatchewan llg~Ite 
coals are characterized by base/acld ratios in the range of 0.4 - 0.5 
which indicates a high slagging potential. See Table I. 

Experience has shown that ash wlth a sodium oxide content in excess of 
3% is subject to fouling at a rate that increases as the sodium 
concentration increases. Saskatchewan lignite coals have 5ee~ fired 
with up to 10Z alkali in ash, leading £o high fouling poce~t~_a~.s. 

Table 2 summarizes the major unit design parameters. 

Generally, one can say that all liquid and most sticky ash deposits are 
confined to areas within the platenlzed superheater and reheater 
surfaces, where they can be effectively controlled by normal sootblowlng 
procedures. 

All of the units mentioned in Table 2 use the C-E uangentlal firing 
method. The resulting sluEle flame envelope created within the furnace 
promotes more uniform heat flux profiles along the furnace walls. This 
minimizes build-up on the furnace walls due to local hot spots. 

Superheater outlet steam temperatures are maintained over the required 
control ranEes by interstate spraying, and fuel and air admission 
assembly til~ is used for reheat steam temperature control. 

Demonstration Plant Steam Generator Description 

The Saskatchewan Power Corporation made available ~helr Boundary Dam 
Generating Station Unit 4 for the demonstration plant installation. The 
Uu~ 4 Steam Generator is a Combustion Engineering natural circulation, 
Radiant Reheat, tangentially fired steam genc/ator rated at 476,190 
kilograms per hour of superheated steam at 541°C and 131 bar and 419,500 
kilograms per hour of reheated steam at 541°C. Lignite coal, with 37.5Z 
moisture, at a rate of II!,340 kiloErams per hour is dried and 
pulverized by slx 743 RP Combustion Engineering Bowl Mills and 
transported to the furnace where ~he coal is fired through 6 elevations 
of tiltlnE tangential fuel admission assemblies. Combustion air is 
supplied by two forced draft fans and preheated by two secondary 
LJun~s~rom ai~ preheaters. Flue gas is drawn by two induced draft fans 
from the furnace over radlant superheater and convective superheater and 
reheater surfaces in the front pass and an economlzer In thz bac~pass~ 
through the two LJtmgs~rom secondary alrheaters for preheating secondary 
air for combustion, and through a mechanical dust collector~ and 
discharged from the I.D. fan to the stack. A portlon of the flue gas 
leavlnE the front pass bypasses the economizer and is diverted to two 
tubular primary alrheaters used to preheat primary air for drylng and 
transport of pulverized coal and returns to the backpass upstream of the 
secondary alrheaters. 
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FAgure 2 is a s~de elevation of the Boundary Dam Unit 4 Steam Generator. 

Figure 2 Boundary Dam Unit 4 Steam Generator 

EELssioms ¢ons~era t - lons  for SasEstchenn IXguiZe 

NO iS formed in an around the flame zone by the oxidation of both 
at~spheEic nitrogen (thermal N0x) and n/trogen contained in the fuel 
(fuel N0x). 

Thermal NO_ formation is usually modelled via the Zeldovlch mechanism 
where the ~a~.e of formation is exponentially dependent on temperature 
and is proportional to the square root of oxygen concentration. 
Reducing Both the amount of oxygen available to the fuel and the 
combustion temperature are effecuive methods of eon~rolllnE NO 
f c rma t ion  by this mechanism, x 
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Although only a fraction of fuel bound nitrogen is converted to NO_, 
fuel ~0 can account for 50~ to 75Z of the total NO emissions whe~ 
firing ~/gh moisture low rank coals. Furthermore, ~he degree of fuel 
nitrogen conversion is itself an increasing function of the oxygen to 
nitrogen ratio w~_thln the coal (6). This is partlcularly important due 
to the high oxygen content of Saskatchewan llgnites. 

Fuel NO formation can be controlled by reducing the oxygen x 
concentration in the combustion zone s but it is relatively insensitive 
to temperature effects. 

SO is formed in the combustion process through the oxidation of sulfur 
co'tanned within the coal. 

The unique character of Saskatchewan lignite is that it contains very 
little s~ifur, typically less than 0.6% and that up to 25g inherent SO 2 
capture is achieved in normal practice due to the prevlously mentioned 
high alkali content of the coal ash. 

D e s e r / p t l o n  o f  the  M~l i f i ed  C@abuseloa ~ L s s l o a  Control  S y s e e a  ~ e h  
S o r b e n t  I n j e c t / o n  

The Modified Combustion Em/ssion Control System wlth Sorbent Injection 
Installed on Boundary Dam G.S• Unit 4 consisted of the follow~ng 
equlpment systems (7): 

Concentrlc Firing Windbox 
• Lower Overfire A/r Wlndbox~rlth Ductlng 
. Upper Overfire Air WlndBox w~th SorBent Injection and Ductlng 
. Sorbent Storage S y s t e m  
• S o r b e n t  F e e d  S y s t e m  
• S o r b e n t  T r a n s p o r t  S y s t e m  

The systems are described below• A diagram of the Modified Combustion 
Emisslous Control System wi~h Sorbeut Injection is shown ~n Figure 3. 

C o n c e n t r i c  F i r i n g  Wlndbox 

The existing ~tlndBox was modified such that the top five auxiliary air 
compartments were converted to concentric nozzles to divert 
approx/mately 50% of the secondary air along the furnace walls• See 
Figure 4. The w~ndbox retained its tilt travel of 30 degrees up or down 
for reheat steam temperature control. 

Lower Overflre A/r Windbox with Ductlng 

Secondary air was taken off the exlstlng wludbox connecting duct and 
introduced into the furnace through overflre air nozzles £ns~alled at 
elevation 48.16 meters at each of the four corners of the furnace. 

Each overflre air windbox couslsted of av upper and a lower nozzle in 
the overflre air compartment. The lower nozzle introduces secondary air 
concentrically along the furnace walls to maintain the oxygen rich layer 
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a t  t h e  f u r n a c e  w a l l s  c r e a t e d  by t h e  c o n c e n t r i c  f i r i n g  ~rlndbox and the  
uppe r  n o z z l e  i n t r o d u c e s  s e c o n d a r y  e l f  in  the  normal  t a n g e n t i a l  manner to  
mix f u e l  and a i r  f o r  s t a g e d  c o m b u s t i o n .  

Upper O v e r f i r e  A i r  Windbox w i t h  Sorben~ I n j e c t i o n  and Duct~ng 

The upper overflre air and surbent were injected at each of the four 
corners at elevation 57.15 meters. A~ each corner the upper overflre or 
injection air and sorbent were injected through nozzles arranged in such 
a way that the injection alr and sorbent were dispersed into the furnsce 
as shown in Figure 5. XnJectlon air wa~ taken from the existing mill 
hot air ~uct and was routed to the injectors. The sorbent was 
transported pneumatically from the storage silo and fed to each of the 
sorbent injectors. ~ne sorbent injection assembly for one corner Is 
shown in F i g u r e  6. 

Sor~ent Storage System 

The s o r b e n t s ,  l i m e s t o n e  and c a l c i u m  h y d r o x i d a ,  were d e l i v e r e d  a l r e a d y  
p u l v e r i z e d  and were un loaded  p n e = m a t i c a l l y  from s o r b e n t  t r a n s p o r t  t r u c k s  
into the sorbent storage silo. 

S o r b e n t  Feed Syst~--- 

The s c r b e n t s  were fed  from t he  d i s c h a r g e  o f  t h e  s i l o ,  equipped  w i th  & 
a i r  s l i d e s ,  i n t o  the  i n l e t  hopper  o f  a s o l l d s  pump us ing  a v a r i a b l e  
p l t c h  sc rew conveyo r .  The s o r b e n t  was mixed wi th  t h e  t r a n s p o r t  a i r  in  
t h e  s o l i d s  pump and d i s c h a r g e d  i n t o  t h e  pnemnat lc  t r a n s p o r t  p i p i n g .  
T r a n s p o r t  a i r  was withdrawn f rom t h e  a tmosphere  by a 93 KW p o s i t i v e  
d i s p l a c e m e n t  b lower  and d i s c h a r g e d  i n t o  t he  s o l l d s  pump. The s o r b e n t  
f e e d i n g  c a p a c i t y  o f  the  sy s t em was 4760 k i log rams  p e r  hour  f o r  l l m e s t o n e  
and 3400 k~Iograms p e r  hou r  f o r  h y d r a t e d  l l m e .  

S o r b e n t  T r a n s p o r t  System 

From the  d i s c h a r g e  o f  t he  s o l i d s  pump, the  s o r b e n t -  t r a n s p o r t  a i r  
m i x t u r e  t r a v e l l e d  in  a 150 mm d i a m e t e r  p ipe  t o  a 12 way s p l i t t e r  where 
t h e  f low was s p l i t  e q u a l l y  i n t o  12 - 50 mm d i a m e t e r  p i p e s .  Four groups  
o f  t h r e e  o f  t h e s e  twe lve  b a l a n c e d  r e s i s t a n c e  p i p i n g  l l n e s  t r a n s p o r t e d  
t h e  s o r b e n t  - t r a n s p o r t  a i r  m i x t u r e  t o  t h e  f o u r  s o r b e n t  i n j e c t o r  
a s s e m b l i e s  l o c a t e d  a t  each  o f  f o u r  c o r n e r s  a t  e l e v a t i o n  57.15  m e t r e s .  

D e s c ~ p ~ l G a  o f  T e s t  ProKrmt  

A t e s t  prokrram was conduc ted  t o  e v a l u a t e  ~he e f f e c t i v e n e s s  o f  the  
d e m o n s t r a t i o n  p l a n t  on t he  r e d u e t i c ~  o f  NO and SO_ e m i s s i o n s  and the  
effect of the 6emonstratlon plant o,~ the o~eratlonZof the steam 
g e n e r a t o r .  

A comprehens ive  t e s t  program was c a r r i e d  ou t  over  a I0 month p e r i o d  
encompass ing  4 s e r i e s  o f  t e s t s  d u r i n g  which two S a s k a t c h e w s :  l i g n i t e  
c o a l s .  Boundary Dam and Shand,  and two s o r b e n t s ,  l i m e s t o n e  and h y d r a t e d  
l l m e ,  were  t e s t e d .  One s e r i e s  o f  b a s e l i n e  t e s t s  b e f o r e  =he 
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demonstratlon plane was installed, and three series of tests after the 
demonstration plant was installed, were carried out. 

Properties of the Boundary Dam and Shand lignite coals tested are given 
in Table I. 

Properties of the two tested sorbents are given in Table 3. 

D t s c u s s i o n o f ~ m ~ l r . s  

NOx and SO 2 Reduction 

Measurements of NO , SO and O were taken for various parametric t e s t  
x 

c o n d i t i o n s  t h r o u g h o u t  t~e  e u t i ~ e  t e s t  p rogram.  The r e s u l t s  o f  t h e  t e s t  
program displayed the following trends (8): 

NO em/sslon was decreased by decreasing excess air quantity, 
x 

increasing overfire air quantity, decreasing uppez overflre air 
tilt, and decreasing load. 
~nherent SO 2 capture was increased by increasing excess air, 
decreasing overfire alr, increasing upper overflre air tilt, 
decreasing load~ and increasing coal Z sulfur. 
Injected SO 2 capture was increased by increasing, excess air, 
decreasing overfire air, increasing upper overflre air tilt, 
decreasing Ioad~ increasing injected Ca/S ra~io, and increasing coal 
Z s u l f u r .  

The test deta was then used to formulate predictive models which can be 
used to determine the best NO x and SO 2 emissions reduction achievable at 
this demonstratlo,~ plant. 

The results of these predictive models are shown in Table 4. 

NO emission reduction of about 60Z with respect to baseline conditions 
x 

can be obtained while firing Boundary Dam coal at the operating 
conditions shown by modifying the firing system configuration as 
described herein. 

While firing Boundary Dam coal at the demonstration plant, a total SO_ 
capture of about 3~Z can be achieved for limestone InJectlcn and abou~ 
41Z for hydrated llme injection for an inherent and injected Ca/S ratio 
oE 2 . 0  f o r  t h e  o p e r a t i n g  c o n d i t i o n s  shown. 

For  Shand c o a l  f i r i n g  a t  t h e  d e m o n s t r a t i o n  p l a n t ,  a t o t a l  SO9 c a p t u r e  o~ 
about 5&Z can be achieved for limestone injection and about 85Z can be 
a c h i e v e d  f o r  h y d r a t e d  1line i n j e c t i o n  f o r  an i n h e r e n t  and i n j e c t e d  Ca/S 
r a t i o  o f  2 . 0  f o r  the  o p e r a t i n g  c o n d i t i o n s  shown. 

An i m p o r t a n t  r e s u l t  d e t e r m l n e d  by the  r e s e a r c h e r s  was t h a t ,  as  Tab1 ~_ 4 
d e m o n s t r a t e s ,  t h e  optimum c o n d i t i o n s  f o r  maximum NO e m i s s i o n  r e d u c t i o n  

x 
are not the same as those for maximum SO 2 capture. 
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Table 3 

I'Y~I"~[Z'I r¢ OP TEST ~oIrJl~T~ 

Sorlmsth 

A.?.bcL'tx ~. ,co~/.n 

Ca2c£xm ~'-zbo~xte ¢al~/J'l¢ l"z~slm."e 

- . ' ~ Z y  Crowd lbd~, -ed  

Cbas~.cLl ~ :o~z~1~  

Z lqotsCu~e O.03 0.9  

Z CaO 53.0 70.06 

Z H20 C ~ t e r  o£ h~lcnclcu) ~ 21.1 

Z I~ 2 41.7 3.& 

Z ~GO 0.72 0.95 

Z 7e203 0.24 0.12 

z s~o~ L .~  c.Az 

Z A1203 0.38 0.0~ 

JkL, ' fa~ PZ~Z'Z 7 ~- r~  

Z~ I ,s  S lO 

Z • 5 ~x 40 70 

Nml~m ~mecez, ~ 6.~5 3 , t0  

Po:x Volta*,  m3/g O.(X);r 0 . 0 ~  

C~.t Z N 2 

B. ~ 0.65 

U . r . . .  0.6S 

Slm4 0.65 

so~m=t 

Table 4 

~IL~D ~ ~ ~ ~ - ~0 2 k~OCt"IOg J.~ ~ RCZ 

z rJ~L.s 
02 X,. OF/, 5~mm 

3.2 No 

2.0 ,z~ ]~L'...I,kxt 

2.0 ~es I'~L'-.tSc4 

Z . " , ~  Z Zm]m-~l: 
,s,~ : , ~ , o  2 c~s mzc~.  

m~ X m0z It~sccion 

285 

110 60 

100 

Za34~r.e4 Z ~.~H:Eed X l'~rJ1 
c , /s  so 2 c., , .  so z c .p .  

1. Dan C~CO 3 

B. Dam c . ( c r )  2 

s ~,.A ceoo 3 

s ts~  c,(or) :  

G.AS 5.0 2.0 23 2 .O 14 34 

O.65 5.0 2.0 23 2.0 2*" 61 

0.:;O S.O :l.O 32 2.0 32 

0.~,O S.O 2.0 32 2.0 49 65 
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Effects on Unit Operation 

Visual observations of furnace slagging and samples of convective 
surface deposits were obtained throughout the test series. Furnace 
slagging was observed to be r educed  by 66Z from the baseline test series 
by installing the Modified Combustion Emissions Control System. Sorbent 
InJect$on did not appear to affect furr~ce slagging. Convective surface 
deposits were unaffected by installation of the demonstration plant. 
Also~ the convective surface deposits did not increase during sorbent 
injection even though at an injected Ca/S of ].6 the ash loading to the 
c o n v e c t i v e  s u r f a c e  would  e f f e c t i v e l y  be  i n c r e a s e d  by  20Z.  

Measurements were taken and steam generator efficiency was calculated 
using the ASME abbreviated heat loss method for selected non-lnjectlon 
and ~nJectlon tests. It was found that the steam generator efficiency 
was s l i g h t l y  l o w e r  f o r  t h e  s o t % e a t  i n j e c t i o n  t e s t s  a s  compared  t o  t h e  
b a s e l i n e  t e s t s  due  t o  t h e  n e t  h e a t  l o s s  o f  t h e  c a l c i n a t i o n  and s u l f a t l o n  
r e a c t i ~ s  and t h e  s e n s i b l e  h e a t  l o s s  f o r  t h e  s o r b e a t s .  

Tn s l t u  f l y  a s h  r e s i s t i v i t y  m e a s u r e m e n t s  we re  made o f  t h e  f l y  a s h  and 
sorbent entrained in the flue gas entering the i n d u c e d  draft fans 
throughout the test series. It was found t h a t  fly ash resistivity 
lucreased marginally for the sorbent injection tests as compared to the 
non-lnJectlon tests. 

All other facets of steam generator o oeratlon were unaffected by the 
installation of the demonstration plant. 

Z s t ~ m m c e  on  D e s i g n  o f  Hen L t s ~ Z e  C o a l  l~Lrmd Serum Gm~..--atozs 

The a p p l i c a t i o n  o f  t h i s  a b a t e m e n t  t e c h n o l o g y  t o  new s t e a m  g e n e r a t o r s  
shows g r e a t  p r o m i s e  f g r  o v e r a l l  i m p r o v e m e n t s  in  s y s t e m  p e r f o r m a n c e .  
R e t r o f i t t i n g  s u c h  a NO / S 0 .  e m i s s i o n s  c o n t r o l  s y s t e m  t o  an  e x / s t l n g  

x z f u r n a c e  c o m p r o m i s e s  c e r t a i n  d e s i g n  v a r l a b l e s ,  s u c h  a s :  

• L o c a t i o n  o f  t h e  s o r b e n t  i n j e c t i o n  p o i n t  
• R e s i d e n c e  t i m e  o f  t h e  i n j e c t e d  s o r b e n t  w i t h i n  t h e  r e a c t i o n  "window" 
• A v a i l a b i l i t y  o f  a i r  u sed  f o r  d i s p e r s i n g  t h e  l i m e s t o n e  t h r o u g h o u t  t h e  

furnace 91an area 
• Excess air value used 

Whereas the demonstration p l a n t  simulated variations In furnace gas 
temperature by reducing the boiler load, on a new unit, the boile~ 
designer can be given the freedom to design the furnace temperature 
p r o f i l e s  s p e c i f i c a l l y  f o r  opt imum L n j e c t l c m  and r e t e u t l o a  o f  t h e  
s o r b e n t s  t o  be  u t i l i z e d .  

Furthermore, on an new unit, the backend heat recovery system cad be 
optimized for the production of the neaessary ~uantitles of air used for 
dispersing the sorbents within the furnace. 
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Finally, It is practical on a aew unit to evaluate the lon E term 
ecocomic benefits of using h~gher excess air levels to achieve improved 
SO_ emission reductions and/or treater sorbent utilization while still 
ma~utainlng acceptable NO emlssion levels. 

x 

Because of the experience Ea/ned during the demonstration plant testlnE, 
reduced levels of furnace wall slagging are anticipated for new unlts 

using this modified combustion technique. 

New=nits are not expected to see increased levels of foulln E or 
deEraded electrostatic preclpltator performance due to thls modified 
combustion emission control system wlth sorbent injection. 

C~ncl.sloas 

I. A full scale low cost technology to control both NO and SO. 
emissions for low rank fuels was demonstrated on a ~0 M~l~Enlte 
coal fired steam generator. 

2. NO emlss~on reductions of up to 60Z are achievable with the new 
tecXhnology compared to conventional tanEentlal firing methods. 

. SO. emission reductions ransing from 3& to 65Z are aehlevable for 
SaSkatchewan lIEuite coals at inherent and injected calcium to 
sulfur ratios of 2:1 depending on the co~l fired and the sorbent 
injected. 

4. The technology reduces NO and SO. am/sslons ~-Ithout any significant 
x z 

detrimental effects on steam generator operatlon 3 availability, 
maintenance, or efficiency. 

5. New steam generator designs for these lignite coals wlll be 
influenced by the results and experience Ealned throuEh this full 
scale demonstration plant testlnE. 

The au thor s  wish t o  acknowledge the f i u a u c c a l  and t e c h n i c a l  
suppor t  o f  the  Canadian E l e c t r i c a l  A s s o c i a t i o n ,  Environment 
Canada, Canada Saskatchewan Heavy Oil/Fossll Fuels Research 
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