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PREFACE

These proceedings for the symposium on “Flue Gas Desulfurization”
constitute the final report submitted to the Industrial Environmental
Research Laboratory, U.S. Environmental Protection Agency
(IERL-EPA), Research Triangle Park, NC. The symposium was con-
ducted at the Shamrock Hilton Hotel in Houston, TX, October 28-31,
1980.

This symposium was designed to provide a forum for the exchange of
information, including recent technological and regulatory develop-
ments, on the application of FGD to utility and industrial boilers. The
program included a Keynote Address on the approaches for control of
acid rain, forecasts of energy and environmental technologies and
economics for the 1980's, and sessions on the impact of recent legislation
and regulations, research and development plans, utility applications,
by-product utilization, dry scrubbing and industrial applications. Par-
ticipants represented electric utilities, equipment and process suppliers,
state environmental agencies, coal and petroleum suppliers, EPA and
other Federal agencies.

~ Michael A. Maxwell, Chief, Emissions/Effluent Technology Branch,
Utilities and Industrial Power Division, IERL-EPA, Research Triangle
Park, NC, was General Chairman, and Julian W. Jones, a Senior
Chemical Engineer in the same branch was Project Officer and Co-
Chairman.

Franklin A. Ayer, Manager, Technology and Resource Management
Department, Center for Technology Applications, Research Triangle
Institute, Research Triangle Park, NC, was symposium coordinator and
compiler of the proceedings
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The current situation in the Persian Gulf has once again brought
home the stark reality of the fragile balance of our industrialized
interdependent society. Once again we learn that our national economy
can be tipped up or down by events thousands of miles away from our
shores. National security and foreign policy deliberations must again
focus on the question, “What are the likely impacts on our oil imports

of a broadened war in the Mid-East?"

We have come to the point where we must find alternatives to foreign
0il....and we have recognized that we have our own massive coal resources --
a wealth of "black gold" -- among the greatest known reserves existing
anywhere in the world. We have recognized that we must move away from our
dependence on foreign o0il to greater reliance on domestic coal. President
Carter and the Congress have mandated this conversion to coal as part o7
our overall National Energy Plan. We are beginning to move from a pre-
dominantly oil-based energy supply structure to one emphasizing domestic
coal, oil shale, unconventional natural gas and heavy o0il. And we are
also encouraging -- and succeeding in -- a vigorous eneray conservation

program.

What this means, of course, is that we are going to be mining and
burning more of the "dirtier" fuels. And that means there could be a
growing air pollution problem. Coal mining in the U.S. is projected to
increase from the current 700 million tons annually to 1.4 billion tons

in 1990 and 1.9 billion tons in 2000. Conventional comoustion will



continue to be the primary method of utilizing this coal well into
the twenty-first century -- despite the growth of a major coal-based

synthetic fuel industry.

The challenge we face, therefore, is to maintain our air quality
as the production of pollutants from burning fossil fuels rapidly
éxpands. Because of the increased use of fossil fuels and the necessary
cost of pollution abatement, there will be increasing pressure in the
future to improve environmental control technologies, to make them more
cost-effective and -- equally important -- to achieve widespread
acceptance and operational utilization of these control systems by the
utilities and industrial facilities. This 6th FGD Symposium is testimony
to a continuing effort by both government and industry to meet these

challenges.

The Congress has also provided impetus for the development and
application of upgraded control technologies, like FGD. The 1977
Amendments to the Clean Air Act underscored the importance of control

technologies through the requirement for Best Available Control Technology

in areas where the air is clean....and the requirement for Lowest

faetvievable Emission Rate in "non-attainment" areas where the air is

already dirty.

The recently issued New Source Performarnce Standards for utility
boilers and the forthcoming development of NSPS for industrial boilers

are typical examples of recent environmental protection efforts that

D



will drive the continued research and development of environmental

control technologies.

I think it is likely that Federal legislative action in the
future will not significantly weaken current environmental programs.
1 believe, rather, that in the face of the pressures to relax environ-
mental controls to allow more rapid expansion of our domestic fuels
utilization, the public and Congress will continue the trend toward
careful consideration of environmental impacts of future energy
development. While we have made progress in improving air quality
throughout the country over the last decade, the struggle is far from
over. The recent smog episode in southern California 1s a grim reminder
that some parts of the nation are still threatened with severe air

pollution under poor meteorological conditions.

We have made great strides in developing and demonstrating highly
efficient, reliable flue gas desulfurization technologies. While
there are improved coal cleaning and new combustion technologies that
are in the developmental stage, and some even at the demonstration and
pilot test stages, FGD systems are currently the only viable sulfur
control technology capable of general application over the next ten years,
It has been estimated that by 1990, electrical utilities will have

invested between $10 and $20 billion for construction and cperation of

FGD units.



I see from the program that Gerald McGlamery of TVA is going to
discuss the economi;s of FGD systems a little later this morning.
I'm sure that those 6f you here representing the utilities will be
especially interested in what he has to say about TVA's latest cost
studies and experience. From our own studies in thié area, we believe
that there is a good dollars and cents case for converting from oil
to coal -- and that includes taking into consideration the use of FGD
control equipment. Let me cite a few figures. To produce one miilion
BTU's of heat, the cost‘of oil is $5.18, based on a price of $30 per
barrel. To produce the same one million BTU's of heat, the cost of
coal is $1.30, based on a price of $30 per ton. A power plant could
save five cents per kilowatt-hour by making the conversion and using
the best available scrubber, one with a 90 percent efficiency in
reducing sulfur oxide emissions. This translates to a savings of
$14 million per year for the average size electric generating plant

being built today.

Where less stringent scrubber’controls are required, savings
could increase. According to conservative EPA projections for burning
high-sulfur coals, a savings of 1/5 of a cent per kilowatt-hour
would be realized by a utility that retires even a modern oil plant,
writes off the investment, and replaces it with a new coal-fired

facility outfitted with the best scrubber available.



In the United States, Japan and the Federal Republic of Germany,
operating FGD systems using wet processes, such as 1lime or limestone
scrubbers, continue to show improvement. Most of these processes are
currently capable of removing well over ninety percent of the sulfur
oxides in the flue gas. Here, in the U.S., Time and limestone scrubbers
have been applied to coal with a wide range of sulfur content, and they
have reliably removed the sulfur oxides from burning coals with one to
four percent sulfur content. Many of these U.S. high sulfur coal FGD
installations have operational reliabilities of over 90 percent. FGD
installations on low sulfur coal have operational reliabilities of

over 95 percent....which is similar to the Japanese experience with

low sulfur coals.

One :example of a key program in nonregenerable systems is the
lime/1imestone prototype test factlity at TVA's Shawnee Steam Plant.
You'll be hearing about the latest results from that operation during
tomorrow morning's session. The results of this particular program
are important because over 90 percent of the U.S. cocal-fired electric
generating capacity presently committed to FGD systems involves the use
of similar lime/limestone processes. The Shawnee program has been
directed toward obtaining answers to some of industry's concerns about
long-term reliability of the process, the large guantities of waste

sludge generated by the scrubber, and the high capital and operating



costs involved. I believe major technological improvements and cost
reductions are possible and will be realized, as we learn from programs

such as this one.

FGD systems are now performing reliably and effectively both here
and abroad. As I mentioned, in Japan, during the past decade FGD systems
have been installed on a widespread basis. They have operated relfably
and have had outstanding success in improving the air quality. Dr. Ando
will speak on this subject in detail, but I'd like to cite a few statistics
to demonstrate how these §ystems have proven themselves in Japan. There

is no reason why they should not be just as effective here in the U.S.

Approximately 75% of the utility power generated in Japan 1is fossil-
fired steam-electric. The balance is hydroelectric and nuclear powered.
Of the fossil=fired capacity, 85% is ofil-fired (most of the oil imported)
and only 3% is coal-fired -- so you can see that their problem with foreign

011 dependency is much worse than ours. But they have reduced sulfur

oxide emissions from burning both oil and coal by 50% between 1970 and 1975....

and this has been due in great part to the use of FGD systems. They now
have ambient SO, standards that are among the most stringent in the worlc --

about half the yearly average emission level that we allow.

Although Japan and the U.S. have both emerged as world leaders in
developing and applying FGD systems, Japan has generally moved ahead more

rapidly, because of its more serious commitment to soiving its politticn



problems. As of the beginning of last year, Japanese utilities had FGD
systems installed, under construction, and planned for about 16% of
their fossil-fired steam generating capacity....75% of it already

installed and operating.

In the U.S., on the other hand, only about 3% of the total fossil-
fired utility capacity is presently under FGD operational control.
There are plans or systems under construction, however, for another 12%
of the total fossil-fired capacity. At last count, 73 FGD units were
in operation, with 127 units in design or under construction. When alj
of these units are operational, over 25% of the current total U.S.
coal-fired capacity will be equipped with FGD. Because of this growing
use of FGD, the total amount of sulfur oxides emitted to the atmosphere

is expected to remain constant or even decrease slightly by the year 2000

Even though we have made great strides in controlling sulfur oxides,
we still have a long way to go to ensure that our expanded use of coal
will not degrade the quality of our environment. EPA has been pursuing
an aggressive air emissions program to control sulfur oxides, nitrogen
oxides, and particulates -- all released from the burning of coal. And
a11‘contributors to a growing problem of acid deposition, more commonly
lreferred to as acid rain. I am concerned that acid rain may become one
of the most significant environmental problems of the coming decade. It
already poses an environmental threat to our aquatic resources and

possibly to our forest and agricultural rescurces as well =- a threat

10



that could intensify with the full-scale development of our fossil fuel
resources. We must therefore continue to work toward controlling the
emission of not only sulfur dioxides, but also nitrogen oxides and
Particu1ates, before they get a chance to get out into the atmosphere

énd create acid rain problems.

Far from being a "gentle rain from heaven," acid rain can cause
extensive ecological damage. In New York's Adirondack Mountains, for
example, an area that was once a sport fisherman's paradise, acid rain
has killed all of the fish in half of the high-attitude lakes. We
cannot even guess at this time the extent of the damage in North Americen
lakes, but we strongly suspect that tens of thousands of lakes are
threatened, with millions of dollars in recreation benefits and commercial
fishing at stake. Acid rain may also be playing a part in the decline
in forest growth observed in both the Northeastern United States and
southern Sweden. Experimental studies have shown that acid rain may
damage foliage, interfere with the germination of seeds and the rooting
of seedlings, affect the availability of nitrogen in the soil, decrease
soil respiration, and deplete its nutrients. The destruction of stone
monuments and statuary throughout the world, including the 2500 year-old

Parthenon in Athens, Greece, has been accelerated by acid rain.

Acid rain may even indirectly present humans with a health hazard.

If drinking water reservoirs become contaminated with acids, increases

11



in heavy metal concentrations may exceed public health limits. In
New York State, for example, water from the Hinckley Reservoir has
aciuified to such an extent that when the water comes in contact with
household plumbing systems, lead from soldered joints passes into the
water. These concentrations exceed the maximum levels recommended by

the New York State Department of Health.

Acid rain was once thought to be primarily an SOz problem, but
we've since learned that the phenomenon is more complicated than that.
Nitrogen oxides as well as sulfur oxides can be transformed into
potent acids when they. combine with water vapor molecules in the atmos-
phere. The result is rain that may be -- as we have found in some
parts of the country -- as acidic as lemon juice. Normal rainwater has
a pH of about 5.7; newly hatched fish, which are most sensitive to low
pH, are in serious trouble in water when its pH goes below 5.0. The
average pH of the rain east of the Mississippi today is 4.4, which is

almost 20 times as acidic as normal.

In the United States, the rain is most acidic in the heavily
industrialized Northeast, but the most rapid increase in acid rain seems
to be occurring in the Southeast. This parallels the expansion of South-
eastern urban and industrial activities that result in sulfur and nitrogan
emissions. Here, the trend is more apparent than in the Northeast,
because the atmosphere is more rapidly deteriorating, and fewer acidic

ions are required to cause a pH change. Most of the West has thus far



escaped the acid rain scourge, but Colorado, the Los Angeles Basin, the
San Francisco Bay Area, Spokane, Tucson, and Portland are known exceptions.
In much of the West, the alkaline nature of the soils and lakes acts to
neutra1ize acid rain, so the effects may not be as pronounced there. But

even in the West, ominous signs of vegetation damage have appeared.

The Adirondack fish disaster, which occurred in an area of thin soils
and fragile, closely watched ecologies, may be only a dramatic early
warning of the damége that acid rain may someday cause on a much larger
scale. Were it not for the buffering ability of the soil in other sections
of the East Coast, the rains of the 1970's could have killed off most of

the region's freshwater fish,

Clearly, we are not talking about something that sprang from the
overactive imagination of a zealous environmentalist. Acid rain is a

phenomenon that demands careful attention.

What can be done to prevent the rains of the 1980's from becoming
increasingly more destructive? The most urgent task that EPA faces is
to get to the bottom of what causes acid rain. Until the perplexinc
mechanisms by which acid rain is formed are better understood, attempts
to control it may miss thé mark, resulting in a less than optimum use of

cost]y investments for control.

It is known that, after sulfur and nitrogen oxides are discharged
into the atmosphere, they are oxidized into sulfates and nitrates, which

then react with moisture in the air to become acids. There are several



complicated pathways or mechanisms by which this oxidation can occur-
Which path is actually taken depends on a number of factors, jncluding
the concentration of heavy metals, the intensity of sunlight, the
temperature, the humidity, the amount of ammonia present, and the

particulate and photochemical smog levels.

In the eastern United States, sulfuric acid is the major component
of acid rain, comprising as much as 65 to 70% of the rain's acidity,
while nitric acid supplies only 25 to 30 percent. In the West, the
acids in acid rain are generally half nitric acid and half sulfuric
acid, although in some western urban areas, as much as 80% of a rain's
acidity can be comprised of nitric acid. Other acids can also contribute
to tﬁe acid rain problem. Hydrochloric acid, for example, may be emitted’
directly from coal-fired power plants and is frequently found relatively

short distances downwind from such sources.

Acids may be deposited on earth not only by rain or snow, but also
through an atmospheric process called "dry deposition.” This is the
process by which particles such as fly ash, as well as SOp and NO,, are
deposited onto surfaces. While these particles or gases are normally
not in the acidic state before deposition, it is believed that they are
converted into acids after contacting water in the form of rain, dew, fog,
or mist after deposition. The precise mechanisms by which dry deposition
takes place, and its effects on soils, forests, ¢rops, and bui’dings, ars

not adequately understood, Much research is being initiated to clarify

14



the contribution of dry deposition to the overall acid deposition

problem.

Another aspect of acid rain that demands further study, and which
makes regulation of acid rain a particularly tricky undertaking, is
long-range transport. This phenomenon was first recognized in the
early 1970's. At that time, studies on the adverse effects of SOp and
sulfates on human health led to a stringent ambient air quality
standard for SOz as well as technological control of SO, emissions.

The associated control efforts forced the utilization of low sulfur
fossil fuels and scrubbers, and resulted in lower sulfur dioxide emissions.
Unexpectedly, however, reductions in urban S0, levels did not result in

proportional decreases in urban sulfates.

Several theories were offered to explain this development. One
explanation, the transformation-transport theory, was that reductions in
urban S0, emissions were offset by increases in rural SOp emissions from
new power plants located outside cities. SO, emissions from these power
plants, the theory held, had been transformed into sulfates and transported

over long distances to urban areas.

A project that was recently completed by EPA's Office of Research
,and Development on sulfur transformation and transport seems to bear this
theory out., It found that sulfate aeroscls could be transported hundreds
of kilometers from the initial 502 source. This validation of the trens-

formation-transport theory reinforces evidence indicating that the

15



acidity of lakes in New York's Adirondack Mountains, for example, may
be caused by acids carried by winds from power plants as far away as

the Midwest.

Under certain conditions, it appears that sulfate and nitrate
compounds can stay aloft long enough to cross continents, oceans, and
international boundaries. This creates a situation in which the acid
rain in one country is caused by the emissions of another, but the
recipient of this damaging rain receives 1ittle or no benefit from the
source initiating the pollution. In a few short days, local problems
can become international in scope. This aspect of acid rain has caused
us problems with our northern neighbor; Canada receives two to four
times the amount of SO, that the U.S. gets from Canada, and the NOy
exchange is 11 times greater from the United States to Canada. Recent
negotiations between the two countries have been aimed at confronting
this problem. These talks are expected to evolve into a bilateral
transboundary air pollution agreement. And, through agencies like the
United Nations Economic Commission for Europe, the acid rain issue

vis-a-vis other countries may also be faced.

EPA 1s not alone in its efforts to uncover the causes of and the
solutfons to the acid rain dilemma. Many government agencies as well as
private industry are participating in these efforts. In recognition of
the seriousness of the acid rain threat, the President, in his Second

Environmental Message, called for.a minimum of $10 million per year to

16



be Spent over the next ten years on a comprehensive acid rain research
program. He also established an Acid Rain Coordinating Committee
consisting of seven Federal agencies to plan and coordinate a Federal
interagency program. The Committee is co-chaired by representatives
from the Department of Agriculture and EPA, and more recently, the
National Oceanic and Atmospheric Administration. As one of the co-
chairmen of the Federal Committee, I am pleased to note that the
federal agencies are now spending over $15 million for acid rain

research under the AEGIS of a cooperative research plan.

In addition to generating information on acid rain that can be
used to develop air quality control strategies and options, EPA has
another fundamental task: to gommunicate to Congress and the public
the effects of acid rain, with particular attention paid to the ecologic

and economic consequences of continued high levels of acid precipitation.

One tool to accomplish this communications function will be the
development of an "acid deposition document,” which David Hawkins, EPA's
Assistant Administrator for Air, Noise and Radiation, and I are mapping
out. This document will be an attempt to quantify and quality, in a
preliminary way, the entire range of pol]utants involved in acid rain
creation -- sulfur, particulates, nitrogen oxides, hydrochloric acid,

hydrocarbons and heavy metals.

The document will not be a "criteria document”" in the sense that

it will be used to develop ambient air standards; rather, it will put
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the scientific evidence on acid rain before the public so that it can be
discussed in an open forum, as well as serve as a focal point for future
acid rain research. This document, we hope, will be an important step
toward fostering public debate about how we as a country will meet the

acid rain challenge.

We do know, at this time, that some of the methods currently being
used to minimize the local effects of SO, and NO, around large sources
are actually aggravating the acid rain problem. One method long favored
by power companies is the use of tall emission stacks. The rationale
behind tall stacks is that the emitted sulfur dioxide will be carried
away from the local community by winds. Unfortunately, the tall stacks
also keep the sulfur dioxide airborne longer, thus making sulfate

formation more likely.

As the mist that conceals the secrets of acid rain formation and
transport is gradually lifted, we will know better what control method§ ’
will actually stop acid rain at its source, rather than passing the
problem on to someone else., At present, however, it appears that the
only practical approach lies in reducing S0x and NO, emissions. Many
innovative schemes have been suggested. There are studies underway to
estimate the costs of various ways to reduce emissions of these pollutants
and  to compare these costs against acid rain damage costs, which are

only now beginning to be understood.
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For S04 control, FGD will probably remain our chief weapon through
at least 1985. As you will hear throughout this conference, this
technology can be applied to a variety of sources without imposing an
unreasonable financial burden. The use of low-sulfur coal is another
piece of the arsenal in the war against SO, emissions, along with the
array of technologies, both undef development and on the commercial
market, designed to remove sulfur from fuel befare it is burned. These
technologies include coal cleaning, coal gasification, and desulfurization
of 1iquid fuels. Then, there are also the combustion modification methods
that allow removal of sulfur during burning, such as fluidized-bed

combustion.

But, as we have seen, SOy constitutes only a piece of the acid rain
puzzle. NO, emissions can play an equally large role. And while we
have found ways to hold the 1id on SO, emissions, we've only recently
begun to get a handle on NOy control. In fact, as coal use rises, we
expect that NOy emissions could increase by thirty to forty percent by
the year 2000, unless more effective control methods are developed and
quickly put to work by industry. At present, half the current NO,
emissions come from stationary sources; but by 2000, due to the trend
toward greater combustion of coal, stationary sources may be responsible
for up to 75 percent. Of the emissions from stationary sources, over
half are contributed by utility and large industrial boilers alone.
These large boilers now emit an estimated 6 million tons of NOy every

year,

19



The solutions that are so effective for $0, control aren't much
help when it comes to NO, control. Physical coal cleaning, which can
be used on some coal to reduce sulfur and ash content, has no effect on
coal's nitrogen content, because the nitrogen is chemically bound to
the coal. "Denitrogenation" -- that is, chemically removing nitrogen
from coal -- is prohibitively expensive at present, and at any rate does
not address the problem of thermal NO,, which is formed by molecular
reaction in super-heated combustion air. Flue gas treatment for NO,
control has been used with a fair amount of success in Japan on oil-
fired boilers, but there are major financial and technical hurdles to
applying that technology to coal-fired units. Even the coming age of
synthetic liquid fuels made from coal, which may consume 120 million tons
of coal in 1990 and 300 million tons in 2000, offers 1ittie hope for NOy
control -- in fact, the concentration of fuel nitrogen may be increased

when coal is converted to a liquid.

However, there is a promising answer that is both cost-effective and
energy-efficient. By modifying the conditions under which combustion
takes place, an existing coal-fired power plant can reduce its NOx emissions
by 40 to 50 percent. When applied to new burner designs, combustion
modification may reduce NOx emissions by another two-thirds, yielding a
total NO, control of up to 85 percent. And, because combustion modifica-

tion involves changes only in burner design, the cost is quite small --

less than one-half of one percent of the boiler cost. Further, because
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we are ensuring that the new burners are as efficient as the older designs,
the operating cost is nearly zero. EPA is aggressively developing low=NOy

burner designs.

Ideally, one technology would simultaneously control both of acid
rain's major components. This, in fact, is the idea behind a particularly
exciting new control technology, which may be retrofitted to many existing
coal-fired boilers with only minor modifications: the limestone injection/
multi-stage burner, or LIMB for short. The LIMB may be able to remove
50 to 70 percent of sulfur oxides at the same time that it reduces NO, by
50 to 80 percent. And it can accomplish this at a cost for SOz control
equipment of only $30 to $40 per kilowatt, as opposed to the average of

$150 per kilowatt that wet scrubbing reguires.

Although the LIMB has only reached the bench/pilot scale stage of
development here in the U.S., Germany is currently operating a 60 megawatt
electric boiler using the technology, so we know that it works on a

larger scale.

The idea of combining limestone injection for S02 control with a
Tow NOy burner is not a new one. In 1967, UOP, building on earlier
l1mestone injection experiments by Combustion Engineering, injected
Timestone into an arch-fired burner, which is a naturally low NO, burner.

S02 emissions were reduced by 50 percent at a stoichiometric ratio of 1:3.

The 60 megawatt prototype limestone injection boiler in Germany,
which I mentioned earlier, has been operating for one year. It fires

West German lignite, and utilizes flue gas recirculation to minimize
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peak temperature and NO, formation. At present, it is achieving 50 to
90 percent 50, removal at stoichiometric ratios of 2.5 to 5.0. Retrofit

capital costs for this technology are only $3.00 per kilowatt.

EPA has proposed a five-year research, development, and demonstration
program that will bring the LIMB technology up to commercial scale. In
the first year, EPA will characterize reactions and furnace conditions;
evaluate impacts on furnace operation; and test the technology with a
wide range of coal types and calcium-based sorbents. Next will come a
year of field evaluation, in which EPA goals will be to demonstrate
sulfur removal efficiency, optimize performance variables, determine if
there are any adverse boiler side effects such as slagging, plugging and
corrosion, and obtain design and cost data. Both wall-fired and tangentially-
fired units will undergo testing. Another year will be spent installing
the LIMB technology on full-sized boilers, which will then be subjected
to two years of performance optimization and long-term evaluation. The
develepment effort will be co-sponsored by EPA and the Department of Energy.
The total tab for the LIMB program will amount to $16.5 million, which
will be a bargain if LIMB fulfills its initial promise.

Industry as well as government must play a crucial role in the
development of methods to control acid rain. EPA has the resources to
provide the fundamental research and the testing of new control technologies,
but we must rely on industry to provide the host sites that allow tech-

nologies to be tested under real-1ife conditions. And, we must depend
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heavily upon the commercial expertise and engineering experience of
bo11gr manufacturers if a technology is to progress beyond the demon-

stration stage.

Now there's always an element of risk for the private sector
when it invests in new equipment and new technologies. Control processes
that look promising on the drawing board or during small-scale experiments
don't always pan out when they are put into practical use. But we at
EPA truly believe that with the kind of cooperation between government
and industry we have enjoyed up to now, and with continued joint effort,

we can solve the acid rain control challenges we face.

With a better understanding of what causes acid rain and with the
necessary control technology underidevelopment, we will be able to
begin making strides in the regulatory arena....to pull in the "reins,"
if you will forgive me, on acid rain. As the Clean Air Act stands now,
there are no regulatory requirements concerning acid rain per se. As
most of you are aware, this Act comes up for revision next year, and EPA
1s consulting with other Federal agencies on the possibility of changes

that would better address the acid rain issue.

The Clean Air Act is currently structured around a presumption
that air pollution can be related to a particular source or a well-defined
group of sources.. But, in the case of acid rain, there is no clear-cut
relationship between specific emissions and the acid rain. In other worce,

even though the types of emissions that lead to acid rain are known, it
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is currently not possible to accurately trace individual emissions that
cause acid rain back to their origins. And, while the Clean Air Act
has been amended to address the problem of interstate pollution, any
given state is only able to enforce its emission limitations against
sources within its own boundaries. A state can petition the EPA
Administrator if it feels that another state is preventing it from
attaining a national standard or otherwise causing a deterjoration in
that state's air quality, but then EPA is faced with the problem of
how to demonstrate that one or several out-of-state sources are
responsible for impermissible air quality violations. Such a demon-
stration would be hard, if not impossible, to make, especially if a

number of sources from several states or nations were involved.

One regulatory option that EPA is reviewing is the development
of national ambient air quality standards for nitrates or sulfates,
two precursors of acid rain. However, it is not clear whether there
is sufficient data on which to base such a standard. Even if the
data were available, the standard-setting process is a lengthy one.
It would probably be five to ten years before any emission reduction
could be achieved. Other near-term options inciude: better monitoring
of S0, emissions to improve enforcement of existing standards; the
establishment of federal regulatory requirements for review of interstate
impacts of State Implementation Plan provisions; or the establishment’
of new source performance standards for poliutants for which EPA has

not set ambient standards, such as total sulfur.



A longer term option might involve the Conaress setting:
regional SO2 and NOx emission reduction goals -- say 5 to 10 percent
per year -- goals which would be administered on a multi-state basis
and would allow the utilities and industries to meet the goais on}a
system-wide basis using the most cost-effective crmbination of
approaches -- coal washing, combustion modification, load shifting
to cleaner plants, fuel shifting, and early plant retirements, to

name a few.

Whatever path we choose, however, we must be mindful of the
need to consider the regulatory burden imposed on the utility or
industry and the ratepayer or consumer. In addition, we must fully
support the national energy policy of expanded coal use, and be |
sensitive to the fact that the economy cannot regain its vital growth
without the atd of a vigorous industrial base. These are "“mighty
tall" orders, as they say, for the Government and the industrial sector.
But then few people really believe that anything worth doing in this
country is going to be easy. Why should reconciling environmentai arnc
energy goals, a priori, be any easier than, say, reconciling, energy
goals and national security, or inflation and.unemployment objectives.
There are no easy answers, only a nation of differing but robust people

trying to work out their future.

25



THE NATION'S ENERGY FUTURE - WITH FOCUS ON SYNFUELS

Frank T. Princiotta
Director, Energy Processes Division
United States Environmental Protection Agency
Washington, D. C.

ABSTRACT

Projections indicate that coal, nuclear energy and oil shale wili
become increasingly important as we adjust for static domestic cit

and gas production and minimization oil importation. Environmental
problems can be quite severe for each of these fuel cycles. A massive
synthetic fuel industry based on coal, oil shale and biomass, is
emerging with monumental potential for environmental damage. The
Environmental Protection Agency (EPA) has designed a regulatory program
aimed at mitigating environmental damage while allowing for birth and
nurturing of this critical industry.
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THE NATION'S ENERGY FUTURE - WITH FOCUS ON SYNFUELS

OUR ENERGY FUTURE

America is making progress in minimizing dependence of imported oil.
During the first five months of 1980, gasoline consumption decreased 8.1
percent -- compared with the same period last year - and crude oil imports
decreased to 7.8 million barrels per day -- the lowest level in four years.
Petroleum stockpiles are at capacity levels nationwide due to a very real,
conscientious effort to conserve energy in all areas: electricity, home
heat and transportation fuel.

Of even greater significance is passage of the Energy Security Act,
signed by President Carter in June of 1980. This bill will promote conser-
vation, increase production of coal and oil, and help harness the power of
the sun, wind and rivers and most importantly spawn a major synthetic fuel
industry based on coal, oil shale and biomass. All of these measures can
serve as effective remedies against further reliance on costly and uncertain
supplies of foreign oil.

To achieve the necessary growth in domestic energy resource development
to meet our future production goals, a substantial increase in extraction,
processing, transport and use of domestic fossil fuels must take place. EPA
has recently made projections attempting to predict our nation's energy future
using the Strategic Environmental Assessment System (SEAS) model and an EPA
sponsored study projected synfuel production. These projections suggest that
coal, oil shale and nuclear energy will allow for the nation's economic growth
despite the leveling off of domestic petroleum and natural gas and without
increasing oil imports (Figure 1-4). For example, the amount of coal mined
in this country must expand from the current 700 million tons annually to
1.1 billion tons in 1990 to 1.6 billion tons in 2000. The production of
synthetic liquid fuel and gas from coal is expected to consume 80 million
tons by 1990 and 350 million tons in 2000. We can also expect that the 1980's
will see the o0il shale industry emerge as a significant supplier of fuel,
producing up to 300,000 barrels per day by 1990 and 2.2 million barrels per
day by 2000.

Such projections indicate a trend away from traditional and less environ-
mentally damaging energy sources, toward potentially more damaging fossil fuel
sources such as coal (particularly from western surface mines), oil or gas
from the Quter Continental Shelf, and western oil shale. The trend also
points to the increasing use of nuclear energy to generate electricity and
indicates an increasing interest and use of solar and geothermal energy.

These major shifts toward increased use of less clean fuels can pose a
significant threat to human health and the environment. Potential negative
impacts are likely to result from the extraction, processing and itilization
phases of each major fuel (Figure 5). For example, increases in coal and oIl
shale mining can create erosion and subsequent surface water siltation problems:
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groundwater quantity and quality are also likely to be affected. Processing

coal and oil shale to synthetic liquids and gases may yield toxic emissiops
and large quantities of solid wastes; and despite current regulation§, an
increase in coal combustion will result in increased production of nitrogen
oxides, sulfur oxides and solid wastes (Figure 6). The environmental and
safety uncertainties surrounding the use of nuclear energy have been well

publicized.

Many of the adverse impacts on health and environmental quality,'however,
can be controlled or avoided: Most mined land can be reclaimed; pa?tlculate
matter and the oxides of nitrogen and sulfur can be scrubbed from fLu? gas;
acid precipitation and its effects on agricultural and forest production can

be reduced.

EPA has an impressive array of legislative tools available to control
air, water and land pollution from energy and industrial sources (Table 1).
The agency will face the monumental challenge of utilizing these mandates
to achieve maximum benefit of minimum cost.

Controlling these pollutants increases the monetary costs of energy, but
failure to control them lowers the productivity of our natural resources,
degrades the quality of our environment, and imperils the health of our
‘population.

Focus on Synthetic Fuels

As the projections suggest our energy future should be characterized
by a massive synthetic fuel industry by the year 2000. Although oil shale
plants will be limited to a relatively limited area (Figure 7) coal gasifi-
cation and liquefaction plants could be constructed anywhere large quantities
of coal are located (Figure 8). Ethanol plants will be initially sited in
corn and wheat farming areas (Figure 9) but could eventually proliferate as
other crops and agricultural wastes become feasible as feedstocks (Figure 10).

oo Synfuel Environmental Issues

Synthetic fuels processes are receiving our most serious
attention because synfuel development activity is clearly
intensifying, because of our concern over the unknown nature
of the pollutants which may be generated, and because of EPA's
recognition that the enormous capital outlays involved in
building these facilities during the next decade dictates the
earliest possible and most stable possible environmental
regulations for this new industry. It is expected that
pollutants coming from coal conversion and shale o0il production
will be more diverse in composition than those producec¢ by
direct fossil fuel combustion. The burning of fossil fuels
in conventional processes involves complete oxidation (or
attempts threat) whereas synthetic fgels are produced under
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TABLE 1

AIR, WATER AND SOLID WASTE ENVIRONMENTAL
LAWS IMPACTING FOSSIL ENERGY FACILITIES

RELEVANT AUTHORITY

IMPACT

Clezn Air Act Amendments of 1977
@ Set New Source Performance Standards
(NSPS) for energy industries (Section 111}.

@ Set National Emission Standards for Hazard-
ous Air Pollutants (NESHAP) for selected
industries (Section 112).

8 Implement Prevention of Significant Deteni-
oration (PSD) Program (Section 160).

® Achieve Ambient Air Quality Standards (Sec-
tion 109).

@ Set Lowest Achievable Emission Rates
({LAER) (Section 171).

& NSPS set for fossil utility boilers; tndustrial
boiler NSPS being developed; oii shale, coal
gasification, and liquefaction in planning stage.

® NESHAP requirements for synthetic fuels
industry being evaluated as process plans become

firm.
Hd

® PSD permits required for all New Sources
(coal-fired boilers and synthetic fuels plants) to
prevent increases in particulate and SO, levels in
areas having good air quality.

@ Require utilization of appropriate control
technology to reduce emissions to levels reqpired
to meet State Implementation Plan (SIP) goals.

@ Require level of pollution conirol technology
greater than that which would normally be
required by SIP for plant siting in non-aitaiment
areas.

Federal Water Pollution Control Act Amendments of 1977

@ Set discharge limits based on best conventiona)
technology for energy industries (Section 306).

@ Set discharge limits based on best avaijlabje
technology for toxic pollutants (Section 307).

® Issue and enforce discharge permits to achieve
above limits and 10 meet water quality standards
(Section 402).

Safe Drinking Water Ac( of 1974

® Review projects for possible danger 10 under-
ground drinking water supplies (Section 1424).

Resource Conservation and Recovery Act of 1976

® Set critena for dclﬁning‘hazardous wasle
(Section 3001).

® Define acceptable disposal practices for
hazardous wastes (section 3008).

® Set guidelines for non-hazardous waste
disposal (Section 4004).

@ Effluent guidelines for steam-electric industry
issued, industrial boilers must meet guidelines for
specific industry; effluent guidelines being planned
for oil shale and coal gasification and figuefac-
tion facilities.

e For designated toxic pollutants best available
control technology will be required, and will have
greatest impact on the design of synfuel plants.

& Permits for electric utility plants and other
industries being issued based or. effluent guide-
lines; permits for synthetic fuels plants will be
issued on basis of best information available until
guidelines are issued.

® All projects receiving federal assistance will be
reviewed for processes impact on groundwater
quality as it may impact drinking water.

@ Proposed procedures for determining if wastes
are hazardous nave beer: issued.

© Utiiity wastes and spent oil shale classified as
“special” wastes; if hazardous, they must meet
moniioring requirements but not disposal
requirements; best economically attainable
disposabie technoiogy will be defined.

& Disposa; guideiines for non-hazardous utility
waste will be completed in 1981, other energy
wastes subject to state guidelines.
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FIGURE 7
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reducing conditions using less air than is required for complete
combustion. The result is that a wide variety of high molecular
welght organics, reduced sulfur compounds, and other potentially
toxic compounds are formed, presenting a different array of
pollutants than have been dealt with in the past.

We believe the air pollution problems may be particularly
serious. The synthetic fuel industry is expected to produce
a wide range of ailr emissions with potentially adverse environ-
mental effects if not adequately controlled. 0il shale retorting,
for example, will emit nitrogen oxides, sulfur oxides, reduced
sulfur species, ammonia, various volatile and partially oxidized
organics and, of course, particulate matter. The Prevention of
Significant Deterioration increments available may well pose
serious problems. The air pollution problems associated with coal
gasification and liquefaction are similar in many ways to those for
oil shale. These processes can generate significant quantities of
particulates, sulfur compounds, trace metals, high molecular
welght hydrocarbons and nitrogen oxides, etc. The sulfur species
may be particularly troublesome.

Water-related envirommental problems from synfuel production
may be just as complex. The o1l shale industry will need copious
water supplies for cooling compaction of spent shale, and for
revegetation of surface mined areas. Coal mining and coal conver-
sion will also have substantial water requirements for process
uses and revegetation. Supply of water for these activities will
be particularly crucial at some sites in the arid western part of
the country where oil shale retorting and some mine-mouth coal
conversion will occur. At other sites, mine dewatering and retort-
produced water from shale 01l production will produce excess water.
Among the water pollution problems of concern, spent shale, if not
properly handled, could create serious water quality problems from
the leaching of soluble contaminants into nearby ground or surface
water. With underground, modified "insitu" operations being
considered for oil shale, and possibly for coal, the opportunity for
groundwater contamination is even more likely than for surface
operations. Here again, the problem is particularly serious in
the western part of the country where groundwater is a vital resource.
From all types of synthetic fuel operations, raw process water
discharges will be highly contaminated by toxic materials (most likely
including carcinogens, mutagens, etc.) which would represent major
threats to both surface and groundwaters if not properly controlled.
It is expected that synfuel facilities will utilize process water
recycling to a great extent but this may not totally solve the water
pollution problems at all locations.

There are a variety of synfuel-related solid waste problems as

well. Both o0il shale mining and coal mining produce enormous amouats
of solid waste. Many of:the mining problems are similar to those
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encountered with conventional coal mining and can be solved
similarly. Surface reclamation techniques for strip mined
areas are particularly successful at least where an adequate
water budget exists. The solid residues of o0il shale retorting
and coal conversion are, however, another problem. Shale oil
production, for example, produces spent shale that is greater
in volume than the shale originally removed from the ground;
coal conversion technologies, both gasification and direct lique-
faction, will produce vast quantities of ash. Each of these
wastes will most likely contain a wide variety of potentially
harmful components and will have to be properly managed. Some
special wastes from synfuel plants such as spent catalyst from
coal conversion may be classified as "hazardous" under the
Resource Conservation and Recovery Act.

There is also concern about the possible toxicity of liquid
synthetic fuels themselves, both from the handling and usage
standpoints, including concern for both industrial employees and
the general public. Coal-derived liquid fuels, particularly those
produced by direct liquefaction, are of the most concern. These
liquid fuels are not of the same composition as ordinary crude oil
products. They are higher in nitrogen content, yielding higher
NO; levels upon combustion and they tend to contain more substancéas
which are potentially mutagenic or carcinogenic so that public
exposure to them through normal usage might represent a significant
health problem. More data are needed, however, on both conventional
petroleum products and synthetic fuels in this regard.

oo Pollution Control Guidance Documents - Part Of The Agency's Regulatory
Strategy

Regulating new, presently non-existent energy industries, of
course, presents different problems from regulating long-standing
segments of United States industry. The differences are of such
an extent that a unique regulatory approach is demanded. The
differences arise primarily from the facts that the new energy’
industries are, for the most part, not yet commercialized in the
United States, have potentially different effluents and emissions
from those from existing pollution sources and are being developed
on a telescoped. time frame under a governmentally-mandated response
to "the energy crisis."

Because of these circumstances, the general approach we are
taking is to issue, as preregulatory multi-media guidance, a series
of Pollution Control Guidance Documents, PCGDs--one for each of the
major energy technologies. The focal point of each PCGD is to be a
set of available control alternatives for each environmental discharge
(again, for all media) along with associated performance expectations
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and the basis for the alternatives presented. The intent is to
present guidance for plants of typical size and for each signifi-
cantly different feedstock likely to be used. PCGDs will not have
the legally binding authority of regulations but each will be
reviewed extensively both within and outside of EPA. These documents
will provide useful and realistic guidance to permit writers within
EPA and the States and to the energy industry itself during its
formative stages. As the energy industry develops, permits for
individual installations are being issued based on best engineering
judgment and, as the various PCGDs become available, permits will be
prepared in light of the information the PCGDs contain. Then, as the
energy “industries mature and as large-scale control technology data
become available, EPA will invoke its legally-binding regulatory
procedures, but in a coordinated, multimedia fashion; in the water
quality area, for example, this would mean the issuance of effluent
guidelines and establishment of appropriate water quality standards,
including consideration of related air quality and hazardous waste
requirements.

00 Processes To Be Covered

Although the major objective of a PCGD is to recommend pollution
control options, it will contain a great deal of background information
on the energy processes themselves and on process streams and pollutant
concentrations, and will, on the basis of a series of "case studies,"
offer specific technology~based control guidance for various kinds of
energy processes. Processes to be included will cover those that are
expected to be built for demonstration or commercial application first.
(Table 2 shows planned process coverage for the four PCGD's currently
being written). It is intended that discussion of product (e.g., low
Btu coal gas) uses also will be included if use is integral with the
manufacturing process. The process descriptions will detail the key
features of each process and their pollution potential, TIf various
process modifications are likely to be used, the changes in process
configuration will be covered and expected changes in pollutant
releases will be indicated. Pollutant releases that vary non-linearly
with plant size or flow rates will also be identified and quantified
to the extent possible.

The environmental control alternatives to be considered will
include both end-of~pipe treatment techniques and process changes.
Candidate control alternatives will be identified from existing
United States and foreign bench-, pilot- and commercial-ccale
facilities or from different United States or foreign processes
that have similar discharges. Performance and design will be
included as will information on capital, operating an annualized
costs. Energy usage for control alternatives will also be included.
Finally, techniques for monitoring control performance will be
identified. The source of all data will be clearly referenced xc
allow referral to original sources; uncertainties in the data will be
indicated.

43



TABLE 2

TECHNOLOGIES FOR WHICH PCGDs ARE CURRENTLY PLANNED

Indirect Liquefaction

Lurgi
Texaco Gasifiers

Koppers Totzek (K~T)

Fisher Tropsch
Mobil-M Conversion Systems

Methanol

0il Shale

Occidental
Rio Blanco
Lurgi
Paraho
Union
Colony

Lou Btu Gasifiers

-single bed, atmospheric, entrained
gasifiers with and without sulfur control

Medium/High Btu Gasifiers

Lurgi

K~T

Texaso

Others to be decided
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oo Permit Processing

Various actions have been taken which are aimed at expediting
permits on energy facilities issued by EPA. We have set up our own.
Permits Coordination Group to carefully track permits on all energy
installations, including the important synfuels ones. The Group
will identify potential processing problems early and enable .
appropriate remedial action to be taken almost immediately. We have
designated a single person in each of our Regional Offices to serve
as a special point of contact for new energy facilities. These
individuals have responsibility for assuring that timely review of
permits for new energy facilities takes place, that industrial permit
applicants are well informed as to when EPA will make decisions.
Industry, especially the small and medium-sized firms, has responded
very positively to this concept.

We now set target dates for permit processing based on the
requirements of individual permit applications. The complexity of
individual cases varies considerably and by tailoring the review
schedule to each individual case, a much shorter average turn-a-round-
time can be achieved than if a general schedule sufficient for -all
applications is used. For surface water discharge permits involved
with surface mining of coal, a memorandum of understanding is being
developed with the Department of the Interior's Office of Surface
Mining (OSM). With this arrangement, OSM could issue a single permit
under an agreement with EPA that OSM's comprehensive review procedure
would also meet EPA's legislative requirements.

EPA has already issued several air pollution control permits for
01l shale development. This early group of permits includes the Colony
Development Operation of Exxon and TOSCO Corporations, the first
commercial-scale shale retorting facility for which a permit has beern
granted in the United States. EPA's permit will eventually allow Co.ony
to expand and produce 46,000 barrels per day of low sulfur distillates
and other by-products. The permit will also allow Colony to construct
and operate: (1) a 66,000-ton/day underground oil shale mine, (2) a
surface o0il shale retorting facility and (3) extensive support facilities
including a 194-mile pipeline and a loading terminal. PSD permits have'
also been issued for the non-commercial-~scale projects of Union 0il,
the C-b tract (Occidental and Tenneco), and Rio Blanco (Gulf and Standard
of Indiana). Another synthetic fuels facility which has received
a PSD permit is the Great Plains Gasification Associates Coal gasificeation
plant in North Dakota. This commercial facility will produce 125
million standard cuﬁic feet per day of high Btu synthetic fuel gas.

Finally, a redent‘deVelopment in regulatory procedures to expedite
permitting is the Consolidated Permit Program (4). The new consolidated
permit regulations combine the requirements for the following five
programs covered under four different Federal environmental laws:
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o the National Pollutant Discharge Elimination System (NPDES)
program of the Clean Water Act;

o the Prevention of Significant Deterioration (PSD) program of
the Clean Air Act (but only where EPA itself is the permitting
authority and only to specify permit procedures) ;
Drinking Water Act (SDWA);

o the Hazardous Waste Management program under the Resource
Conservation and Recovery Act (RCRA);and

o the Dredge and Fill (Section 404) program under the Clean Water At

The consolidated permit regulations and associated application forms
provide a framework for simultaneously processing multiple EPA permit
applications for the same facility. Standard information can be
provided on a single form along with information required for specific
permiting activities. Also, where appropriate, EPA has the ability

to consolidate draft permits, public notices, public hearings and
administrative records for all permitting activities for the facility
or activity. These procedures should not only expedite the permitting
process but also provide an opportunity for better comprehensive
assessment of multimedia environmental control. The results should be
more consistent and more efficient control requirements.

RESEARCH PROGRAM

EPA's energy and environmental research program is based on the
belief that increased domestic energy production need not come at the
cost of a deteriorating enviromment and threats to public health and
welfare. The Federal Interagency Energy/Environment Research and
Development Program was established to provide the information necessary
to develop a scientific rationale for policies that strike a balance
between ample domestic energy production, reasomnable cost and
environmental quality. This interagency effort is divided dinto two
major research programs: health and environmental effects, and control
technology.

The health and envirommental effects program is designed to
identify energy related pollutants in the enviromment, the mechanisms
by which they move through the environment and their resulting effects
on human, animal and plant populations.

The control technology program provides information on the types
and quantities of pollutants released by energy supply activities and
develops, or stimulates the development of, control options where
necessary. A major thrust of research in the control technology program
is the generation of technical and cost 1nformat10n on which reasonable
environmental standards can be based.

EPA's research program emphasizeé the géneration of da:a
necessary to support the establishment and implementation of technoioiy-
based environmental guidelines. This information will be used to assist,
and ultimately minimize, environmental damage resulting from a broad arra:
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of energy fuels and processes. Those systems judged to have the
greatest potential for near-tearm negative impact will receive study priority.

Over the next five years, the focus of the research program will be
on the current and projected coal fuel and oil shale cycles. Over the next
fifteen years, coal and o0il shale production and use are expected to grow
faster than any other fuel source, and they both demonstrate the potential
for creating major environmental problems throughout the fuel cycle. 1In
addition, coal is expected to be the dominant fuel employed for electricity
production and will be used increasingly as a feed stock for synthetic
liquids and gases.
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FGD ECONOMICS IN 1980

By

G. G. McGlamery, W. E. O'Brien, C. D. Stephenson, and J. D. Veitch
Division of Energy Demonstrations and Technology
Office of Power
Tennessee Valley Authority
Muscle Shoals, Alabama

ABSTRACT

Presented in this paper is a review of recent results from EPA-
sponsored flue gas desulfurization and byproduct/waste disposal economic
evaluations prepared by TVA. Included are a summary of comparative c¢apital
investments and annual revenue requirements from a three-phase effort to
evaluate the leading FGD processes, and similar results from three phases
of sludge disposal studies. Data from a 1985 projection of FGD byproduct
sulfur/sulfuric acid marketing potential are given. '

A new series of FGD process evaluations is also previewed including
a set of updated evaluation premises which will be utilized in the early
1980's. Examples of the effects of the revised premises on limestone
scrubbing economics are shown. Finally, results are provided from a recent
evaluation of limestone scrubbing in a spray tower using adipic acid,
forced oxidation, and gypsum disposal by stacking.

Preceding page blank
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FGD ECONOMICS IN 1980

INTRODUCTION

Through the publication of numerous studies sponsored by EPA and
other organizations, a great deal of understanding and a broadened
perspective of FGD economics have been developed during the past decade.

As we enter the 1980's, interest in FGD economics continues as strong as
it was 10 years ago. Changes in technology, environmental regulations,
economic conditions, and design philosophies all affect the projection

of FGD economics to such an extent that constant reassessment is necessary.
Neither the pace nor the effects of these changes can be expected to
diminish soon.

The interagency EPA-TVA program to evaluate FGD economics that began
in 1967 is now well into its second decade of activity. Projects to
evaluate the economics of leading nonrecovery and recovery FGD processes,
waste disposal processes, coal-cleaning systems, and byproduct marketing
studies have all been a part of this program. Results from much of this
work have been reported at earlier symposiums.

During 1980, additional results have been derived from the continuing
program. This paper summarizes most of the recent published data and
work in progress. First, a summary of results from three reports on
comparative FGD process economics is presented. Second, a summary of
information from three published reports on sludge disposal economics is
given. All six of these reports utilize the same time frame (1977-1980)
and design and economic premises. Reported next are the data from a
1985 projection of FGD byproduct sulfur/sulfuric acid marketing.

A new series of FGD process evaluations was begun in 1980 using an
updated set of design, regulatory, and economic premises more typical of
conditions to be faced in the early 1980's. Evaluation projects using a
costing time frame of 1981-1984 are previewed on dry scrubbing processes,
limestone process alternatives, gypsum-producing processes and ash '
disposal systems. The new premises are also described, as is a stepwise
conversion of limestone scrubbing economics from the old premises to the
new premises.

In the final portion of the paper, results are projected for an
advanced limestone scrubbing process using a spray tower, adipic acid
additive, forced oxidation, and gypsum stacking. This particular evalua-—
tion is for a limestone system expected to come into common usage in the
future if scheduled large-scale process development is successful and
environmental acceptability is proven.
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Because the results presented herein are from a variety of studies
using different premises, special caution should be exercised in utilizing
the results. Particular attention should be paid to the different
designs evaluated for the limestone scrubbing process.

FGD ECONOMIC STUDIES

In 1977 TVA began a series of FGD economic studies designed for the
twofold purpese of updating previously evaluated processes and integrating
evolving technologies into the EPA-TVA FGD economié¢ studies. Three
reports (1,2,3), two of which have been published, covering seven FGD
systems and two processes for producing sulfur from FGD SO03, have been
prepared. The limestone and lime scrubbing processes were updated from.
an earlier report, as were the magnesia and Wellman-Lord scrubbing
processes (4). A generic double-alkali process was included to represent
this important type of nonrecovery FGD process. The citrate process and
the Rockwell International aqueous carbonate process (ACP) were included
as emerging sulfur-producing processes. The ACP represents two areas of
new FGD technology, spray dryer FGD and the use of coal as a reducing
agent to produce sulfur. The latter technology was also represented in
this series of studies by the Foster-Wheeler Energy Corporation Resox®
process and the Allied Chemical coal/SO2 reduction process, both of
which utilize coal to produce sulfur from SOj. Schematic flow diagrams
of all the processes evaluated in this series are shown in Figure 1.

These processes represent a range of development from established
technology (the limestone and lime), through demonstration and recent
commercialization (the double-alkali, citrate, magnesia, and Wellman-
Lord scrubbing processes), to less—developed processes (the ACP and the
Resox® and Allied coal reduction processes).

The same premises, based on a 500-MW power plant burning 3.5%
sulfur coal, meeting the 1.2 1b SO2/MBtu NSPS, and using mid-1979 capital
costs and mid-1980 annual revenue requirements, were used throughout.
As in other EPA-TVA economic studies, these base-case conditions were
systematically varied to evaluate differéent fuel, power plant, and FGD
conditions. In all, over 100 case variations of 9 basic FGD processes
were evaluated. In addition, in recognition of the growing importance
of energy in design considerations, a ground-to-ground energy evaluation
was made for some of the processes.

Process Descriptions

The limestone, lime, and double-alkali processes produce a waste
slurry that is disposed of in a pord. In the limestone process the flue
gas is scrubbed with a slurry of ground limestone, forming calcium "
sulfur salts that are discarded by pumping a purge stream to a disposal
pond. The lime process is similar except that a slurry of lime is used
as' the scrubbing medium. .In the double-alkali process a solution of
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Figure 1. TFGD process flow diagrams.
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sodium sulfite is the scrubbing medium. The spent solution is reggnerated
by adding lime, producing calcium sulfur salts that are ﬁiscarded.ln a
disposal pond. A slurry of magnesium oxide is used as tpe scrubbing
medium in the magnesia process. The spent slurry is dewatered, dried,

and thermally decomposed to regenerate the magnesium oxide a?d produce

S0y which is converted to sulfuric acid in a conventionag acid plant.

The citrate process is a wet scrubbing process using a sodium
citrate solution as the absorbent. The absorbent is regenerated and the
SO, compounds reduced to elemental sulfur by liquid-phase reduction
using HpS. The HpS is produced by reducing some of the product sulfur
using natural gas.

In the Wellman-Lord process a solution of NapS03 is the scrubbing
medium. Reaction with SO, produces NaHSOj3 which is heated to evolve 509
and regenerate NaySO3. Other sodium compounds, primarily Na9S04, form
and must be removed. Unlike the magnesia process, which produces a
dilute SOy off-gas, the Wellman-Lord process produces an SO9-rich off-
gas more suitable for direct reduction to sulfur. In these St%dies it
is evaluated with a sulfuric acid end plant and with the Resox™ and
Allied coal reduction processes.

The Resox® process consists of a vertical reactor through which
rice-sized anthracite flows by gravity at a controlled rate. The SO02-
rich off-gas is mixed with controlled amounts of water and air, heated,
and passed through the reactor. In a complex series of reactions some
anthracite is oxidized to maintain the reaction temperature and most of
the SOy is reduced to sulfur. A noncaking coal such as anthracite is
necessary. Careful control of residence time, temperature, and S0,:Hy0
ratio is necessary to limit the thermodynamic tendency of the sulfur to
go to HoS. Sulfur is condensed from the emerging gas and the remainder
is burned to convert the sulfur compounds to SO; and returned to the FGD
system.

The Allied process uses a slightly pressurized fluidized-bed reactor
containing a mixture of -ground power plant coal and silica sand through
which the SOy off-gas, mixed with a small quantity of air, is passed.

Most of the SOp is reduced to sulfur but appreciable H)S is also producec.
The off-gas is passed through a particulate collector, a liquid sulfur
scrubber to condense the sulfur, and a Claus unit to oxidize the'HyS to
sulfur before the residue is incinerated and returned to the FGD system.
The process also includes coal drying and grinding facilities and sulfur
cooling and filtration facilities.

The ACP consists of spray dryer absorbers using a soda ash solution
followed by ESP's to collect the sulfur salt particulate matter and
residual fly ash not removed in upstream cyclones. The particulate
matter is mixed with ground power plant coal and injected into refractory-
lined reactors. Air is injected to maintain a reaction temperatuve of
1500°F, at which the sodium salts are molten. Most of the sulfur is
reduced to the sulfide. The reactor off-gas is scrubbed to remove
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chlorides and ash and used as a COy source. The melt overflows to a
quench/dissolving tank. The dissolved melt is treated with process H»S
to form NaHS and then with process CO2 to produce H9S and NalCO3, which
is further reacted with COp off-gas to produce NapCO3. The HpS is
processed to sulfur in a conventional Claus unit.

Economic Results

The base-case costs for each of the nine processes are shown in
Table 1. Except for the ACP, the costs are product-related, falling
into separate groupings of waste-, acid-, and sulfur-producing processes
in both capital investment and first-year revenue requirements. The
differences in cost between the waste-producing and acid-producing
processes are essentially the costs for absorbent regeneration; ponding
costs and acid plant costs do not differ greatly and raw material costs
do not differ sufficiently to produce large cost differences. The
higher costs for sulfur-producing processes are the result of the added
costs for reduction of sulfur oxides. Here coal reduction holds a
strong advantage over other fossil reducing agents. In the citrate
process, 16% of the annual revenue requirements (1.06 mills/kWh of 6.44
mills/kWh) are for natural gas to produce HyS. 1In contrast, reducing
coal costs range from 9% (Resox®) to 4% (Allied).

TABLE 1. FGD PROCESS ECONOMIC COMPARISONS

Mid-1980 first—yeér
Mid-1979 capital revenue requirement,

investment, S$/kW mills/kWh
Waste-Producing Processes
Limestone 98 4.02
Lime 90 4.25
Double alkali 101 4.19
‘Sulfuric Acid Processes
Magnesia . 132 5.08
Wellman-Lord/sulfuric acid 131 5.11
Sulfur Processes
ACP 119 4.81
Wellman~Lord/Resox 138 6.03
Wellman-Lord/Allied 141 5.94
Citrate 143 6.44
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The anomalous capital investment of the ACP results from a credit
for the unnecessary separate fly ash ESP's and from the intrinsic chloride
purge from the reducer off-gas quench. If no ESP credit is given (as in
an existing plant with ESP's in place) its capital investment becomes
137 $/kW. Similarly, if no chloride removal is necessary in the wet
processes, these process costs are reduced about 10 $/kW. TUnder these
conditions, the ACP becomes the highest in capital investment. Specific
power plant conditions are thus important in the comparative capital
investments of the regeneration processes. In first-year revenue require-
ments the lower costs for the ACP are less site specific. It has low
raw material costs and low utility costs that prevail regardless of
specific fuel and power plant conditions.

Ground-to-Ground Energy Assessment

As a part of this series of FGD studies, a ground-to-ground energy
assessment of the limestone, lime, and magnesia processes was made.
This consisted not only of the FGD energy requirements but the energy
consumed in mining, processing, and transportation of the raw materials,
the disposal of wastes, and an energy credit for the sulfuric acid
produced. The assessment represents, in a sense, the energy removed
from a hypothetical energy reservoir because of the operation of the FGD
systems. A credit is given for the sulfuric acid because it replaces
acid that would be produced from sulfur, and thus the energy that would
have been consumed in mining and transporting the sulfur and producing
the acid. The results are shown in Table 2 and Figure 2.

TABLE 2. FGD GROUND-TO~GROUND ENERGY REQUIREMENTS

Btu/1lb sulfur removed

Function Limestone Lime Magnesia
Mining 438 356 25
Absorbent processing - 6,198 161
Transportation 176 143 33
FGD 14,042 13,165 26,387
Waste disposal 22 15 -

Total 14,678 19,877 26,658
Byproduct credit - ~ (5,491)
Net total 14,678 19,877 21,115
Btu/kWh 291 395 420
% gross power unit output 3.2 4.4 4,7
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The ground-to-ground energy comparison shows considerably different
relationships than comparison of FGD energy requirements alone. ?he FGD
energy requirements of the magnesia process (typical of.regeneratlon
processes) are about twice those of the limestone and llge processes.
The. absorbent energy requirements are low for the magnesla pProcess
because only makeup magnesia is used. In contrast, the lime process,
which has the lowest FGD energy requirements, has much higher egergy
requirements when the energy for calcining lime is included. With the
byproduct credit included, the magnesia process is not appreciably more
energy intensive than the lime process.

Energy requirements cannot, of course, be directly related to FGD
costs. Energy consumed in absorbent production and transportation, for
example, is seen only indirectly, as it affects raw material costs. In
addition, the form of the energy may have an important effect on costs.
The magnesia process uses fuel oil for over one-third of its energy
requiréments whereas almost all of the limestone and lime energy
requirements are met with coal. The significance of these differences
on costs is dicussed further in the byproduct marketing portion of this
paper.

FGD WASTE DISPOSAL ECONOMICS

Also during the past three years, TVA has conducted a series of
evaluations for EPA on the economics of disposal processes for flue gas
cleaning wastes. The first three studies (5,6,7) deal with the disposal
of fly ash and scrubber wastes from limestone/lime FGD systems. In all,
seven disposal methods were evaluated covering a range of existing or
potential disposal options of the late 1970's. All of the evaluations
were based on the same premises, using as the basis a 500-MW power plant
burning a 3.5% sulfur eastern coal and scrubbing with a limestone slurry
to meet the then-existing 1.2 1b S/MBtu NSPS. In addition, over 175
case variations representing various power plant, fuel, waste treatment,
transportation, and disposal site conditions were evaluated. Schematic
flow diagrams of the processes are shown in Figure 3.

Except for the gypsum process, the scrubber waste consists of a 15%
solids slurry with a sulfur species composition of 857 CaS03°1/2H20 and
15% CaS04*2H70. Fly ash is included in the slurry except for the
sludge -~ fly ash blending and Dravo landfill processes. In dewatering,
30% solids from the thickener and 60% solids from the filter is used.
For the gypsum process essentially all the sulfur is CaS04-2H20 and the
filtered solids 1s 80%.

Process Descriptions
The untreated ponding case assumes that the efflueat is pumped
directly to an earthen-diked pond. The Dravo, IUCS, und Chemfix processes

are all commercial fixation processes using somewhat different approaches
to treat dewatered FGD sludge. All depend on additives that produce
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cementitious chemical reactions. The types and quantities of the
additives and the degree of dewatering can be controlled to produce a
soillike material over a curing period of hours or months. The Dravo
process uses their product Calcilox,® a processed blast furnace slag,
sometimes with lime or fly ash, or both. Depending on the dggree of
sludge dewatering and materials added, the treated material is pumped to
permanent or temporary pond storage or it is hauled to disposal éfter a
curing period. The IUCS process uses lime and fly ash blended with
dewatered sludge to produce a soillike solid. The Chemfix process uses
portland cement and sodium silicate blended with dewatered sludge to
produce a soillike solid. The process is said to provide an encapsula-
tion that reduces leaching. For comparison, a sludge - fly ash blending
process without purchased additives, is included. The gypsum process
differs in that air oxidation equipment is added to the scrubber loop,
permitting production of the more easily dewatered and denser CaSOy-2H20.
It is assumed this material can be dewatered and handled as a solid
without stabilization or fixation with additives., Finally, a process
using the sludge - fly ash blending process with disposal in a surface
mine is evaluated.

Economic Results

) Cost breakdowns of the base cases by processing areas were made, as
shown in Table 3, to facilitate identification of cost elements and
comparison of different disposal processes. The sludge - fly ash blend-
ing process, the mine disposal process, and the Dravo landfill process
require inclusion of ESP costs for comparison with the other processes.

In those cases in which fly ash is collected separately the cost of
ESP units and their operation is a major component of the waste disposzl
costs. In comparison, simultaneous fly ash removal results in relatively
modest increases in thickening and filtration costs. Separate collection
of fly ash is, of course, possible with all of the processes evaluated
and would require similar costs for all processes. In comparison of
landfill disposal practices having separate fly ash collection, cost
differences would largely be reduced to the raw material portion of t
cost breakdown.

1
ne

For the processes using purchased rfixatives, raw materials are an
important element of both capital investment and first-year revenue
requirements. Fly ash handling is also a relatively expensive element.
The advantage of a single fixative is illustrated by comparison of raw
material costs for processes that use two additives with processes that
use one. Thickening is the largest capital investment cost element,
excluding ESP costs, for all of the nonponding processes. It is also a
large cost element in annual revenue requirements. Filtration is also
a large cost element, though considerably less so than thickening.
Dewatering costs for the gypsum process are lower than the other s mul-
taneous fly ash - FGD waste filtration processes because of the predicted
superior filtration characteristics of the high-sulfate sludge. Mixing

costs are a minor part of both capital investment and annual revenue
requirements.

60



19

TABLE 3. MODULAR COSTS BY PROCESSING AREA FOR EIGHT DISPOSAL PROCESSES

‘Capital investment by processing area, $/kW
Other Raw materials Thickening Filtration Mixing Storage Disposal Total

Ponding 1.4 33.0 34.4
Dravo ponding 9.0 8.4 0.5 30.3 48.2
IUCS 4.2 8.5 4.1 1.1 3.5  21.4
Chemfix 8.5 9.1 4.8 1.6 3.1 27.1
Sludge-fly ash blending 19.22 4.4 6.3 2.5 0.9 3.1 36.4
Gypsum 4.6 5.2 3.0 2.6  15.4
Mine disposal 19.22 6.4 . 6.2 2.5 0.9 2.0  35.3
Dravo landfill 19.22 6.2 6.0 2.2 0.8 1.1 3.8 39.4
First-year revenue requirements by processing area, wmills/kWh
$/ton
dry waste
Pouding 0.14 0.80  0.94 8.1
Dravo ponding 0.91 0.24 0.03 0.74 1.91 15.3
1UCS 0.44 0.29 0.18 0.06 0.54 1.51  12.6
Chemf ix 0.97 0.29 0.19 0.06 0.49 2.00  15.9
Sludge-fly ach blending 0.56° 0.22 0.24 0.11 0.05 0.45  1.64 9.3
Gypsum 0.294 0.29 0.16 0.44  1.18 7.9
Mine disposat 0.56¢ 0.22 0.25 0.11 0.05 0.36 1.54 8.2
Dravo landfill 0.56 0.57 0.22 0.10 0.05 0.03 0.47 2.00 11.9

Basis: 500-MW power plant, 127,500-hour life, 7,000 hr/yr revenue requirement basis; 3.5% S, 16%Z ash coal; fly ash
removal in scrubber where cost is not shown. Limestone scrubber, 1.5 stoichiometry, 15% solids waste to
disposal system.

$9,614,000 ESP cost for separate fly ash collection.

$2,393,000 air-oxidation modifications.

$1,675,000 ESP operatf:, costs.

81,035,000 air-oxidation operating costs
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Transportation and disposal site costs illustrate fundamental
differences between ponding and landfill disposal methods. Capital
investment for ponding transportation and disposal site costs is‘an
order of magnitﬁde greater than the capital investment for landfill
transportation and disposal site operations. Capital investment for
transport lines is also an important element in ponding. Among the
landfill and mine disposal processes, transportation and disposal site
costs are a relatively minor element of total capital investment.

First-year revenue requirements for ponding transportation and
disposal site costs are also higher than those for landfill and mine
disposal although the differences are less pronounced. About two-thirds
of the annual revenue requirement direct costs for ponding transportation
and disposal site operations consist of pond maintenance. Transportation
of the waste is a relatively minor cost element. In contrast, about
four-fifths of the annual revenue requirements direct cost for landfill
and mine disposal transportation and disposal site operations is for
labor and supervision, much of it for loading and hauling.

In overall comparison of the processes evaluated, the most important
capital investment cost elements are separate fly ash collection, raw
material handling, thickening, and pond construction. Large cost elements
in first-year revenue requirements are separate fly ash collection, raw
material purchase and handling, and disposal.

The most important variations from the base-case conditions affecting
costs are power plant size, coal sulfur and ash content, and transportation
distance to the disposal site, as shown in Figure 4. Coal sulfur content
affects costs both through the volume of waste to be processed and
disposed of and, for processes using fixatives, the quantity of fixative
required. Costs for the disposal processes increase at different rates
with increasing sulfur content, depending on the relative influence of
these factors. Fixation processes increase in cost more rapidly than
the processes that do not use purchased fixatives. Distance to the
disposal site illustrates an important difference between the ponding
and landfill processes. Ponding investment costs increase dramatically
as the distance increases to 5 and 10 miles. In contrast, transportation
costs for landfill processes decrease more slowly with distance. The
relatively small cost advantages of mine disposal are lost in higher
transportation costs if the comparison is made between a landiill onsite
and a mine over a few miles from the power plant. From a purely econom:.c-
viewpoint, mine disposal requires very close proximity of power oslant
and mine for its economic advantages to be realized.

BYPRODUCT MARKETING

The EPA-sponsored FGD byproduct’ marketing system began as a limited
production-marketing model for sulfuric acid in the early 1970's (8).
Several expansions of the methodology led in 1978 to the basis of the
present system (9), a comprehensive analysic of the potential of FGD

62



€9

EFFECT OF POWER PLANT SIZE ON WASTE DISPOSAL COSTS. EFFECT OF COAL SULFUR CONTENT ON WASTE DISPOSAL
COSTS.

60}~ 60}~

—

Capital investment, $/kW

N &~

o (=]

i |
///
Capital dinvestment, $/kW

N ~

(=] (=]

T )
£ AN (S

"
L
L

N
w
F-
w

400 800 1200 1600 1

£ 3t E ir l--Untreated ponding
X 1--Untreated ponding = 2--1UCS
) 2 2--TUCS _ v 3--Sludge-flyash blending
o 5\\ 3--Sludge-flyash blending B 4--Gypsum
B L 4--Gypsum - 5--Dravo landfill
- \ 5--Dravo landfill 8
2 21 § 2t
[=3
@ 3]
E (Y]
g - 2
= 2 5 / //
:.
g g ! /
5.0 g 3
[ 1 - b
: g 0 !
g B
2 ¥
- —
¢ :
1 =]
£ | 1 ! B < I ! 1 1 ]
< ; Ty N 1 2 3 4 5
400 800 1200 1600
Power plant size, Mi Sulfur in coal, %
Tigure 4. Tiioct of process v#vjaiic. s on disposal costs.



¥9

Capital Investment, $/kW

Annual revenue requirements, mills/kWh

(=

60

&
[~}

N
(=]

EFFECT OF COAL ASH CONTENT ON WASTE DISPOSAL COSTS.

2
5
3
4
1 ] !
12 16 20
1--Untreated ponding
2-~TUCS
3--Sludge-flyash blending
4—~Gypsum
5--Dravo landfill
s ”’“~—('___a_,_____—#ﬁ?______.____
2_,_/
[/pu——
3
) ey

- i e J
2 16 20

Ash in coal, %

Capital investment, $/kW

Annual revenue requirements, mills/kWh

80

60

40

20

EFFECT OF DISTANCE TO DISPOSAL SITE ON WASTE
DISPOSAL COSTS.

Sownn

wiN

1--Untreated ponding
2--TUCS

3--Sludge-fly ash bléndirg
4—-Gypsum
5--Dravo landfill}
6--Mine disposal

owo &

Distance to disposal site, miles



byproduct sulfur and sulfuric acid production and marketing by U.S.
electric utilities. Basically the system compares low-sulfur fuel and
regeneration and waste-producing FGD costs for existing and planned U.S.
utility power plants, determines FGD byproduct revenue from sales to
U.S. sulfuric acid plants, and determines the mix of strategies that
results in the least-cost option and the highest total revenue from FGD
byproduct sales. FERC and published utility data, transportation data.
and U.S. sulfuric acid plant data are used. TVA process economics,

scaled to projected power plant operating conditions, determine FGD
costs. :

An updated projection of FGD sulfuric acid marketing potential for
1983 was published in 1979 (10), as was a users manual for the com—
puterized system (11). The 1983 projection also contained a manually
prepared forecast of FGD sulfur marketing potential. Several trends
became apparent in the 1983 projection: rapidly evolving FGD technology;
disproportionate fuel cost changes, particularly for petroleum products;
changes in historical patterns of utility coal use and sulfur and sul-
furic acid production; and evolving environmental legislation promised
to influence earlier patterns of FGD byproduct production.

. Developments in FGD, such as the recognition that chloride control
was necessary in some cases for regeneration processes to prevent loss
of absorbent effectiveness, special purge systems, and severe corrosion
problems, altered FGD costs. New technologies, such as spray dryer FGD
and coal reduction, promised further changes. The type of fuel used in
the FGD process was also becoming an important economic factor. The
growing importance of secondary sulfur and sulfuric acid production was
seen to be a potentially important consideration. Legislation such as
RCRA and the 1979 NSPS revisions, restricting waste disposal options and
the use of low-sulfur fuel, would be important in FGD economics in the
1980's. It was also apparent that the usefulness of these projects
would be increased by extending them further into the future, on a scale
similar to the time period required for power plant planning and
construction.

Beginning in late 1979, a projection for 1985 was started. Although
a 1990 projection would have been more desirable, availability of data,
particularly on power plant construction, coal use, and fuel costs,
precluded a projection beyond 1985 at that time. Numerous system changes
were made, including updated FGD technologies (limestone throwaway, '
magnesia to acid, and ACP for sulfur), a general updating of power plant,
transportation, and acid plant data, inclusion of a spray dryer FGD
sulfur-producing process, and inclusion of Canadian sour gas sulfur as a
market factor in the upper United States. The results, which were
published this year (12), showed a number of changes from previous
projections.

The combined sulfur and sulfuric acid market for 1985 was projected

to be 165,000 tons of sulfur from 11 power plants and 554,000 tons of
sulfuric acid from 6 power plants. The total benefits for the electric
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utility and sulfuric acid industry were about $20,000,000. The results,
shown in Table 4, differ considerably from the 1983 projection, which
showed 1,200,000 tons of sulfuric acid but no sulfur.

Several factors are important in both the total FGD byproduct
production projected and the sulfur-sulfuric acid mix. Most of the
production of both comes from new plants projected for a 1985 startup,
which were assigned to regulation under the 1979 revised NSPS for
modeling purposes. In addition, inclusion of fixation and landfill
disposal in the limestone scrubbing process used for the waste-producing
FGD option enhances the FGD byproduct option, although limestone scrubbing
remains the predominate FGD option.

Sulfuric acid production was reduced by several factors, among:
which increased costs for the magnesia process used in the FGD model
were most important. Inclusion of provisions for chloride control and
the cost of fuel oil in the process were particularly important. The
increase in potential FGD sulfur production stems largely from the use
of a spray dryer recovery FGD process based on the Rockwell International
aqueous carbonate process. Reduced costs in the form of simultaneous
fly ash and particulate sulfur salts collection and the use of coal as
the reducing agent, were important factors. In maximizing the combined
sulfur-sulfuric acid market, all of which is assumed to be sold to
sulfuric acid plants, alternate markets for sulfur were also more prevalent
than those for sulfuric acid. )

The 1985 projection indicates several factors that will have important
influences on FGD byproduct production by the late 1980's. Environmental
legislation affecting waste disposal practices and the restricting use
of low-sulfur coal as a compliance strategy could enhance the economic
attractiveness of regeneration FGD processes. The economics of byproduct
FGD processes that use coal as the fuel in the regeneration-manufacturing
process will be more favorable than those using oil or natural gas.
Similarly, processes that combine flue gas cleaning functions, such ‘as
fly ash and sulfur salt collection, will have important economic advantages.

Fuel 0il Price Escalation

An interesting aspect of FGD economics in the past few vears, as
the cost basis has been projected into the 1980's, is the disproportionate
effect of energy costs. This is particularly apparent in the byproduct
marketing studies, which are projected further into the future than most
FGD economic studies. In the 1985 projection a 15% annual inflation
rate for No. 6 fuel oil was used, based on petroleum cost projections
available in early 1980. As an illustration of the effect of this rate

on costs, equivalent cost increases for fuel o0il, natural gas, and coal
are shown below.
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TABLE 4. 1985 PROJECTION OF THE PRODUCTION AND DISTRIBUTION

OF FGD SULFUR AND SULFURIC ACID

Power plant location Tons Consumer location Tons
Sulfur
Staten Island County,:NY 7,000 Newark, NJ 7,000
Martin County, FL 28,000 Pierce, FL 28,000
Washington County. FL 20,000 Dothan, AL 7,000
White Springs, FL 13,000
Sherburne County, MN 8,000 Dubuque, IA 8,000
Westmoreland County, PA 24,000 North Bend, CH 8,000
Copley. OH 16,000
Montgomery County, MD 10,000 Baltimore, MD 10,000
Shelby County, AL 12,000 Tuscaloosa, AL 12,000
Williamson County, IL 11,000 East St. Louis, IL 11,000
Rusk County, TX 9,000 Fort Worth, TX 9,000
Henderson County, TX 7,000 Fort Worth, TX 7,000
Armstrong County, PA 29,000 Cleveland, OH 29,000
165,0002 165,000%
Sulfuric Acid
Person County, NC 103,000 Richmond, VA 36,000
Wilmington, NC 26,0CG
Norfolk, VA 41,000
Jasper County, IL 122,000 Tuscola, IL 122,060
Pike County, IN 51,000 Indianapolis, IN 51,000
Northhampton County, PA 182,000 Deepwater, NJ 95,000
Edison, NJ 74,000
Gibbstown, NJ 13,000
Delaware County, PA 53,000 Gibbstown, NJ 53,00C
Titus County, TX 43,000 Shreveport, LA 43,000
554 ,000° 554,000°

a. The potential revenue/savings to both industries combined is
projected to be as much as $10,000,000 for an approximate
average of $60/short ton of sulfur.

b. The potential revenue/savings to both industries combined is
projected to be as much as $:6,500,000 for an approximate
average of $19/short ton of sulfuric acid.
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Equivalent price increase, 1979-1985

Annual price No. 6 fuel oil, Natural §as, Coal,

escalation, % $/gal $/kft $/ton
5 0.20 1.37 30.13
15 0.79 5.29 116.32
25 1.69 11.33 249.36

To equal the price increase projected for fuel oil, for example,
the price of coal would have to increase over 100 §/ton. Processes such
as the magnesia process that use fuel oil are thus placed at a dis-
advantage compared with processes such as the ACP using coal.

The effect of fuel o0il price escalation on the cost of FGD sulfuric
acid is shown in Figure 5. The effect is twofold, first in FGD costs
and second in the avoidable production costs to acid producers. This is
a cost calculated by the byproduct marketing system to determine the
price of FGD acid at each acid plant. It represents the break-even
point between buying FGD acid to meet marketing requirements and producing
acid. In shutting down an acid plant, however, steam production is lost
and normally must be replaced by a boiler. Because of size, this
logically would be an oil-fired boiler. High fuel oil price escalation
rates thus decrease avoidable production costs, resulting in the need of
a higher acid price margin to make the purchase of FGD acid economical.
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FGD AND SOLID WASTE PROCESS EVALUATIONS IN PROGRESS

With the completion of the 1977-1980 series of SOy control and FGD
solid waste process designs and evaluations, plans were made for extension
of the series to other important FGD and waste disposal processes not
yet evaluated. During the planning cycle, dry scrubbing processes were
just beginning to capture strong interest. Therefore, the first new
study for the 1980's was a preliminary economic evaluation of this
technology. The first report on a lime spray dryer system for a western
low=sulfur coal application was published during early 1980 (13). A
second more detailed report summarizing current dry FGD process technology
and the economics for both low- and high-sulfur coal will be published
soon (14). T. A. Burnett will present results from these reports in a
paper to be presented later in the symposium.

A second project is now underway to prepare a report summarizing
the designs and economics of wet limestone-lime processes which have

been studied at the EPA-TVA Shawnee Test Facility. Thirteen different
process variations included in this report are listed below.

1. Turbulent Contact Absorber® (TCA) ~ Onsite ponding
2. TCA - Forced oxidation - Landfill
3. TCA - Forced oxidation Adipic acid - Landfill
4. TCA - Forced oxidation - Mgd - Landfill
5. Spray Tower (ST) - Onsite ponding
- 6. ST - Forced oxidation - Landfill
7. ST - Forced oxidation - Adipic acid - Landfill
8. ST - Forced oxidation — Mg0 - Landfill
9. Venturi-Spray Tower (V-ST) - Onsite ponding
10, V-ST - Forced oxidation -~ Landfill
11. V-ST - Forced oxidation =~ Adipic acid - Landfill
12, V-ST - Forced oxidation -~ Mg0 - Landfill

13. Venturi - Forced oxidation - Adipic acid - Landfill

The final report should be available during 1981.
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A third project, which is about half completed, 1s a study of three
leading gypsum-producing FGD systems. The Dowa process, which was
developed in Japan on oil-fired boilers, is being marketed in the inted
States by UOP and has been tested on a 10-MW prototype at Shawnee, 1s
one of the processes. The Saarberg-HBlter process, a German-developed
system marketed by Davy-McKee in the United States, 1is the second process.
The third system is a limestone spray tower using adipic acid addition,
forced oxidation, and gypsum stacking for waste disposal. The report
for this project is expected to be ready for distribution in mid-1981.
There are other gypsum-producing processes being developed for commer-
cial use; it is hoped that these can be evaluated in a future study.

The last defined project now underway in the expanded series is an
evaluation of ash disposal systems and practices for coal-fired power
plants. The draft report for this project has been prepared and publica-
tion is expected shortly.

The ash disposal methods evaluated in this study are represented by
five base~case processes based on major utility ash disposal practices.
Four base cases represent disposal of noncementitious eastern coal ash.
They consist of (1) direct sluicing of combined fly ash and bottom ash
to separate ponds with once-through (nonrecycled) water, (2) the same
system with recycled transportation water, (3) direct sluicing of fly
ash and bottom ash to temporary ponds, followed by excavation and truck-
ing of both to a common landfill, and (4) collection of bottom ash in
dewatering bins from which it is trucked to a separate landfill and
collection of fly ash in dry storage silos from which it is trucked to a
separate landfill.

The fifth base case represents a situation in which the power plant
is burning a western-type coal which contains appreciable calcium,
making the ash subject to spontaneous cementitious reactions that affect
handling properties. The handling and disposal system is designed to
forestall these reactions by keeping the ash dry until shortly before
placement at the disposal site.

NEW PREMISES

The FGD and waste disposal studies that are now in progress are
based on new design and economic premises. During the 1977-1980 series
of studies it was recognized that changing economic conditions, fuel use
patterns, developments in:economic evaluation techniques, and, particu-
larly, developments in FGD technology and envirommental legisiation
justified revision of the TVA design and economic premises. Consequently,
TVA began studies that led to the adoption of new economic premises in
1979. During this period numerous discussions were held with EPA, EPRI,
and with other TVA organizations concerned with the use of these premises.
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Design Premises

Essentially the same power plant conditions are retained. For the
base case these are a new, midwestern, 500-MW, pulverized-coal-fired,
dry-bottom boiler. The heat rate is increased from 9,000 to 9,500 Btu/kWh
and the excess air is increased from 33% to 39%, however. The sulfur
content of the coal remains at 3.5% but the heating value is increased
from 10,500 to 11,700 Btu/lb. The operating schedule is also changed to
5,500 hr/yr for 30 years. A constant annual operating time is used to
facilitate levelizing of lifetime costs.

Major changes were made in the FGD design premises to reflect
current regulations and to improve process reliabilities. Required SO,
removal efficiency is now based on the 1979 NSPS. For the base-case
coal these require an 89% removal efficiency instead of the 79% needed
to meet the 1971 NSPS used in the old premises. In keeping with current
design trends a spare absorber train and provisions for emergency bypass
of 50% of the total flue gas are included. The old premises contained
no spare absorber or bypass provisions. In addition, ID booster fams,
instead of FD booster fans, are used in the new designs. For nonrecovery
processes both pond and landfill waste disposal methods are revised to
reflect more recent environmental concerns. These are primarily based
on RCRA Subtitle D (nonhazardous waste) guidelines and include provisions
for such factors as seepage and runoff control, security, monitoring,
and reclamation.

FGD process design features are usually based on technology pre-
vailing at the time of the study. The limestone scrubbing process is,
however, somewhat of a premise adjunct since it is used so frequently as
a basis of comparison in FGD studies. This process serves as an example
of the changes in FGD technology that have occurred over the past few
years. The current limestone process differs from the old process used
in the 1977-1980 studies in several respects. A spray tower instead of
a mobile-bed absorber, forced oxidation to gypsum, and landfill waste
disposal are now included in the basic system. The use of a spray tower
results in a lower gas velocity of 10 ft/sec instead of the 12.5 ft/sec
used in the old process with a mobile-bed absorber.

The new limestone scrubbing process represents several industry
trends in limestone scrubbing that have become evident in recent years,
The use of a spray tower . ;instead of more complicated mobile-bed and
venturi - spray scrubbers has become common. The simpler spray tower is
expected to provide greater reliability and require less maintenance
although these have not been quantified in practice. The problem of
waste disposal has also been addressed, both by increasing use of
stabilization, fixation, and ‘landfill disposal techniques and by other
methods of producing a more tractable waste, such as oxidation to gypsum.

The use of a spray tower, air oxidation, and landfill disposal in
the new process recognizes these trends. The process is based in part
on continuing test work on spray towers, forced oxidation, and waste



dewatering at the EPA-sponsored test facility at the Shawnee Steam
Plant. Like the previous limestone scrubbing process, however, it 1s
generic and incorporateslgeneral industry information as well as data
from Shawnee. o

Economic Premises

Numerous changes were also made in the economic premises. Specific
provisions for sales tax, freight, and overtime for construction delays
are included. The method of calculating indirect capital investment is
simplified and modified to more accurately reflect complexity of engineering
and construction costs of processes evaluated. Contingencies and allowances
for modification after startup are also defined as process—-specific
variables reflecting degree of development and established technology.
Provision for recognition of anticipated royalties is also made. Land
prices and interest during construction are increased.

First-year revenue requirements are now calculated using levelized
capital charges (30-year life, capital recovery factor, 6% per year
inflation and 10% per year cost of money, discounted to the first year)
instead of the average capital charges used in the old premises. In
addition, levelized lifetime revenue requirements are also calculated to
represent inflated and discounted costs over the life of the system.

The base years for capital investment and first~year revenue require-
ments are also advanced to 1982 and 1984 respectively. A project con-
struction period from 1981 to 1983 is now assumed, with plant startup in
early 1984,

COST COMPARISON OF OLD AND NEW PREMISES

The key old and new design and economic premises for evaluation of
the limestone scrubbing process are shown in Table 5. A stepwise cost
transition from the old premises and technology to those for the new
limestone scrubbing evaluation is shown in Table 6 and illustrated in
Figure 6. Overall, the cumulative changes result in nearly doubled
capital investment and first-year revenue requirements. The investment
increases resulting from the new economic pPremises are related to¢ nigher
indirect capital investment costs, particularly in interest during
construction, contractor expense, and working capital. The increase in
first-year revenue requirements stems largely from capital charges based
on the capital investment. New power plant coal and air rates, the
operating profile, and the 1979 NSPS all produce similar increases in
capital investment. In these cases the main factors are increased flue
gas volume, increased lifetime waste disposal requirements, and the more
stringent scrubbing conditions. The effect on annual revenue require~
ments is similar except, of course, that the reduction in yearly operating
hours results in a reduction in costs. Addition of reliability factors
(a spare scrubber train, emergency bypass, and a spare ball mill) also
cause appreciable increases in both capital investment and first—yeir
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TABLE 5.

COMPARISON OF OLD AND NEW PREMISE CONDITIONS

USING THE LIMESTONE SCRUBBING PROCESS

Design Premises

Coal, Btu/1b
Excess air, %
Heat rate, Btu/kWh
Operating profile
First year, hr/yr
Lifetime, hr (30 years)
FGD
S04 removal, 7%
Emergency bypass, %
Spare units
Booster fan
Limestone process
Absorber
L/G, gal/kaft3
Gas velocity, ft/sec
AP, in. Hy0
Forced oxidation
Waste disposal

Economic Premises

Cost index year

Capital investment

Annual revenue requirements
Indirect capital costs
Land, $/acre

Interest during construction, %
Limestone process contingency, 7%

Pond contingency, %

Pond allowance for startup, %
Capital charges

Depreciation

01d premises

New premises

10,500
33
9,000

7,000
127,000

1971 NSPS
0
0
FD

Mobile bed
50

12.5

8

No

Pond

1979
1980

3,500
12
20

20
8

Average annual

Straight line

11,700
39
9,500

5,500
165,000

1979 NSPS
50
1
ID

Spray tower
90

10.0

1.4

Yes
Landfill

1982

1984

Revised
5,000

15.6

10

10

0

Levelized
Sinking fund
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TABLE 6. COST COMPARISON IN TRANSITION FROM OLD TO NEW PREMISES

AND TECHNOLOGY FOR THE LIMESTONE SCRUBBING PROCESS

Capital investment First-year revenue requirements
Condition k$ $/kW % change % total change k$ Mills/kWh 7% change Z total change

0ld premises and technology 48,700 98 - - 14,100 4.0 - -
Above with new economic

premises and pond 55,100 110 13 13 16,200 4.6 15 15
Above with new power plant

design premises 57,100 114 4 17 17,000 4.9 5 21
Above with new operating

profile 59,800 120 5 23 16,500 6.0 -3 17
Above with 1979 NSPS 63,600 127 6 29 17,200 6.3 4 22
Above with reliability

factors (spares and bypass) 77,100 154 21 58 20,100 7.3 17 43
Above with spray tower 83,300 167 8 71 21,500 7.8 7 52
Above with landfill 76,000 152 -9 56 21,700 7.9 1 54

N Above with 1982, 1984 costs 96,800 194 28 99 27,300 9.9 26 94
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revenue requirements, The use of a spray tower instead of a mobile-bed
absorber increases costs primarily because of the lower flue gas velocity
and higher slurry recirculation rate, which requires larger ducting and
pumping requirements.

Substitution of landfill for ponding substantially reduces capital
investment by eliminating pond construction costs. The resulting reduction
in capital charges essentially counteracts the increased waste disposal
costs in first-year revenue requirements.

The largest cost increase is a result of advancing the cost index
year from 1978 to 1982 for capital investment and from 1980 to 1984 for
first-year revenue requirements.

Overall, economics in the form of inflation and higher interest
have the largest effect in comparison of the limestone process using the
0ld and new premises and technology. Technical changes related to
improvements in reliability, such as bypass and redundancy provisions,
also have a large effect. The higher S0, removal efficiency has less
effect than the economic and technical changes.

ADVANCED LIMESTONE SCRUBBING TECHNOLOGY

As stated earlier, TVA is now conducting an EPA-sponsored economic
evaluation of advanced limestone scrubbing technology. The study encom-
passes recent developments in limestone scrubbing such as chemical
additives, increasing use of spray towers, forced oxidation, and landfill
techniques. The complete results of this projeet will be published in
1981.

Of particular interest at this time is the advanced limestone
system using a spray tower, forced oxidation, adipic acid addition and
landfill of the gypsum waste. The interest comes from favorable results
at the Shawnee Test Facility. Earlier bench- and pilot-scale studies
were made by TVA and EPA on adipic acid addition and EPA is sponsoring
an adipic acid demonstration unit at the Southwest Plant of Springfield
(Missouri) City Utilities. The advantage of adipic acid (or other
similar additives) lies in its buffering action, which controls the
slurry pH at more favorable reaction conditions. This increases the
reactivity of the slurry, improving S0 removal efficiency and increasing
limestone utilization.

As a special feature, an economic comparison of the advanced process
with the new conventional and old conventional limestone processes is in

order. The design conditions for the three processes are shown in
Table 7.

Tables 8 and 9 show the capital investments and annual revenue
requirements for the three processes based on the base-case conditions
and the new premises that were discussed previously. The costs thus
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TABLE 7. PROCESS DESIGN CONDITIONS AND PREMISES - LIMESTONE PROCESSES

Type of absorber

Forced oxidation

Adipic acid use

Waste disposal

Scrubber gas velocity,
ft/sec

L/G, gal/kaft3

Limestone stoichiometry

Air stoichiometry

Percent sulfite oxidation

ID fan/FD fan

Spare scrubber

Filter cake solids, %

Pond settled solids, %

Spare ball mill ’

Reheat

Bypass available

New 01d
-‘Advanced process conventional conventional
Spray tower Spray tower Mobile bed
Yes Yes No
Yes (1000 ppm) No No
Thickener-filter-landfill Thickener-filter-landfill Pond
10 10 12.5
80 90 58
1.2 1.3 1.3
2.5 2.5 0
95 95 30
ID 1D 1D
Yes Yes Yes
80 80 -
- - 40
Yes Yes Yes

In-line steam
507 emergency

In-line steanm
507 emergency

In-line steam
50% emergency




TABLE 8.

CONVENTIONAL AND ADVANCED LIMESTONE SCRUBBING PROCESSES

CAPITAL INVESTMENT

Direct Investment

Capital investment, k$

01d New
conventional® conventional®? Advanced?

Material handling 3,498 3,497 g’zgg
Feed preparation 3,485 3,484 10’821
Gas handling 9,600 11,129 22,351
S02 absorption 19,830 22,988 »
Reheat 2,851 3,304 3,218
Solids disposal 2,063 _2,868 _2,830
Total 41,327 47,270 46,228
Services, utilities, and miscellaneous _2,480 2,836 _2,774
Total 43,807 50,106 49,002
Landfill or pond construction 13,960 2,076 1,983
Landfill equipment - ___500 ___495
Total 57,767 52,682 51,480
Indirect Investment
Engineering design and supervision 3,346 3,663 3,579
Architect and engineering contractor 1,016 1,028 1,005
Construction expense 8,126 8,378 8,187
Contractor fees 2,888 2,608 2,549
Contingency 7,315 7,158 6,990
Total fixed investment 80,458 75,517 73,790
Other Capital Investment
Allowance for startup and modifications 5,012 5,732 5,606
Interest during construction 12,551 11,781 11,511
Land 1,905 641 611
Working capital 3,104 3,161 3,090
Total capital investment 103,030 96,832 94,608
$/kW 206 194 189
Basis

Upper Midwest plant location represents project beginning mid-1980, ending

mid-1983.

located 1 mile from plant.
excludes stack plenum and stack.

Average cost basis, mid-1982.
train, and one spare ball mill are included.

Spare pumps, one spare scrubbing
Disposal pond and landfill

Investment includes FGD feed plenum but

a. 0ld conventional process is a mobile bed absorber with onsite ponding

of sulfite sludge.

b. New conventional process is a spray tower, forced oxidation and gypsum

landfill.

c. Advanced system is same as b. but with adipid acid addition for

enhanced S02 removal.
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TABLE 9, CONVENTIONAL AND ADVANCED LIMESTONE SCRUBBING PROCESSES

ANNUAL REVENUE REQUIREMENTS

Annual cost, k$
0ld New
conventional conventional Advanced

Direct Costs - First-Year

Raw materials
Limestone 1,128 1,128 1,041

Adipic acid __216
Total raw materials cost o 1,128 1,128 1,257
Conversion costs
Operating labor and supervision
FGD 460 658 658
Solids disposal - 529 517
Utilities
Process water 35 26 26
Electricity 1,732 2,018 1,874
Steam 1,273 1,365 1,367
Fuel - 199 189
Maintenance
Labor and material 3,923 4,025 3,937
Analyses 104 104 104
Total conversion costs 7,527 8,924 8,672
Total direct costs 8,655 10,052 9,929
Indirect Costs ~ First-Year
Overheads
Plant and administrative (60% of .
conversion costs less utilities) 2,692 3,057 2,998
Total first-year operating and
maintenance costs 11, 347 13,109 12,927
Levelized capital charges (14.7% of
total capital investment) ©15,145 14,234 13,907
Total first-year annual revenue
requirements 26,492 27,343 26,834
Levelized first-year operating and
maintenance costs (1.886 x first—
year O and M) 21,401 24,724 24,381
Levelized capital charges (14.7% of
total capital investment) 15,145 14,234 13,907
Levelized annual revenue
requirements 36,545 38,958 38,288
Mills/kWh
First-year annual revenue requirements 9.63 9.94 9.76
Levelized annual revenue requirements 13.29 14.17 13.92

Basis
Upper Midwest plant location, 1984 revenue requirements.
New plant with 30-year life.
Power unit on~stream time, 5,500 hr/yr.
Coal burned, 1,116,500 tons/yr.
Boiler heat rate, 9,500 Btu/kWh.
Total capital investment:
01d conventional - $103,030,000
New conventional - $ 96,832,000
advanced § 94,608,000
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incorporate a spare scrubber, emergency bypass, and a 1981-1983, 1984
time period, among other differences from the FGD studies discussed
previously. All of the costs except those for landfill were developed
by the TVA Shawnee Computer Economics Program (15).

Both the new conventional process and the advanced process have
slightly higher direct capital investment costs than the old conventional
process in most areas. The old conventional process has disposal site
(pond) construction costs over ten times higher than the disposal site
(landfill) construction costs than the others, however. The result is a
slightly lower capital investment for the new conventional and advanced
processes. The use of adipic acid in the advanced process produces a
minor increase in material handling costs and much larger decreases in
absorber and disposal costs. The increased reactivity of the limestone
slurry allows both less stringent scrubbing conditions and improved
limestone utilization, resulting in lower limestone consumption and less
unreacted limestone in the waste.

In annual revenue requirements, the old conventional process has
lower conversion costs, primarily because of lower labor and supervision
and electricity costs, resulting in lower overall expense. The increase
in labor and supervision cost for the new conventional and advanced
processes is largely for disposal operations because trucking and earth-
moving operafions are required. In comparison of the new conventional
process and the advanced process, adipic acid addition causes a slight
overall reduction in costs, primarily because of lower limestone and
electricity consumption.
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802 AND NOx ABATEMENT FOR COAL-FIRED BOILERS IN JAPAN

Jumpei Ando

Faculty of Science and Engineering, Chuo University
Kasuga, Bunkyo-ku, Tokyo 112

The total capacity of coal-fired utility boilers in Japan,
which was only 4,300 MW (3.7% of total utility power) in 1979, is
expected to increase to 10,000 MW (5.6%) in 1885 and to 22,000 MW
(10.0%) in 1990. Most of the boilers will apply FGD by the wet
limestone-gypsum process because of its reliability and relatively
low cost. To save energy and water, FGD systems with a low
pressure drop and small water consumption are preferred. Tests on
FGD by a dry carbon process are under way.

NOx concentrations in flue gases from existing coal-fired boilers
have been lowered to 200 - 350 ppm by combustion modification including
staged combustion and the use of low-NOx burners. For further abatement,
selective catalytic reduction (SCR) has started to be applied to several
coal-fired boilers. The first full-scale combination system of SCR
and FGD was put into operation in April 1980. The plant cost for
SCR is about one-third that for FGD. A new combustion technology has
also been developed in attempts to lower NOx below 100 ppm.

Preceding page blank
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1. COAL USAGE AND POLLUTION CONTROL IN JAPAN

Most utility power companies in Japan switched fuel from coal to
0il between 1960 and 1974 except Electric Power Development Co. (EPDC)
which was established by the Japanese government jointly with major
power companies to use domestic coal. Due to the recent rise in oil
and gas prices, power companies have started to construct new coal-fired
boilers (Table 1), most of which will use imported coal because the
supply of domestic coal is limited to 20 million tons yearly. Although
Japan has imported over 60 million tons of coal yearly, all of the
imported coal has been for coke production for the steel industry. The
import of fuel coal has been started and is expected to reach 45 million
tons in 1990.

Major problems with coal usage are (1) emissions of SO,, NOx and
particulates on combustion, (2) handling and storage problems, and (3)
ash disposal. Those problems are serious in Japan where a large
population is concentrated in a small land space. The new boilers
are to be located in regions relatively far from large cities and
industrial districts, where the environmental regulations by the Central
Government are not quite stringent. However, in order to construct
a large plant, it 1s necessary to make an agreement with local governments,
by which extensive countermeasures for pollution control are necessitated.

All of the mew coal-fired boilers will need FGD. NOx concentrations
in flue gas from major coal-fired boilers has been reduced to 200 -
350 ppm while the emission standard by the Central Government is
400 ppm for new boilers and 480 ppm for existing ones. Further reduction
will be needed for new boilers. Some power companies have started to
apply selective catalytic reduction (SCR) which usually removes about
80% of NOx (Table 1).

A new combustion technology to lower NOx concentration below
100 ppm with coal and below 50 ppm with oil has been developed.
(Section 6.2).

Particulates can be removed sufficiently by a combination of
electrostatic precipitator and wet FGD. A bag house has been tested
but has not been considered promising for a large boiler.

In attempts to solve the coal handling problem, coal-oil mixture
(COM) has been studied extensively and may be used for some of the new
boilers. The major drawback with COM is that more than half of the
energy is derived from oil. To save oil, coarse-grain COM has been
tested, which uses up to 6 mm grains of coal which is transported with
oil as a slurry and separated from oil for burning.

The largest problem with coal usage may be ash disposal, because
lan@space for discarding is limited. New uses of the ash, as feedstock
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Table 1 Coal-fired utility boilers in Japan

(Larger than 175 MW)

Year of Completion

Power Power Boiler Capacity a
company station No. MW Boiler FGD SCR
EPDC Isogo 1 265 1967 1976
2 265 1969 1976
" Takasago 1 250 1968 1975
2 250 1969 1976
" Takehara 1 250 1967 1977 1981
3 700 1982 1982 1982
" Matsushima 1 500 1981 1981
2 500 1981 1981
n Matsuura 1 1,000 19840
2 1,000 1986°
" Mito 1 1,000 1988°
Chugoku Shimonoseki 1 175 1967 1979 1980
" Misumi 1 700 1985°
Hokkaido Tomato-Atsuma 1 350 ” 1980 1980 1980°
" Sunagawa 4 125 1982 1982
Kyushu Matsuura 1 700 1984b
2 700 1988°
" Reihoku 1 700 l987b
2 700 1989°
Joban Kyodo Nakoso 8 600 1983d 1983
9 600 1983d 1983
Tohoku Noshiro 1 600 1985°
2 600 1985°
Tokyo Mito 1 1,000 1988°
| 2 1,000 1988°
a Selective catalytic reduction of NOx
b Planned.
¢ Treating one-fourth of the gas.
d Mostly oil will be used with less coal for a while without FGD.
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for cement production replacing clay, as filler for asphalt, as raw
material for aggregate, etc., have been developed.

Studies have been carried out also on fluidized bed combustion
(FBC), gasification, and liquefaction of coal, but not as extensively
as in the USA. The major problem with FBC in Japan is the difficulty
in disposing of the ash containing lime and calcium sulfate. Tests
have been conducted in search for an SO, absorbent that can be separated
from ash, regenerated and recycled, but so far do not seem promising.
Gasification and liquefaction may not be suitable to Japan which has
to depend on imported coal, since a considerable portion of energy
of coal is consumed by gasification or liquefaction. Although
liquefaction may be important in future, the plant may have to be
constructed abroad and the product imported.

2. STATUS OF FGD FOR COAL-FIRED UTILITY BOILERS

Before 1979, FGD plants for coal-fired utility boilers were limited
to the 5 plants of EPDC. Among the EPDC plants, two at Takasago Station
had an appreciable scaling problem until 1977 mainly at the mist
eliminator which had been washed with a circulating liquor saturated
with gypsum.l) By using fresh water together with the liquor for the
wash, the scaling problem was solved.ls>2) Since 1978, all of EPDC's
FGD plants have been operated with virtually 100% operability and
reliability (Table 2).

Table 2 Operation hours of EPDC's boilers and FGD plants
(April 1978 through March 1979)

Operation hours

Boiler Boiler (A)* FGD (B) B/A (%)
Isogo No. 1 7,705 7,705 100.0
No. 2 8,206 8,206 100.0

Takasago No. 1 7,829 7,823 99.92

No. 2 8,167 8,147 99.75

Takehara No. 1 7,583 7,580 99.95

* When an FGD plant is shut down due to its own trouble
the boiler is operated by using low-sulfur oil.
Therefore, B/A (%) shows operability as well as
reliability,



Operation parameters of the plants are shown in Table 3. Although
the plants are highly reliable and removes over 907 of SO2 and over
70% of fly ash, they have the following drawbacks: (1) A large gas
pressure drop due to the use of a venturi or perforated plate scrubber
to attain a high dust removal efficiency, which results in a large
power consumption. (2) Requirement of a large amount of water for gas
cooling and also for purging wastewater from the system in order to
maintain chlorine in the scrubber liquor below a certain level for
corrosion prevention. (Usually more than half of the water charged
to the FGD system is volatilized in the prescrubber).

In order to lower the pressure drop, new FGD plants, including
Chugoku Electric's Shimonoseki plant constructed by MHI and two
EPDC plants at Matsushima under construction by Babcock Hitachi and
IHI, use a spray tower for gas cooling and particulate removal. A gas-
gas heater (heat exchanger) is used for the new plants as well as the
Tomato-Atsuma plant of Hokkaido Electric in order to cool the FGD inlet
gas to save water and to heat the FGD outlet for energy conservation.

Dry processes for FGD have received attention as a possible way
for further improvement and also because of the convenience for use
in conjunction with selective catalytic reduction of NOx. An activated
carbon process has been tested at EPDC's Takehara station. (Section 6.1).
The Electric Power Industry Federation also is to make pilot plant
tests on activated carbon processes for coal-fired boilers at 3 power
stations.

3. NOx ABATEMENT AND COMBINATION OF SCR AND FGD

3.1 NOx Regulation and Selective Catalytic Reduction (SCR)

NOx concentration in flue gases from coal-fired boilers has been
restricted by the emission standards by the central government to a
level below 480 ppm for existing boilers and below 400 ppm for new
boilers. The concentration can be achieved by combustion modification
without appreciable difficulty. Most local governments, however,
enforce much more stringent regulations. For example, Yokohama City,
in an effort to lower the ambient NOj concentration from the current
0.06 ~ 0.07 ppm in daily average to 0.04 ppm, has asked EPDC's Isogo
Station to lower to 169 ppm the NOx concentration in flue gases from
the existing two 265 MW coal-fired boilers. EPDC has lowered the
NOx concentration to 200 ppm by combustion modification including
staged combustion and low-NOx burner and has been making further efforts
to meet the requirement. "Isogo Station has a limited landspace in
which they managed to retrofit FGD plants and has no more space to
install a flue gas treatment (FGT) plant for NOx removal. Therefore,
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Table 3 Operation parameters of FGD plants for coal-fired utility boilers

06

Power company EPDC EPDC EPDC EPDC Chugoku Hokkaido
HEtation Isogo Takasago Takehara Matsushima Shimonoseki Tomato
Boiler No. 1 1 1 1 2 1 1
Boiler capacity (MW) 265 250 250 500 500 175 350
FGD constructor THI? Mitsuib BHC IHIA BHC Mu1d BHC
FGD start-up May '76 Feb, '75 Feb. '77 Jan. '81 Jan. '81 July '79 Oct. '80
Gas treated (1,000 N> /hr) 821 792 793 1,826 1,826 586 1,268
Inlet SO (ppm) 450 1,500 1,730 1,000 1,000 1,310 232
Inlet dust (mg/Nm>) 1,500 100 400 300 300 830 45
Prescrubber (cooler)
Type Venturi Venturi Venturi Spray Spray Spray Venturi
L/G (1iters/Nm3) 7 6 2.5 2.8 3
Scrubber (809 absorber)
Type Venturi Venturi pP€ Spray Spray Packed pp°©
L/G 7 6 7 13.4 15 14
Outlet SO, (ppm) 25 100 100 50 50 55 23
Outlet dust (mg/Nm3) 50 30 50 30 30 50
80, removal efficiency (%) 94.4 93.3 94,2 95.0° 95.0 95.8 90.0
Dust removal efficiency (%) 96.6 70.0 87.5 90.0 90.0 94.0
Pressure drop (mm H,0) 360% 325f 615% 1338 120f
Wastewater (t/hr) 10 7.5 12 15
Energy requirement (z2)h 2.9 3.2 3.3 2.1
Reliability (%)% 100.0 99.9 100.0 100.0
a Ishikawajima-Harima Heavy Industries b Mitsui Miike Machinery Co.
¢ Babcock Hitachi K.K. d Mitsubishi Heavy Industries e Perforated plate
f By two scrubbers and mist eliminators g By two scrubbers
h Percent of power generated i EGD operation hours percent of desired FGD operation hours



they need to reduce NOx further by improved combustion. Even more
stringent regulations may be applied for new larger boilers, necessitating
FGT.

Among many ways of FGT developed in Japan, selective catalytic
reduction (SCR) that uses ammonia and catalyst at 300 - 400°C is by
far the most advanced method, which has been used in constructing
about 100 commercial plants mainly for flue gas from oil-fired boilers.
The advantages of SCR over other FGT processes are simplicity and
reliability which enable unattended operation, lack of the by-product
disposal problem, and relatively low cost. SCR is conveniently applied
to flue gas leaving a boiler economizer at 300 - 400°C. The major
reaction is shown below:

4NO + 4NH3 + 0y = 4Ny + 6H0

At the early stage of development, SCR encountered the following
technical problems, most of which have been solved by recent improvements:
(1) Catalyst poisoning by SOx in flue gas. (2) Catalyst pluggage
by dust. (3) Catalytic oxidation of a portion of SOy to SO3. (4) Leak
ammonia from SCR reactor, which reacts with SO3 and H,0 to form
ammonium bisulfate deposit in an air preheater.

Many of the catalysts developed recently are based on TiOjp with
small amounts of V;05 and other components, are resistant to SO0x,
and oxidize about 1% or less S02. 1In order to prevent dust plugging
of the catalyst, parallel flow type reactors with honeycomb, plate,
and tube catalysts have been used for dusty gases such as coal-fired
boiler flue gas.

More than 90% of NOx can be removed by using over 1 mol NHj3 to
1 mol NOx as shown in Figure 1. However, 80% removal has been generally
applied to utility boilers as the optimum control level, because
compared with 907 removal, it requires about 40% less catalyst resulting
in the reduction of cost as well as pressure drop and also because
it can reduce leak ammonia to a low level (5 ppm or below) to minimize
the deposit of ammonium bisulfate in the air preheater. Over 90%
removal with a low leak NH4 is difficult for a large boiler because
.the gas velocity as well as NOx concentration is not uniform in different
parts of the duct.

Low~-temperature catalysts active at 150 - 250°C have also been
developed but have not been used commercially yet because ammonium
bisulfate forms on the catalyst and lowers its activity. Ammonium
bisulfate can be removed by heating the catalyst to over 350°C. The
low-temperature catalyst may not be suitable for boilers for which
economizer outlet gas around 350°C can be treated but may be useful
for other sources for which only cold gas around 200°C is available.
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Figure 1 Performance of honeycomb catalyst for coal-fired boiler
flue gas ( Inlet NOx 300 ppm, at 370°C. SV means space
velocity: flue gas volume per hour divided by catalyst

volume. For high~dust system)

High-dust system

320-400 320-400 [ 150~160 | 150-160
B L SCR APH ESP FGD
Low~dust system
320-400 - - -
B 0 gg; 320-400_ SCR 320-400 > APH 150~160 FCD

Figure 2 Systems for coal-fired boiler flue gas treatent (Figures show

gas temperature, °C. B: Boiler  APH: Air preheater)
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3.2 Combination of SCR and FGD

At an early stage of development, the SCR reactor was placed
downstream of FGD in order to reduce SOx poisoning and dust plugging.
This system, however, requires a large amount of energy for heating
the gas after FGD and has not been used since SOx-resistant parallel
flow type catalysts have been developed. Figure 2 shows two combination
SCR/FGD systems currently used for coal-fired boilers. 1In both
systems, the economizer outlet gas at 330 - 400°C is treated by SCR,
cooled to 150°C by an air preheater, and then subjected to FGD. The
high dust system treats the gas with full dust load (15 - 25 grams/Nm3)
by SCR, and therefore the catalyst should be hard in order to avoid
erosion by dust and thus is less porous and may not be highly
active. On the other hand, the low dust system uses a hot electrostatic
precipitator (ESP) upstream of SCR, which is suitable for dust removal in
flue gas from low—sulfur coal. The hot ESP usually reduces the dust
to 100 - 200 mg/Nm and protects the catalyst from erosion. However,
the dust leaving the hot ESP is finer and richer in alkaline components
and tends to deposit on the catalyst surface. The problem of ammonium
bisulfate deposit in the air preheater is also appreciable with the
low dust system while it is insignificant with the high dust system
(Section 5.3). Therefore, leak ammonia should be kept at a lower level
with the low dust system than with the high dust system.

As shown in Table 4, the Shimonoseki plant, Chugoku Electric
uses the high dust system while the Tomato-Atsuma plant of Hokkaido
Electric and the plants at Takehara, EPDC use the low-dust system.
Two plants at Nakoso, Joban Joint Electric will use the high dust system.

Table 4 SCR plants for coal-fired utility boilers

Capacity SCR type Comp-
Company Station (MW) Vendor Dust Catalyst letion
Chugoku Shimonoseki 175 MHI High  Honeycomb 1980
Hokkaido Tomato-Atsuma 350 x 1/4 BH Low Plate 1980
EPDC Takehara 250 x 1/2 BH Low Plate 1981
‘ 250 x 1/2 KHI? Low  Tube 1981
EPDC Takehara 700 nd®  Low  nd’ 1982
Joban Nakoso 600 MHI High  Honeycomb 1983
600 IHI High  Honeycomb 1983

a Kawasaki Heavy Industries b Not decided
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The flue gas leaving the SCR reactor contains a small amount of
ammonia, which is caught by a prescrubber of the FGD system. Although
ammonia has no adverse effect either on the operation of wet lime/
limestone process FGD or on the quality of by-product gypsum, it is
contained in a small amount in wastewater from the FGD system. If
needed, the ammonia in the wastewater can be removed by a conventional
biochemical treatment {activated sludge process) or by ammonia stripping.
The latter has been used at the Owase plant, Chubu Electric while the
former is to be used at the Takehara plant, EPDC.

3.3 SCR Cost

Examples of SCR plant cost for utility boilers are shown in
Table 5. The cost for the new gas-fired boiler at Chita was 1,860
yen/kW, while that for the new oil~fired boiler at Kudamatsu was
2,860 yen/kW. Those for existing oil-fired boilers at Kudamatsu and
Chita were considerably higher than that for the new oil-fired boiler,
because of complicated duct work for retrofitting (Kudamatsu and Chita)
and the requirement of additional fans (Kudamatsu). The SCR plant for
coal at Shimonoseki is more costly than for oil.

The difference in cost with the fuel type is due mainly to the
amount of catalyst needed. Generally speaking, an active pellet
catalyst can be used for clean gas, while for flue gas from oil
containing 20 - 100 mg/Nm3 of dust, a honeycomb catalyst with a
channel size of 6 - 7 mm and wall thickness of 1 — 1.5 mm consisting of
SO0x resistant material has been used in a volume 3 - 4 times that of
the pellet catalyst. For coal, the catalyst volume may be nearly
double that for oil because of a larger channel size of honeycomb for
dust plugging prevention and a harder structure for erosion prevention
resulting in lower activity.

Estimated SCR costs for new 700 MW utility boilers using coal and
low-sulfur oil are shown in Table 6. Honeycomb catalyst is used for
both 0il and coal. The assumed channel size and wall thickness in
millimeters are 6.6 and 1.4 for oil, 7.4 and 1.6 for coal with the
low-dust system, and 8.2 and 1.8 for coal with the high-dust system.
Leak ammonia is maintained below 10 ppm for oil (low sulfur) and coal
with the high dust system while it is kept below 5 ppm for coal with
the low-dust system which is liable to air preheater plugging. Based
on those assumptions, an equal space velocity was assumed for high and

low dust systems of coal. The space velocity is about one-half that
for oil.

The investment cost including civil engineering and test operation
for 80%Z NOx removal is nearly 4,000 yen/kW for oil and nearly 7,000
yen/kW for coal, while the cost for 90% removal is higher by about 30%
for oil and 40% for coal. The annualized SCR costs in yen/kWhr for
80% removal, assuming 7 years' depreciation, 70% boiler utilization,
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Table 5 Cost of SCR plants for utility boilers (in battery limits)

NOx Space Plant cost  Year
Power Power Boiler New or removal Const— Catalyst velocity ) yen com—
company station (M) Fuel retrofit (%) ructor type (hr"l) 109yen kW pleted
Chubu Chita 700 Gas New Over 80 BH Pellet 20,000 1.3 1,860 1977
Chubu Chita 700 Oilb Retrofit Over 80 MHI Honeycomb 6,000 2.2 3,570 1980
Chugoku Kudamatsu 375 Oilb Retrofit Over 80 IHI Honeycomb 5,500 2.2 5,870 1979
Chugoku Kudamatsu 700 Oilb New Over 80 IHI Honeycomb 5,500 2.0 2,860 1979
Chugoku Shimonoseki 175 Coal Retrofit Over SOC MHI Honeycomb 3,000 1.7d 9,710d 1980

a TFlue gas volume per hour divided by catalyst volume
b Low-sulfur oil

¢ Catalyst for 50% removal has been used to meet the current regulation, while the SCR system has been

designed for 80% removal.

d Including boiler modification for economizer bypass.



Table 6 Estimated SCR cost for new 700 MW utility boilers

Fuel

Annual power generation 4,292,400 MWhr. 70%
Leak NH3: 5 - 10 ppm for oil and coal with high-dust
system. Less than 5 ppm for coal with low-dust system

Flue gas, Nm3/hr. (NOx ppm)

NOx removal efficiency (%)

Space velocity (hr

L

Investment cost

Catalyst
Other
Total
Total

Annual cost

(billions of yen)?
( " )
( " )
(1,000 yen/kW)

(billions of yen)

. c
Capital cost

Catalystd

Othere

Total

Annualized cost (yen/kWhr)

(1,000 yen/Nm3 of NOx removed)

0il (low S)

2,000,000 (120)

80

5,

100

.22

.50

.72

.89

.50

.61

.27

.38

.32

.15

90

3,400

0.62
0.91
0.31
1.84
0.43

1.39

utilization.’

Coal

(high and low dust)

2,300,000 (300)
80 90

2,700 1,700
2.81 4,46
2.00 2.30
4,81 6.76
6.87 9.66
0.78 1.02
2.81 4.46
0.48 0.55
4.07 6.03
0.95 1.40
1.20 1.58

o

Including civil engineering and test operation.

3.1 million yen/m3 for oil, 3.3 million yen/m3 for coal.

¢ Interest (10%) on initial charge of catalyst and interest and depreciation
(25%) on investment cost excluding catalyst.

d Catalyst life:

e Ammonia, power, etc.
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and a catalyst life of 2 years for oil and 1 year for coal, are 0.32
for oil and 0.95 for coal, while the costs per'unit amount of NOx
removed 1s just about equal for oil and coal.’ Compared with 807%
removal, 90% removal costs about 40% more in yen/kWhr. Actually

907% NOx removal may be difficult for a large boiler without increasing
leak NH3, because gas velocity as well as NOx concentration may not
be uniform in different parts of the SCR reactor inlet.

For coal, about 70% of the annualized SCR costs is accounted
for by catalyst. 1If the catalyst is useful fér 2 years, the costs
will be lowered by about 35%. The catalyst life is usually guaranteed
for 1 year for both o0il and coal. Operation experiences have shown
that the catalyst for oil may be useful for over 3 years. It may be
possible to extend catalyst life for coal to 2 years,

4. SHIMONOSEKI PLANT, CHUGOKU ELECTRIC

4,1 OQutline

‘ Shimonoseki Station of the Chugoku Electric Power Co. has two
boilers -- a 175 MW coal-fired boiler (No. 1) and a 400 MW oil-fired
boiler (No. 2). Regulations for the station are shown in the following
table.

Table 7 Regulations for Shimonoseki Station

Alr pollution control

k Value 2.7 (Ground level concentration 0.0047 ppm)
S0x (total) Below 412 Nm3/hr
Particulates Below 130 kg/hr
No. 1 Boiler Below 200 mg/Nm3
No. 2 Boiler Below 40 mg/Nm3
NOx Below 330 Nm3/hr
No. 1 Boiler Below 350 ppm
No. 2 Boiler Below 170 ppm
Floating particulates Below 0.2 mg/Nm3
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Water pollution control

pH 5.8 - 8.6
Suspended solids { Below 12 kg/day
Below 15 mg/liter

Below 0.8 kg/day
Below 1 mg/liter

Normal-hexane-soluble -
material {

Chemical oxygen demand Below 12 kg/day
Below 15 mg/liter

The No. 1 boiler was completed in 1967 and was burning coal and
oil in the ratio of 25 to 75 before a full scale FGD plant was completed
in July 1979 using the MHI wet limestone-gypsum process. After the
FGD plant was put into operation, coal and oil was used in the ratio
of 50 to 50. It was difficult to use larger amounts of coal because
of the NOx regulation (below 350 ppm). Although the regulation may be
met by combustion modification even with the burning of coal only, it
was likely that further NOx reduction might be required in future.
Chugoku Electric, therefore, decided to install a full-scale SCR unit,
which was completed in March 1980 to allow combustion of coal only.
The SCR unit is the first full-scale plant for a coal-fired boiler
in the world and has the nature of a demonstration plant.

Figure 3 shows the combined system of SCR and FGD for the No. 1
boiler. The flue gas is first subjected to SCR at 330 - 400°C, passed
through two trains of air preheaters and dust collectors (multicyclone
and ESP), and then undergoes FGD after it is passed through a heat
exchanger.

The No. 2 boiler is a relatively new one and has used a high-sulfur
oil with FGD by the MHI wet limestone-gypsum process.

4.2 SCR System

The design basis of the SCR system is shown below:

Boiler capacity 175 MW

Fuel Coal

Gas flow rate 550,000 Nm3/hr

Gas temperature 370°C

Inlet NOx 500 ppm

Outlet NOx 250 ppm (100 ppm in future)
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NOx removal efficiency 50% (80% in future)

Inlet SOx 1,600 ppm

Reactor One reactor, with downflow of gas

Catalyst Honeycomb. Square type with 10 mm
pitch (about 8.2 mm opening)

Space velocity 3,000 hrl

The No. 1 boiler is for base load and the gas temperature at
economizer outlet is normally around 360°C, suitable for SCR. The
load is occasionally lowered to 25% of full load, resulting in the drop
of the gas temperature to 300°C. Since ammonium bisulfate may deposit
on the SCR catalyst during the low-load operation, a bypass system was
installed as shown in Figure 3 to control the gas flow by dampers
to mix a portion of hot gas with the economizer outlet gas to maintain
the gas temperature.

An SCR reactor was installed beside the boiler so that the treated
gas is sent to the existing air preheaters. The reactor contains
5 horizontal layers of honeycomb catalyst, through which flue gas is
passed downwards. The flue gas contains about 410 ppm NOx, 360 ppm
S0, and nearly 20 grams/Nm3 of fly ash. A layer of "dummy" spacer
with the same shape as the honeycomb was placed on top of the first
honeycomb layer, in order to maintain a uniform parallel gas flow and
to prevent catalyst erosion by fly ash.

Planning and design of the SCR system was started in July 1979.
Construction was begun in October 1979. Boiler modification and
reactor connection were performed during the shutdown of the boiler
for annual maintenance between February 1 and March 31, 1980. Since
start-up of operation in April 1980, the boiler, the SCR system and
the FGD system have been operated without trouble.

Current regulations require about 50% NOx removal. Therefore,
a NH3/NOx mole ratio of about 0.56 has been used to reduce NOx
concentrations from 410 to 185 ppm (55% removal) and to maintain leak
NH3 at reactor outlet below 3 ppm. In future, 80%Z of NOx may be
removed by increasing the amount of catalyst and by using about 0.82 mol
NH3 to 1 mol NOx, keeping leak NH3 below 5 ppm.

A catalyst life of 1 year is guaranteed by MHI, which will take
all of the spent catalyst when fresh catalyst is placed. Replacement
of catalyst will require 15 days with 15 workers working 7 hours a day.

The air preheater has had a soot blow system on the cold side which
has been operated 4 times a day, two hours each time. When the SCR
system was installed, an additional soot blow system was installed on
the hot side of the preheater, which has also been operated 4 times
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a day, 2 hours each time. The plugging problem of the preheater by
ammonium bisulfate has thus been prevented. The socot blow system will
be used less frequently.

The total investment cost was about 2 billion yen including the
boiler modification of which 1.7 billion was paid to the constructor.

4.3 TFGD System

A flow sheet of the FGD system is shown in Figure 4. Flue gas
leaving the air preheater at 160°C is cooled to about 95°c by a
Ljungstrom type heat exchanger and introduced into a semiventuri type
spray scrubber newly developed by MHI for particulate removal, and
then into a grid packed tower with a holding tank at the bottom and
a mist eliminator at the top. Limestone slurry is fed to the tank.
The treated gas at 55°C is heated to 120°C by the heat exchanger
eliminating gas heating by o0il firing. About 90% of both SO; and
particulates are removed (Tables 3 and 5). Slurry handling systems --
oxidation of calcium sulfite, gypsum centrifuge, etc., are similar to
those of the standard MHI process.2)

After its startup in July 1979, the FGD plant was operated
continuously without trouble until February 1980, when the boiler was
shut down for annual maintenance. During the operation period, coal
and oil were used in the ratio of 25 to 75 at the beginning and then
in the ratio of 50 to 50. Fresh water, at the rate of 30 tons/hr,
was fed mainly to the syray tower and used partly for mist eliminator
wash. Of the 30 tons/hr, 13 tons were volatilized, 2 tons went into
gypsum as water of crystallization and moisture, and 15 tons were
sent to a wastewater treatment system.

- Ingpection during the shutdown period detected a little deposit

of particulates in the heat exchanger and a slighterosion of rubber
lining but neither scaling nor corrosion. The soot blow system was
reinforced during the shutdown period in order to eliminate the deposit
formation in the heat exchanger.

Since its restart in April, using coal only this time, the FGD
system has been operated trouble-free again. Because a fan is placed
upstream of the heat exchanger, a small amount of inlet gas at 160°C
leaks in the heat exchanger to mix with the FGD outlet gas, thus
lowering the removal efficiency of SO, and particulates to some extent
(Table 8). Placing the fan between the heat exchanger and the
prescrubber (cooler) results in ‘the leak of the FGD outlet gas to the
inlet and an increase in removal efficiency, but it may cause corrosion
of the fan due to condensation of sulfuric acid at low temperatures
around 90°C. MHI has been testing a new type of air preheater without
gas leakage.
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Table 8 807 and particulate removal efficiency(Shimonoseki plant)

Concentration and Coal and oil Coal only
Pollutants removal efficiency (50 : 50) Low S Medium S
50, FGD inlet (ppm) 1,230 355 1,310
FGD outlet (ppm) . 78 20 55
Removal efficiency (%) 93.7 94.4 95.8
HE?outlet (ppm) 136 38 115
Removal efficiency (%) 89.0 89.2 91.2
Particulates FGD inlet (mg/Nm3) 200 1280 830
FGD outlet (mg/Nm3) 12 80 50
Removal efficiency (%) 94.0 93.8 94.0
HE? outlet (mg/Nm3) 21 130 85
Removal efficiency(%) 89.5 89.8 89.7

a Heat exchanger

Ammonia contained in a small amount in flue gas has had no adverse
effects on FGD and on the quality of fly ash which has been used for cement
and land fill. Also, ammonia has been injected into the flue gas from the
No.2 oil-fired boiler between the air preheater and ESP in order to prevent
corrosion of ESP and to increase soot removal efficiency, Thus ammonia is
contained in the flue gas introduced into the No.2 FGD system, which has
also been operated without trouble.

Chugoku Electric recently decided to install similar SCR and FGD
gystem for 5 relatively small existing coal-fired boilers.

5. OTHER COMBINED SYSTEMS

5.1 Takehara Plant, EPDC

EPDC has been constructing a full-scale demonstration plant of
SCR combined with FGD at its Takehara Station for the No. 1 boiler
(250 MW). Since various types of coals including low-sulfur coal will
be used, a hot electrostatic precipitator is installed. As shown in
Figure 5, all of the flue gas from the boiler is passed through two
parallel trains of a hot ESP, SCR reactor, air preheater and ID fan.
One of the reactors is constructed by Babcock Hitachi Ltd. using a
plate catalyst developed by Hitachi Ltd., while the other is constructed
by Kawasaki Heavy Industries (KHI) using a tubular catalyst. Over 80%
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of NOx will be removed maintaining leak NH5 below 10 ppm.

Since the air preheater treats an SOx-rich, dust-~lean gas, ammonium
bisulfate may deposit in intermediate and low temperature zones
(Figure 6). Pilot plant tests have shown that the deposit formed
between the two zones is difficult to remove by soot blowing. For
the demonstration plant, a modified design of the air preheater
elements as shown in Figure 6 will be used to reduce the plugging
problem.

The treated gas is sent to an existing FGD plant constructed by Bab-
cock Hitachiusing the limestone-gypsum process (Table 3). The leak
NH3 will be caught by the FGD system and contained in the wastewater.
EPDC has installed a wastewater treatment system using a conventional
activated sludge process to remove ammonia, because Takahara Station
faces the Seto Inland Sea which is sometimes plagued by the red tide
problem.

The total additional system for the demonstration as shown in
Figure 5 cost 8 billion yen including control systems and a storage
and injection system of ammonia. The new ID fans are estimated to
consume about 1,500 kW more than does the existing ID fans, which is
equivalent to 0.6% of the power generated by the boiler.

EPDC will construct a full scale combined system for the new
No. 3 boiler (700 MW), for which the low-dust system may also be applied.

5.2 Tomato-Atsuma Plant, Hokkaido Electric

Hokkaido Electric Power Co. has constructed a new 350 MW coal-fired
boiler in a newly opened industrial region near Tomakomai, which has
started test operation in summer 1980 and is scheduled to be put in
commercial operation in October 1980 using a low-sulfur coal (S = 0.3%).
By an agreement with local governments, SOx emissions should be kept
below 180 Nm3/hr (about 140 ppm), NOx below 200 Nm3/hr (about 160 ppm),
and particulates below 200 kg/hr (about 160 mg/Nm3).

For SOx abatement, half of the gas from the boiler is treated by
a wet limestone-gypsum process FGD plant constructed by Babcock Hitachi.
NOx is reduced below 200 ppm by combustion modification including staged
combustion, flue gas recirculation, and dual-register low-NOx burners.
In addition, one-fourth of the gas is treated by SCR for 80% NOx removal
to meet the agreement.

Since a low-sulfur coal is used, a hot electrostatic precipitator
has been installed which reduces the .dust content down to 45 mg/Nm3.
One-fourth of the gas passing through the hot ESP is treated by an SCR
reactor containing a plate catalyst developed by Hitachi Ltd. An
economizer bypass system has been installed to maintain the gas
temperature above 300°C.
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Hokkaido Electric plans to install a 600 MW coal-fired boiler.
If the plan is authorized, Hokkaido Electric plans to reevaluate
the design including the necessity of the bypass and the use of cold
vs. hot ESP.

5.3 Nakoso Plant, Joban Joint Electric Co.

Tokyo Electric Power Co., jointly with Tohoku Electric Power Co.,
Joban Joint Electric Co., and MHI, has carried out pilot plant tests
at Nakoso Station of Joban on combined systems of SCR (high-dust and
low~dust) and wet limestone-gypsum process FGD using 4,000 Nm3/hr
of flue gas from a coal-fired boiler. In 1979, the high dust system
was operated for 5,000 hours while the low-dust system was operated
for 4,000 hours. Further tests are in progress in 1980.

Honeycomb catalysts are used for both systems with downflow of
the gas. With the high-dust system, erosion of the catalyst by dust has
been prevented by placing on top of the honeycomb a dummy spacer which
has the same cross section as the honeycomb. The air preheater has
been kept clean by applying soot blowing once a day; ammonium bisulfate
has not deposited appreciably because of the cleaning effect of fly
ash. With the low-dust system, the dust leaving the hot ESP is in a
small amount but consists of fine particles which are rather sticky
and tend to deposit particularly at the inlet of the honeycomb.
Moreover, the air preheater requires soot blowing 3 times a day to
prevent the deposit of ammonium bisulfate.

The FGD system has been operated without trouble. A semiventuri
type spray scrubber developed by MHI is used for the prescrubbing. Tests
indicated that the_dust contained in the gas in concentrations of 100,
200, and 300 mg/Nm3 was reduced to about 20, 30, and 40 ppm, respectively,
by the prescrubber and to about 15, 20, and 30 ppm, respectively by
the 50,5 absorber.

Joban has started to construct 2 new boilers with a capacity of
600 MW each, which will use low~-sulfur oil with a small amount of coal
to start with. Both boilers will have high-dust system SCR units with
a honeycomb catalyst. The units for one of the boilers will be
constructed by MHI and the units for the other boiler by IHI. FGD
Plants may be constructed when larger amounts of coal are used.
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6. OTHER MAJOR ACTIVITIES

3)

6.1 Pilot Plant Tests by Activated Carbon Process

EPDC, jointly with Sumitomo Heavy Industries, has been operating
a pilot at Takehara with a capacity of treating 10,000 Nm3/hr of flue
gas from the No. 1 coal-fired boiler to remove over 90% of SO7 and over
30% of NOx by activated carbon and ammonia. A flowsheet of the pilot
plant is shown in Figure 7. The flue gas containing 1,300 ppm of SO
and 320 ppm of NOx at about 150°C is injected with 225 ppm NH3 and is
introduced in a reactor with activated carbon in a moving bed. Over
90% of S0, is adsorbed by the carbon to form sulfuric acid and ammonium
sulfate (reactions 1 and 2) while over 30% of NOx is converted to Np
(reaction 3).

S0 + H20 + 1/2 0p > HySOp vvvvvvnnnnes (1)
HZSO4 + 2NH3 -+ (NH4)2SO4 ........ (2)
4NO + 4NH3 + 09 > 4Ny + 6H,0 ....... (3)

The char loaded with the sulfur compounds is heated in a separate
moving bed to over 350°C by inert gas produced by incomplete combustion
of LPG gas. Concentrated S0, gas is released by the heating (reactions
4 and 5), then is introduced into a coal-bed reactor and converted
to S by the Resox process developed by Foster Wheeler Co. (reaction 6).
The sulfur vapor is condensed to recover elemental sulfur. The gas leaving
the condenser is incinerated and sent to the existing wet limestone-gypsum
process FGD plant.

HpS04 + 1/2 C =+ 509 + 1/2 CO2 + Hp0 «vvvvnnnn. (&)
(NH,) 280, + 0, + S0 + Ny + 4H20 ..... ceseeonas (5)
S0, + C gl T ¢ S (6)

About 1.6% of the carbon is consumed in one cycle which takes
3 days. The sulfur condenser had a plugging problem, which has been
solved by applying a technology used for the Claus furnace. The remaining
major problem is the low recovery of sulfur at 60 - 70%Z. Efforts have
been made to improve the recovery.

The low NOx removal efficiency is due to the low temperature. Over
.200°C with over 2 mole NH3 to 1 mol NOx may be needed to attain over
80% removal. For commercial application, it may be preferable to use
SCR for the boiler economizer outlet at 300 - 400°C and then apply
the carbon process for SOy removal only without using ammonia. EPDC
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is to install a prototype plant of the carbon process at its Matsushima
Station by 1982 to treat one-fourth of the gas from a new 500 MW
coal~fired boiler, while three-fourths of the gas will be treated by
the wet limestone-gypsum process. ‘

6.2 New Combustion Technology

About one-tenth of fuel used for the boiler is injected above the
combustion zone in the boiler to form a reducing atmosphere where NOx
formed by the combustion is reduced to Np. Air is added above the
reducing zone for complete combustion. The technology was originated
by MHI and has been further developed by Tokyo Electric Power Co.
jointly with MHI, Hitachi, and IHI for NOx abatement for boilers.
Tests with pilot plants with a capacity ranging from 5,000 to 8,000 kW
using various fuels have indicated that about 50% of NOx is removed.
By using the process in combination with conventional combustion
modification, NOx concentration has been reduced to 10 - 20 ppm with
gas, 40 - 60 ppm with oil, and 60 -~ 100 ppm with coal. The boiler is
a little larger than a conventional boiler. Tests on a larger scale
are planned.
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ABSTRACT

PEDCo Environmental, Inc., under contract to the Industrial
Environmental Research Laboratory-RTP and the Division of Sta-
tionary Source Enforcement of the U.S. Environmental Protection
Agency, has been monitoring the status of utility flue gas
desulfurization (FGD) technology since 1974. Information for
this program is obtained by visits to plants having operational
FGD systems and through periodic contacts with representatives
of utility companies, FGD system and equipment suppliers, system
designers, research organizations, and regulatory agencies.

This paper summarizes the status of utility FGD technology
as of the end of August 1980 and indicates recent trends in both
the design and performance of the FGD systems. The discussion
of current status includes the number and capacity of operation-
al and planned FGD systems, as well as identification of the
systems according to process type, emission control strategy,
SO, 1inlet concentration levels, and removal efficiencies.
Process design developments and trends are summarized for the
major components and subsystems associated with commercial FGD
systems. 1In discussing FGD system performance, composite graphs
are included presenting annual system availability data (through
June 1980) for low-, medium-, and high-sulfur coal FGD instal-
lations. A statistical analysis of the data for the years 1978
and 1980 indicates overall trends in FGD system dependability.
Einally, capital and annual cost data (both reported and ad-
justed) are included for the operational FGD systems and cost
model comparisons are made.

The current data indicate that 203 FGD systems are either
operational, under construction, or planned (as of August 1980),
representing a total controlled capacity of about 97,000 MW. Of
the 203, 73 systems are operational, representing 27,155 MW of
controlled capacity. The dependability analysis indicates that
the overall median availability for these operational systems
has increased 1.5%, 16.5%, and 50.6% for low-, medium-, and

high-sulfur coal FGD installations, respectively, between the
Years 1978 and 1980.
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NOTES

Company Names and Products.

The mention of company names or products is not to be
considered an endorsement or recommendation for use by the
U.S. Environmental Protection Agency.

Consistency of Information.

The information presented was obtained from a variety o:f
sources (sometimes by telephone conversation) including
system vendors, users, EPA trip reports and other technical
reports. As such, consistency of information on a partic-
ular system and between the several systems discussed may
be lacking. The information presented is basically that
which was voluntarily submitted by developers and users
with some interpretation by the author. The order of
presentation of information or the amount of information
presented for any one system should not be construed to
-favor or disfavor that particular system.

Units of Measure.

EPA policy is to express all measurements in Agency docu-
ments in metric units. When implementing this practice
will result in undue cost or difficulty in clarity, IERL-
RTP provides conversion factors for the non-metric units.
Generally, this paper uses British units of measure.

The following equivalents can be used for conversion to the
Metric system:

British Metric

5/9 (°F-32) °c

1 ft 0.3048 m

1 ft2 0.0929 m?

1 ft3 0.0283 m3

1 grain 0.0648 gram

1 1b (avoir.) 0.4536 kg

1l ton (long) 1.0160 m tons
1 ton (short) '0.9072 m tons
1 gal. 3.7853 liters
1 1b/10® Btu 429.6 ng/J

1 Btu/kwh 1055.056 J/kwh
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SECTION 1

INTRODUCTION

- For more than 6 years PEDCO Environmental, Inc., under
contract to the U.S. Environmental Protection Agency (EPA), has
monitored the development and growth of flue gas desulfurization
(FGD) technology for fossil fuel-fired utility boilers in the
United States. The program provides an objective and current
perspective of FGD technology as applied to fossil fuel-fired
utility boilers and facilitates, through information dissemi-
nation, improvements in the design and performance of current
and future systems.

The program addresses performance of operational FGD sys-
tems, process and design characteristics of both operational and
planned systems, projected application and nature of future
processes and systems, and costs associated with both current
and planned systems. The program also includes the monitoring
of particulate matter scrubbers operating on coal-fired utility
boilers in the United States and FGD systems operating on coal-
fired utility boilers in Japan.

Program emphasis is on. the performance of the operational
systems. Accurate portrayal of system performance reguires data
concerning system/module dependability, operating problems andc
solutions, operating and maintenance costs, and outlet emissions
and removal efficiency. Data on outlet emissions of sulfur
dioxide (SO,), particulate matter, and nitrogen oxides (NO_) and
on removal efficiency of SO, and particulate matter aré con-
sidered 1nformation needs 1in order to assess actual system
performance with respect to control requirements in the recerntly
promulgated revised New Source Performance Standards (NSPS) for
electric utility steam generating units.

Utilities, system and equipment suppliers, system design-
ers, research organizations, regulatory agencies, and others all
volunteer the information for this program. This voluntary
approach facilitates timely dissemination of pertinent informa-
tion in this key technological area. All information that is
gathered is stored in a computerized data base known as the Flue
Gas Desulfurization Information System (FGDIS). This system is
discussed in more detail in Appendix A.
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. Information on operational systems is verified solely by
the utilities and reported essentially as received. Any modifi-
cations or adjustments to the reported data are made solely for
purposes of a consistent format that will allow reliable compar-

isons and evaluations to be made.
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SECTION 2

TECHNOLOGY OVERVIEW

CURRENT STATUS

Table 2-1 lists the number of domestic utility FGD systems
according to status and equivalent electrical capacities as of

the end of August 1980.

TABLE 2-1. NUMBER AND TOTAL CAPACITY OF FGD SYSTEMS,

AUGUST 1980
Total Equivalent
No. of controlled a scrubbed b
Status units capacity, Mw capacity, Mw
Operational 73 27,155 24,765
Under construction 39 17,855 16,854
Planned:
Contract awarded 29 13,769 12,919
Letter of intent 7 5,590 5,590
Requesting/evaluating bids 15 8,424 8,424
Considering only FGD 40 24,200 23,980
TOTAL 203 96,993 52,532

4 Total controlled capacity (TCC) represents the gross capacities (MW) of

coal-fired units brought into compliance by FGD systems, regardless of

the percent of the flue gas treated.
Equivalent scrubbed capacity (ESC) represents the effective capacities of
the FGD systems (in equivalent MW), based on the percent of the flue gas

treated.

GROWTH TRENDS

Power-Generating and FGD Capacity

As indicated in Table 2-1,

_ . 4 73 coal-fired power-generating
units currently equipped with operational FGD systems represent

120



a total controlled capacity of 27,155 MW. This compares with a
December 1979 total coal-fired power-generating capacity of
approximately 235,000 MW. Current projections indicate that the
latter will rise to approximately 370,000 MW by the end of 1990.
Based on the known utility commitments to FGD, the percentage of
coal-fired capacity controlled by FGD will increase from its
current level of 11.5% to 26.5% by the end of 1990.

Table 2-2 presents the projected distribution of power-gen-
erating sources (by energy source) in the electric utilaty
industry. Table 2-3 presents the percentage of current and
projected coal-fired and total power-generating capacities
controlled by FGD.

Based on the requirements of the revised NSPS, actual
FGD-controlled capacity should exceed the levels indicated in
the preceding discussion. Currently, about 50 additional units,
representing a total capac1ty of approX1mately 25,000 MW, have
been identified as requiring SO, controls in the decade just
begun; however, identification of these units and informatior
regarding their status is not ready for public release as a
result of the premature stage of their planning, developments in
ongoing litigation, and the determination of applicable emission
control standards.

Figure 2-1 shows current and projected FGD-controlled
capacity and total power-generating capacity of coal-fired units
through 1990. This figure represents the committed FGD-
controlled capacity (those systems identified in Table 2-1). the
uncommitted FGD-controlled capacity (those units that cannot be
identified at the present time), and current and projected
coal-fired power generating capacities (those values cited in
Table 2-2 and the preceding discussion).

Figure 2-2 shows estimated FGD-controlled capacities at the
indicated month and year. An estimated total of 37,834 Mw of
FGD-controlled capacity was identified in November 1974. By
August 1980, this figure had risen to 96,993 MW (see Table 2-1).
This represents an overall growth rate of 156% for the 6é-year
period. In addition, the figures reflect a better than 55%
increase in the last 2 years.

~ Other notable changes that occurred during the 1974 to 1980
growth period include:

° A 384Y% increase in the number of operational systems.

° A 753j% increase in operating capacity (ESC).

° An increase 1in the average capacity of the FGD-
equipped unit from 170 MW to 340 Mw.
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TABLE 2-2. DISTRIBUTION OF POWER;GENERATING SOURCES

BY ENERGY SOURCE™’

Percent of total W
Coal | Nuclear | 0i1 | Hydro | Gas | Other Total, G
December 1979 39 9 25 13 13 1 603
December 1990 44 14 20 11 10 ] 833

ﬁ Adapted from U.S. Department of Energy (1979) and Rittenhouse (1978).1°%2
Figures reflect annual losses of 0.4% of the year-end capacity attributed

to retirement of older units.

FGD-CONTROLLED POWER-GENERATION CAPACITY

TABLE 2-3.
(percent of total)
Coal-fired
Period capacity Total capacity
August 19802 11.5b 4.5b
December 1990 26.5 11.6

g Represents FGD-committed capacity as of August 1980.
‘Based on FGD capacity as of August 1980 and total power-generating

capacity as of December 1979.
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Figure 2-1. Projections of coal-fired generating

capacity and FGD capacity from 1975 to 1990.
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FGD CAPACITY, 105 MW (TCC)
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Process Type

FGD systems may be categorized in several ways, some gen-
eral and others more specific. Some general categorizations
used in the survey are:

° wet vs. dry process

° throwaway product vs. salable product process

A more specific categorization is by process (e.g., lime, lime-
stone, magnesium oxide, Wellman-Lord).

Tables 2-4, 2-5, and 2-6 summarize the current status of
FGD capacities associated with each of the foregoing process
categories. These tables show that the vast majority of oper-
ating experience to date has been obtained with wet calcium-
based, throwaway-product FGD systems. Of the 68,044 MW of FGD
capacity committed to a specific process (see Table 2-6), 62,541
MW (approximately 92%) are wet calcium-based, throwaway-product
systems.

, . Table 2-4 shows that all currently operating processes are
wet systems. With the recent advent of spray dryer collection
processes, l1l0 systems, representing an ESC of 3,523 Mw, are
currently committed for future operation with a dry system.
Therefore, dry systems represent almost 12% of the FGD capacity
in _the under construction and contract awarded status cate-
gories.

Table 2-5 indicates that approximately 6% of the current
operating FGD-controlled capacity produces a salable product
(elemental sulfur or sulfuric acid). This level of application
of salable product processes 1is expected to remain relatively
unchanged in the near future, as reflected by the 7% and 9%
levels currently committed in the under construction and planned
status categories. In the planned category, 1f the 641 MW
scheduled to produce gypsum for sale are not considered (gypsum
may have to be thrown away if a market is not available), the 9%
1s reduced to 7%.

‘Table 2-6 reflects several trends in the industry with
respect to chemical process selection. Direct lime and lime-
stone systems currently account for approximately 89% of the
cpem;cal processes selected, and a comparison of the two shows a
distinct industry preference for the latter, which will get
stropger in the near future as more systems are placed in
service. This trend is evident in that 53% of the lime/
limestone capacity in operation, 59% of the lime/limestone
Capacity under construction, and 66% of the planned lime/
limestone capacity are limestone systems.*

‘*‘Includes alkaline fly ash lime/limestone processes.
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TABLE 2-4. COMMITTED FGD CAPACITY - WET VS. DRY PROCESSES

FGD capacity (ESC), MW
Under Contract
Operational construction awarded Total
Wet 24,767 15,194 11,056 51,017
Dry 0 1,660 1,863 3,523
TOTAL 24,767 16,854 12,919 54,540

TABLE 2-5. DISTRIBUTION OF FGD SYSTEMS BY END-PRODUCT
FGD capacity (ESC), Mw
Operational | Under construction | Planned | Total
Salable product 1,600 1,208 2,991% | 5,799
Throwaway product 23,167 15,646 29,678 68,491
TOTAL 24,767 16,854 32,669° | 74,290°

4 This total contains 641 MW of capacity which will produce gypsum for sale

b rather than sulfur or sulfuric acid.

This total is less than that reflected in Table 2-1 because a number of
planned FGD systems have not yet been committed to a process.
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TABLE 2-6.

DISTRIBUTION OF FGD SYSTEMS BY PROCESS

T FGD capacity (ESC), MW
Under

Process Operational construction Planned Total
Limestone® 11,172 8,816 16,164 36,152
LimeP 9,869 4,940 6,035 20,844
Lime/spray drying 0 1,120 1,907 3,027
Lime/limestone 20 0 475 495
Sodium carbonate 925 330 250 1,505
Magnesium oxide 0 574 750 1,324
Wellman Lord 1,540 534 0 2,074
Dual alkali 1,181 0 842 2,023
Aqueous carbonate/

spray drying® 0 540 0 540

Citrate® 60 0 0 60

Total 24,767 16,854 26,423° 68,044
a

Includes alkaline fly ash/limestone and limestone slurry process design
p configurations. ‘

Includes alkaline fly ash/lime and 1ime slurry process design configura-
tions.
Includes nonregenerable dry collection and regenerable process design
g sonfigurations.
'This system is operating at the St. Joseph Zinc Co., G. F. Wheaton Plant
and is listed as a utility FGD system because the plant is connected by
a 25-MW interchange to the Duquesne Light Company.
‘Because the processes of all planned systems are not known, the totals
in this status category are less than those in Table 2-1.

‘e
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Emission Control Strategy

Emission control strategy refers to the measures used to
control particulate matter and SO, emissions from power plants
firing fossil fuels. At FGD-equipped, coal-fired wutility
boilers, three basic combinations of primary particulate:
matter/SO, control equipment are used: electrostatic precipi-
tator (ESP)/FGD, fabric filter (FF)/FGD, and two-stage scrub-
bing. Table 2-7 summarizes emission control strategies for the
current and planned FGD-equipped units. '

TABLE 2-7. SUMMARY OF EMISSION CONTROL SELECTION®

Operational |Under construction | Contract awarded Total
“No.| MW No. Mw No. MW No. | MW
ESP/FGD 46 116,564 32 13,890 22 10,823 100 |41,277
FF/FGD 3 930 7 2,096 | 10 3,086
Two-stage 27 | 8,203 4 1,974 0 0 31 110,177
scrubbing
Total 73 24,767 39 16,854 29 12,919 (141 |54,540

a‘Capacities represent ESC.

As indicated in Table 2-7, several industry preferences emerge

w1th respect to selection of a control strategy. The most

obv19us is the strong preference to use an ESP for primary

particulate matter control upstream of the FGD system. Second,

a small but increasing preference for FF's is influenced by the

adven; of the spray dryer/dry collection FGD technology. The

suppliers of most of : the dry processes offered commerciaily

recommend a FF as the preferred collection device. All the -
FF/FGD combinations presented in this table are spray dryer/dry
collection systems. Third, a preference for the use of two-

stage scrubbing system for SO, and particulate matter control is

diminishing. ~The units under construction that will use two-

stage scrubbing are either retrofit applications where the

existing particulate matter control devices (ESP's) need up-

grading or new applications where the alkalinity of the

collected fly ash will be used as a source of reagent.



APPLICATION CONSIDERATIONS

New/Retrofit Units

- Figure 2-3 shows a comparison of FGD-controlled capacities
with new and retrofit FGD systems. As indicated in this figure,
many of the original FGD systems were retrofits (e.g., retrofits
accounted for 627 of the operating capacity in service in 1975).
As: of August 1980, new systems accounted for 75% of the oper-
ating capacity. This trend toward application of FGD systems on
new sources is a result of the NSPS promulgated, pursuant to the
Clean Air Act Amendments. By 1990, FGD systems installed on new
boilers are expected to comprise 86% of the total.

Design SO, Removal, Coal Sulfur Content, and Inlet SO, Level

Tables 2-8 and 2-9 summarize the FGD systems in service,
under construction, and planned according to design values for
SO, .. removal, coal sulfur content, and inlet SO, level.
Table 2-8 presents a breakdown of the FGD systems that are
operational, under construction, and planned (contract awarded)
according to level of SO, removal efficiency versus coal sulfur
content. Some general statistics from the table are evident.
First, more than 70% of the FGD capacity is designed for SO,
removal efficiencies of 80% or greater (almost evenly dis-
tributed between efficiencies of 80 to 89% and the 90% or
greater). Second, more than 85% of the FGD capacity installed
or planned is for boilers burning low- and high-sulfur coals,
with the capacities almost equally distributed between the two.

Table 2-9 presents a breakdown of FGD capacity by status
category according to design inlet SO, levels. Establishing 4
1b/10¢ Btu as the break-off level between low- and high-inlet
SO, leads. to the conclusion that FGD systems are used to a
greater extent on 1low-level SO, inlets than on high-=level
inlets. sSince 56% of present operational capacity is applied to
low-inlet SO, levels, as are 62% of the systems under construc-
tion, and 64% of the planned systems, it appears that more of
the future coal fired utility units are expected to use low- or
medium-sulfur coal with FGD than high-sulfur coal and FGD. This
may be because there is more coal-fired utility growth where
low= or medium-sulfur coal exists.

- Note that the preferences and trends cited in Tables 2-8
and 2-9 virtually exclude any impact that may be brought about
by the revised NSPS of June 1979. This discussion is therefore
limited to technological preferences and trends that developed
largely in response the Federal, state, and local regulatory
standards under the original NSPS of December 1971.

129
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Figure 2-3. Commit@ed FGD operating capacity for new and retrofit
installations through 1990.
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TABLE 2-8. DESIGN SO, REMOVAL EFFICIENCIES OF FGD SYSTEMS
WITH RESPECT TO COAL SULFUR CONTENT

;Design Under
removal Coal sulfur | Operational | construction |[Contract awarded Total
efficiency| content® | No. | MWP No. | MW | o e | No. | MW°
<70 Low 7 | 3,066 2 767 0 0 9 | 3,832
Medium 7 1,306 ] 280 0 0 8 1,586
High 0 0 0 0 0 0 0 N
Total 14 4,372 3 |1,047 0 0 17 5,419
70-79 Low 6 2,359 3 {1,262 7 3,273 16 6,894
Medium 1 800 1 382 0 0 2 1,182
High 4 1,180 ] 500 0 0 5 1,680
Total 11 4,339 5 (2,144 7 3,273 23 9,756
80-89 Low 13 3,938 2 (1,017 6 3,303 21 8,253
Medium 2 918 3 11,080 2 1,000 7 | 2,956
High 12 4,181 8 |3,557 4 1,955 24 §,66%
Total 27 9,037 13 {5,654 12 6,258 52 (20,949
> 90 Low 6 2,044 6 {3,200 2 800 14 6,044
Medium 3 749 3 544 2 530 8 1,823
High 12 4,225 9 14,265 6 2,058 27 110,548
Total 21 7,018 18 {8,009 10 3,388 49 (18,415
TOTAL Low 32 11,407 13 | 6,246 15 7,376 60 125,029
Medium 13 3,773 8 |2,286 4 1,530 25 7,58¢
High 28 9,586 18 | 8,322 10 4,013 56 {21,921
4 Low-sulfur content is less than 1%; medium-sulfur content is 1 to 2.5%
sulfur; high-sulfur content is greater than 2.5%.
Capacities represent ESC.
TABLE 2-9. FGD SYSTEM SO, INLET LEVELS
' Under
FGDiz¥:tem 50, Operational construction | Contract awarded Tota?
(16/108 Btu) | No. | MW | No. | mW® No. | MW® | No. M
< 1.9 26 | 8,636 | 10 | 5,039 12 | 5,856 a8 |19,53"
2.0 - 3.9 18 5,235 10 2,933 5 {2,520 33 10,688
4.0 -5.9 8 4,260 4 1,204 10 {3,743 22 9,207
>6.0 21 6,635 15 7,678 2 800 38 (15,13
TOTAL 73 {24,766 39 16,854 29 12,919 141 | 54,539

3 Capacities represent ESC.
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SECTION 3

PROCESS DESIGN DEVELOPMENTS

This section addresses preferences and trends 1in the

process design development of commercial FGD systems.

CHEMICAL ADDITIVES

Chemical additives are used to improve the chemistry of
lime- and limestone-based FGD systems. For example, magnesium-
promoted processes have been used to reduce scaling, to increase
sulfur dioxide removal, and to improve reagent utilization.

Table 3-1 lists the number and generating capacity of units
that now have or will have FGD systems with magnesium-promoted
processes. '

TABLE 3-1. NUMBER AND CAPACITY OF UNITS USING MAGNESIUM-PROMOTED
FGD PROCESSES

Operational Under construction | Contract awarded
Process No. Mw? No. Mw® No. Mw®
Lime 7 4,433 2 860 0 0
Limestone 0 0 1 670 1 650
Lime/alkaline fly ash 0 0 2 1,400 0 0
Total 7 4,433 5 2,930 1 650

a Equivalent scrubbed capacity.

The introduction of magnesium into lime-~ -and limestone-
based FGD processes has been of great interest over the last 10
years, but most full-scale magnesium-promoted systems actually
began operations in the mid to late 1970's. Table 3-1 shows
that the trend in the use of magnesium promotion is declining.
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SYSTEM ENERGY CONSUMPTION

Table 3-2 shows the range and average of energy require-
ments of lime and limestone processes as a percentage of gross
generating capacity for new and retrofit systems. As shown in
the table, there is no significant difference between new and
retrofit systems.

TABLE 3-2. ENERGY CONSUMPTION FOR OPERATIOQAL WET LIME AND
LIMESTONE SCRUBBING SYSTEMS

New? RetrofitP 0vera11b

Process Range Average Range Average Average
Lime 1.6 - 6.0 3.8 1.5 - 3.5 2.6 3.1
Limestone 1.1 - 5.5 3.2 3.4 - 5.6 4.6 3.4

z Excluding flue gas reheat.
Electrical energy consumption of the FGD installation as a percentage of
gross.

FANS

Table 3-3 shows the trends in fan preference used on FGD
systems. Although most of these fans are centrifugal, utilities
are considering more innovative designs. Because early FGD
systems were considered separate from the rest of the generating
plant, separate booster fans provided draft for the scrubbing
systems. Newer power plants have fans sized to provide draft
for the entire boiler/scrubber installation as a unit. Where
ESP's or baghouses provide particulate matter removal prior <o
the scrubbing system, forced-draft fans (with respect to the
scrubber) are used extensively. These fans operate on dry flue
gas: Most induced-draft (ID) fans operate on dry flue gas as
well because they are often installed downstream from reheaters.
Carbon steel is now and will continue to be the primary con-
struction material for fams.

ABSORBERS

. Table 3-4 is a breakdown of the number and capacity of
units equipped with FGD systems according to generic absorber
Lype and status. Combination absorbers include spray/packed and
tray/packed absorbers as well as concentric venturi/spray tower
absorbers. Impingement towers are fixed-baffle or fixed-vane
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TABLE 3-3. NUMBER AND CAPACITY OF UNITS BY FAN SPECIFICATION
AND INITIAL STARTUP YEAR

Year of actual or projected FGD system initial startup
1971-1974 1975-1978 1979-1982
Fan specification | No. Mw? No. Mw® No. Mw?
Design
Centrifugal 8 {2,198 31 {12,529 34 {12,880
Axla] 0 0 1 185 441,313
NR 3 145 1 200 37 114,315
Function
Unit 3 191 21 | 9,623 13 | 5,417
Bogster 5 11,199 11 | 2,849 22 | 7,482
NR 3 945 1 442 40 {15,609
App]icationb
10§ 7 | 2,073 10 | 4,04 11| 3,833
FDe 2 250 23 | 8,873 40 16,41
NR 2 20 0 0 24 | 8,264
Service
Wet 1 408 3] 2,344 6 | 1,820
Drx 8 11,915 30 {10,570 49 119,433
NR 2 .20 0 0 20 | 7,255
Materials
Alloy 1 408 341 2,344 31 1,141
Carbon steel 8 {1,915 28 | 9,850 47 118,443
Rubber-11ined :
cgrbon steel 0 0 2 720 0 0
NR 2 20 0 0 25 | 8,924

Equivalent scrubbed capacity.
With respect to the FGD system.
Induced draft.

Forced draft.

Not reported.

[ BN oR ol « a1}

134



absorbers, such as the disc contactor design. Fixed- or
static-bed, mobile-bed, and rod-deck absorbers are considered
packed towers. Systems in which flue gas is contacted with a
slurry- or solution such that the flue gas 1is adiabatically
humidified and the slurry or solution is evaporated to apparent
dryness are defined as spray dryers. Both horizontal and
vertical spray absorber modules, which use radial, central,
cocurrent, countercurrent, or crosscurrent spray arrangements,
are considered spray towers. Impingement, sieve, and valve tray
absorbers are considered tray towers. Fixed- and variable-
throat venturi scrubbers as well as other absorber designs that

operate on a venturi principle are grouped under venturi
absorbers.

TABLE 3-4. NUMBER, CAPACITY, AND STATUS OF UNIZS EQUIPPED WITH FGD
SYSTEMS BY ABSORBER TYPE

Absorber type Operational Under construction | Contract awarded

| No. | Mw° No. | MWP No. | MW°
Combination absorbers { 10 3269 6 2871 3 1391
Imbingement tower 1 265 0 0 2 842
Packed tower 19 6265 8 3211 2 750
Spray dryer 0 0 5 1660 6 1863
Spray tower 20 7181 16 7075 15 8008
Tray tower 15 4396 3 1802 ] 65
Vénturi absorber 8 3391 1 235 0 0

? These totals include SO, absorbers. Particulate matter scrubbers are
excluded.

Equivalent scrubbed capacity.

Table 3-4 indicates that spray towers have retained their
popularity and that spray dryers will become more prominent in
‘the 1980's. Except for venturis, which are on the decline, and
theése two prominent designs, the other absorbers show no marked
change in commercial acceptability.

MIST ELIMINATORS

Utilities and system designers apparently prefer mist
eliminators of the chevron design, particularly when they are
preceded by a bulk separator. The primary material of construc-
tion is plastic, although some mist eliminators are made of
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alloys. None of those in the contract awarded status and only
one unit now under construction will be constructed of materials
other than plastic. , .

Most mist eliminators are horizontal, that 1s they are
installed perpendicular to the vertically rising gas stream of
conventional vertical absorbers. Vertical mist eliminators are
used in horizontal absorber modules and some vertical absorbers
that have a 90-degree turn of the duct (and thus a horizontal
duct section before entry into the stack). The advantage of a
vertical mist eliminator is that the liguid collected is removed
perpendicular to the gas flow rather than opposite to it, thus
improving the liquid removal efficiency. These patterns are
somewhat evident in Table 3-5.

TABLE 3-5. NUMBER AND CAPACITY OF ?GD—EQUIPPED
UNITS BY MIST ELIMINATOR TYPE, CONFIGURATION, AND INITIAL STARTUP YEAR

Year of actual or projected FGD system initial startup
1971 - 1974 1975 - 1978 1979 - 1982
No. | Mwd No. | Mmwd No. | Mw@
Type
Chevron 10 12,202 34 |i2,106 | 38 14,929
Mesh-pad 1 110 1 360 J 0
Radial-vane 2 250 1 125 1 475
Configuration
Horizontal 11 12,323 28 110,355 17 6,663
Vertical 0 0 6 | 1,418 5 | 1,793

a Equivalent scrubbed capacity.

REHEATERS

Four reheat strategies are currently in use or planned for
domestlg utility FGD systems: flue gas bypass, direct-
combust;on, hot-air-injection, and in-line reheat. In direct-
combustion systems, fuel o0il or gas is burned and hot combustion
products are mixed with the wet scrubbed gas before it enters
the stack. Hot-air-injection systems heat ambient air on the
shell side of a steam tube heat exchanger and inject it into the
flue gas stream. In-line reheaters heat the flue gas as it
passes through the duct and contacts the reheater tubes. Both
of the latter two systems use steam tubes with circulating steam
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or pressurized hot water for heat transfer. In some instances a
unit will combine reheat systems. For example, where the per-
cent of gas scrubbed can be made to vary with coal sulfur con-
tént, the flue gas is reheated by bypassing the particle-cleaned
gas around the scrubbing system to the scrubber exit ductwork
until the amount of allowable bypassed gas becomes ‘inadeguate
for the required degree of reheat (when the percent sulfur is
high), at which point a backup hot-air-injection reheater is
activated. :

Another variation of the basic reheater is the waste-heat
recovery reheater. A waste-heat recovery reheater on a system
currently under construction is an 1in-line reheater that
includes two heat transfer areas. 1In the first transfer area,
upstream of the scrubber, heat is absorbed from the flue gas;
water circulating through heat exchanger tubes transfers the
heat to a second transfer area downstream from the scrubber.

Table 3-6 is a breakdown of the reheat processes reported
by number and capacity of units where these systems are in-
stalled or planned.

TABLE 3-6. NUMBER, CAPACITY, AND STATUS OF UNITS USING
FLUE GAS REHEAT STRATEGIES

Operational | Under construction| Contract awarded
Reheat type No. | Mwd No. Mw? No. Mw?
Bypass 19 | 7,149 10 4,661 2 1,320
Bypass/hot air injection 1 447 1 447 0 9}
Direct-combustion 10 {2,589 ] 240 0 0
Hot-air-injection 21 |6,738 6 2,570 3 [1,475
In-line 14 15,441 3 1,375 3 286
Waste-heat recovery | o 0 2 1,408 0 0

é Equivalent scrubbed capacity.

Five units (1687 MW) that are operational, one unit (110
MW) that is under construction, and five units (1416 MW) for
which contracts have been awarded do not include reheaters.

STACK FLUES

T Table 3-7 is a breakdown of units according to materials of
construction of the stacks, status, and whether or not they have
reheat. The flues of most stacks are and continue to be made of
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TABLE 3-7. NUMBER, CAPACITY, AND STATUS OF UNITS EQUIPPED WITH FGD SYSTEMS
ACCORDING TO FLUE/LINER TYPE AND REHEAT APPLICATION

Operational Under construction Contract awarded
) With reheag Without rehgat With rehegt Without rehgat With reheag Without reheag_
Flue/Vliner No. No. No. No. No. No.

Alloy 0 0 1 917 0 0 0 0 0 0 0 0
ARBMb 19 6103 6 2015 11 |5472 4 1455 4 1426 3 1687
‘Carbon steel 5 2976 | O 0 0 0 0 0 0 0 0 0
C.S.%/inorganic tining 2 1834 | 1 98 0 0 0 0 0 0 0 0
C.S.c/organic lining 7 2369 2 514 0 0 0 0 0 0 0 0
Fiberglass 2 455 0 0 3 |1220 0 0 2 1000 0 0
Heacd 10 | 2370 o0 0 1| 22 0 0 0 0 0 0

a Equivalent scrubbed capacity.
Acid resistant brick and mortar.
Carbon steel.
Hydraulic-cement-bonded concrete.



acid-resistant brick and mortar (ARBM). Information regarding
materials of construction in the units under construction or on
which contracts have been awarded is lacking partially because
utilities often do not finalize stack design until late in the
construction stage.

SLUDGE DISPOSAL

Table 3-8 is a breakdown of units equipped with FGD accord-
ing to sludge treatment, transportation, disposal method, site,
and operational status. As in the case of stacks, information
on units under construction and on which contracts are awarded
is incomplete because final disposal strategies are often not
finalized until plant construction is nearly complete. Also,
when a separate contract is arranged for sludge disposal, it is
often.not- awarded until after initial plant construction.

‘Most disposal sites are and will continue to be on the
plant site. One trend is to increase sludge solids content by
fly ash addition and/or using vacuum filters so the material can
be landfilled. Another trend is to provide some sort of sludge
treatment before final disposal; primary methods are fly ash
stabilization, forced oxidation, and proprietary fixation. As
more systems produce sludge with higher solids content, waste
transport by truck and/or conveyor belt will become more
prominent.
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TABLE 3-8. NUMBER, CAPACITY, AND STATUS OF UNITS EQUIPPED WITH FGD

SYSTEMS ACCORDING TO SLUDGE DISPOSAL SPECIFICATIONS AND STATUS

. .o . Operational | Under construction | Contract awarded
Disposal specification 3 3 3
No. MW No. Mw No. MW
Sludge treatment type
Bottom ash addition® 1 490 0 0 0
Fly ash/lime stabili-
zation c 5 956 0 0 1 65
Fly ash additign 9 3,494 0 0 0 0
Fly ash mixing 3 1,785 3 1,219 2 1,000
Forced oxidation 4 2,025 6 3,430 1 166
Proprietary fixation 11 5,615 6 2,686 2 1,370
Sludge transportation
Conveyor 4 1,070 2 1,140 0 0
Pipeline 29 | 10,666 1 280 0 0
Rail 3 1,785 1 500 0 0
Truck 12 3,526 6 2,733 5 2,146
Sludge disposal method
Landfill 21 | 9,011 16 7,858 10 3,824
Lined pond 30 9,408 9 3,943 1 5G
Mine fill 2 632 3 1,421 0 0
Unlined pond 14 3,971 0 0 0 0
Disposal site
0nsi§e 55 | 15,915 17 8,002 2 1,067
Offsite 14 4,899 4 1,397 2 120

a Equivalent scrubbed capacity.
FGD wastes and bottom ash are disposed of together.
FGD wastes and fly ash are disposed of together.

FGD wastes and fly ash are mixed before final disposal.
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SECTION 4

PERFORMANCE TRENDS

OPERATING EXPERIENCE

In the past 5 years, FGD has become the most commercially
developed means of control of SO, emissions from coal-fired
boilers, and operating experience has increased significantly.
At the end of 1975, 20 units were either on line (or had been),
and approximately 198,000 hours of on-line experience had been
accumulated. By August 1980, 85 FGD systems had been operated
on utility boilers, and more than 460,000 hours of operation had
been logged. This represents a 425% increase in the number of
FGD systems operated and a 230% increase in total hours logged.

The operational hours above reflect the number of hours
reported by the utilities. Because hours of operation often are
not available for such periods as initial system startup or per-
formance testing, the actual number of operational hours is
greater than reported, as 1s the corresponding percentage
increase.

DEPENDABILITY

For characterization of system performance, four dependa-
bility parameters have been developed: availability, operabil-
ity, reliability, and utilization. Table 4-1 defines these
parameters.

The FGD survey program includes monitoring the performance
of the operating FGD systems and logging monthly operating
parameters (e.g., boiler and FGD system operating hours, forced
outage times, scheduled outage times). If the data permit,
monthly dependability parameters are calculated for both the
entire FGD system and its respective modules (where applicable).
When modular operating parameters are known, total FGD system
dependability parameters are derived by averaging all the
modglar figures, except in those cases where the FGD system
de51gp includes spare capacity. In these instances, a spare
capacity factor 1is included in the calculation of the total
system parameter, which ensures that the overall FGD system

dependability is not penalized as a result of egquipment
redundancy.
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TABLE 4-1. PARAMETERS OF DEPENDABILITY

Availability index Hours the FGD system is available for operation
(whether operated or not) divided by the hours in
the period.

Operability index Hours the FGD system was operated divided by the

boiler operating hours in the period.

Reliability index Hours the FGD system was operated divided by the
hours it was called upon to operate.

Utilization index Hours the FGD system operated divided by the
total hours in the period.
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Figures 4-1 and 4-2 reflect the availability history of
four FGD installations on boilers firing low- or medium=-sulfur
(<2.5%) coal, and Figures 4-3 and 4-4 show the availability of
four FGD installations on boilers firing high-sulfur (>2.5%)
coal. These units represent systems for which sufficient data
are available for analysis. In each case, the data points
represent l2-month rolling averages of the monthly total system
availabilities. The rolling averages are calculated Dby
averaging the availability data for the first 12 months of
operation, dropping the first data point, and adding the 13th
for a second average, and so on.

Figures 4-5, 4-6, and 4-7 are composites of the availabil-
ities of individual FGD systems. They show average annual
availabilities (through June 1980) for operating units firing
low-sulfur (<1%) coal, medium-sulfur (1-3%) coal, and high-
sulfur (>3%) coal, respectively.* Some newly operatlonal sys-
tems were not included (even though data were available) because
they had been in operation for less than 1 year and yearly
availability averages were not available.

Flgure 4-8 provides statistical analyses of the data con-
tained in the three composite graphs for 1978 and 1980. In each
case, the availability points for these two years were plotted,
and the median of each array was determined. Note that the
median FGD system availability for those systems applied to
units firing high-sulfur (>3%) coal .has shown a better than 50%
‘increase in the 2-year period, and is approaching that of the
low- to medium-sulfur coal units. This indicates a rising trend
in the overall dependability of FGD systems for high-sulfur coal
application. The median availability for units firing medium-
sulfur (1-3%) coal increased 16.5% and, for units firing low-
sulfur coal, 1.5%. The lower percent change for these two
categories is attributable to their higher median availability
in 1978 and attests to the stable and reliable operating
histories experienced by FGD systems on these low- and medium-
sulfur coal units.

SO0, REMOVAL EFFICIENCY

‘Table 4-2 presents SO, removal efficiency performance test
results and total system design removal efficiency values for
some of the operational FGD systems. Table 4-3 presents contin-
uous monitoring data for some of these systems. All but two of
‘the  systems represented in these tables are commercial lime/

These categories were used to provide a more even graphlcal

distribution; however, they differ slightly from those used in
‘previous sections.
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Figure 4-1. Availability histories for FGD installations at the
Colstrip Station of Montana Power (<2.5% S coal).
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TABLE 4-2. SO, REMOVAL EFFICIENCIES; PERFORMANCE TEST DATA

Utility name/ Unit rating, Process Fuel sulfur Design removal Performance
unit name MW (gross) type content, % efficiency, % Date test results, % Remarks
Arizona Public Service
Cholla 3 19 Limestone 0.5 92? 10/73 92 Test results are based
on testing of Module
A only
10/73 58.5 Test results are based
on the average of
tests from October 2,
to October 21, 1973
Duquesne Light
Phillips 1-6 408 Lime 1.5 83b 1975 86-93 Tests results are from
. o two-stage scrubbing
train

Kansas City Power & Light
taCygne 1 874 Limestone 5.4 80 3/75 77 Test results were

taken from a 4-hour
full load test

5/75 80 Results are based on
an 8~hour maximum
continuous load test
8/77 77 Summary of a 4-hour
full load test
Kansas Power & Light

Lawrence 4 125 Limestone 0.6 73 10/77 96-98 Summary of overall
results from accept-
ance tests

Kentucky Utilities

Green River 1-3 64 Lime 4.0 80 10/78 83 Results are the
average of six- test
runs

Louisville Gas & Electric

Can Run 4 188 Lime 38 85 /77 95 Results of a 7- to

10-day test period
8/177 86-89 Performance test re-
sults

Can Run 5 200 Limestone 3.8 85 7/79 88 The result is an aver-
age of three emission
tests

Cane Run 6 299 Dual alkali 4.8 95 1/80 94 The result is from

compliance test per-
formed over an 11~

day period
Montana Power
Colstrip 1 360 Lime/alkaling 0.8 60 2/76 75 Tests were EPA Method
flyash /77 81 6 procedures
5/71 88
6/77 81
Colstrip 2 360 Lime/alkaling 0.8 60 10/76 68 Tests were EPA Method
flyash /76 83 6 procedures
12/76 83
3/77 86

{continued) 6/77 83
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TABLE 4-2 (continued)

Utilfty nawe/ Unit rating, Process Fuel sulfur Design removal Performance
unit name MW (gross) type content, % efficiency, % Date test results, X Remarks

Northern Indiana Public Service

D.H. Mitchell N 115 Wellman Lord 3.5 90 9/77 91 Tests commenced on
Aug. 29, 1977, and

were completed on
Sept. 14, 1977, test
period included 12
days at 92 MW flue
gas equivalent and
3-1/2 days at 110 MW
flue gas equivalent
South Mississippi Elect. Power

R.B. Morrow, SR. 1 200 Limestone 1.3 85¢ 3/80 92 Results of five EPA
Method 6 tests across

the absorber

4/80 90 Results of seven EPA
Method 6 tests across
the absorber

Springfield City Utilities

Southwest 1 194 Limestone 3.5 80 9/77 92 Average result of com-

pliance test runs

Texas Utilities d

Martin Lake 1 793 Limestone 0.9 L1 6/77 98-99 Preliminary acceptance

test results at 750
Mw

8/78 98-99 Acceptance test
results

2 Module A removal efficiency; overall unit design removal efficiency is 59%.
Design removal efficiency of the two-stage scrubbing trains.

d Absorber design removal efficiency; overall removal efficiency is 53%.
Absorber design removal efficiency, overall removal efficiency is 71%.



TABLE 4-3. S0, REMOVAL EFFICIENCIES: CONTINUOUS MONITORING DATA
Fuel
sulfur
Utility name/ Unit rating, Process content, Design removal Actya} removal
unit name MW (gross) type 4 efficiency, % Date efficiency, %
Colorado Ute
i i n .5 85 5/80 65
Craig 2 455 Limestone 0 2780 b
7/80 66
8/80 66
Kansas City Power &
Light
LaCygne 1 874 Limestone 5.4 80 9/77 81
Kansas Power & Light
Lawrence 4 125 Limestone 0.6 73 10/77 97
2/79 94
Louisville G&E
Cane Run 4 188 Lime 3.8 85 7/77 81
8/77 84
10/77 84
1/77 84
7/80 87
Cane Run 5 200 Lime 3.8 85 7/80 85
Cane Run 6 288 Dual alkali 4.8 95 6/80 95
Mill Creek 3 442 Lime 3.8 85 6/80 85
Montana Power
Colstrip 1 360 Lime/alkaline 0.8 60 4/76 86
flyash 7/76 90
9/76 89
12/76 81
Northern Indiana Public
Service
D.H. Mitchell T 15 Wellman Lord 3.5 90 8/77 90
10/77 90
11/77 91
Northern States Power
Sherburne 2 740 Limestone/ 0.8 50 4/77 58
alkaline
flyash
Pennsylvania Power
Bruce Mansfield 1 917 Lime 3.0 92 10/77 81
Philadeliphia Electric
Eddystone 1A 120 Magnes ium 2.6 90 9/77 97
oxide Nn/17 85
South Carolina Public
Service
Winyah 2 280 Limestone 1.7 69 6/79 80
7/79 84
. . 8/79 80
South Mississippi
R.D. Morrow, SR. 1 200 Limestone 1.3 8s? 4/80 80
5/80 80
6/80 90
7/80 90
a 8/80 80
R.D. Morrow, SR. 2 200 Limestone 1.3 8% 9/79 95
5/80 85
6/80 90
7/80 85
8/80 80

(continued)
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TABLE 4-3 (continued)

Fuel
sulfur
Uti1ity name/ Unit rating, Process content, [ Design: removal Actual removal
unit name MW (gross) type % efficiency, % Date efficiency, %
Tennessee Valley Authority

Widows Creek 8 516 Limestone 3.7 89 W 9]
' 12/77 94
1/78 89

2/78 85

3/78 92

4/78 90

5/78 89

6/78 92

7/78 88

8/78 89

9/78 91

5/79 80

6/79 84

7/79 86

8/79 88

9/79 83

10/79 87

11/79 88

12/79 86

1/80 84

2/80 84

3/80 83

4/80 86

5/80 83

6/80 82

7/80 87

2 Absorber design removal efficiency; overall removal efficiency is 53%.-
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limestone installations. The two exceptions are demonstration
systems utilizing dual alkali and magnesium oxide processes.
The available data, although not extensive, indicate that actual
' removal efficiencies of these systems generally meet or exceed
design values at both low-sulfur and high-sulfur coal 1instal-
lations. This would seem to indicate that meeting or exceeding
design SO, removal efficiency has not been a significant problem
for FGD systems on units firing high-sulfur coal. For example,
the FGD installation at the La Cygne power station (the FGD-
equipped unit currently firing the highest-sulfur coal) success-
fully passed performance testing early in 1975. Results from 10
days of continuous monitoring in late September 1977 indicated
that the system was continuing to exceed its design removal
efficiency of 80%.

PERFORMANCE CONSIDERATIONS

Because of the widely varying conditions at stations where
FGD systems are applied (e.g., differences in plant size, coal
sulfur content, and required removal efficiencies), it is dif-
ficult to pinpoint specific variables affecting overall FGD
system performance. Certain general considerations can be
identified, however, and are discussed below.

SO, Inlet Levels and Removal Requirements

~ In general, FGD systems operating on units with 1low to
medium SO, inlet 1levels have demonstrated a higher 1level of
overall dependability than those operating on units with higher
inlet levels. This is illustrated in the statistical analyses
of the overall FGD system availability (Figure 4-8) for low-
sulfur coal units. Obviously, the lower SQ, removal requirement
contributes to this difference.

Unit Load Profile and Coal Characteristics

Higher dependabilities have resulted from a reduction in
the pumber of chemical and mechanical problems on FGD systems
applied to new, base-loaded boilers designed to fire coal from
one or several specific sources. The flue gas generated by such
units generally has more relatively constant and stable charac-
teristics, and overall system dependability apparently improves
because the system does not have to respond to dramatic varia-
tions in flue gas flow rates and composition. In FGD systems
retrofitted to cycling, and peak-load units, these systems often
must respond to conditions that reach or exceed their process
control capabilities, and problems result from the variations
that occur in reagent feed rate and loss of chemical control.
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System Rédundancy and Bypass Capability

FGD systems are now considered an integral part of the
power generating plant, and more stringent regulations prevent
many utilities from bypassing the FGD system. Thus, the current
design trend is toward incorporation of spare absorber modules
and ancillary equipment. Systems so designed have greater
dependability because the failure of a single component does not
necessarily force the entire system off line. Spare capacity
also promotes a more flexible operating and maintenance strategy
by allowing some routine maintenance to be performed without
removing the system from service. The result is an overall
reduction in FGD system downtime.

Utility Experience

As utilities continue to gain more experience with FGD
system operation, overall system dependabilities are expected
rise. In the early stages of FGD operation, utility staffs had
little experience with the chemical processes involved in FGD
operation, and the chemical and mechanical problems that are
inevitable with complex processes such as these were difficult
to rectify. The steadily increasing commercial operating hours
will allow system operators and maintenance personnel to gain
the experience necessary for more efficient and expeditious
analysis of system problems and implementation of solutions. 1In
addition, utilities are employing more chemical engineers and
other personnel familiar with gas/liquid systems to deal with
these problems.

Operating and Maintenance Philosophy

A general trend in plant philosophy regarding operation and
maintenance (0O&M) is the dedication of specific crews to handle
this responsibility, rather than considering 1t a secondary
function of the power plant O&M personnel. This change wiil
permit faster and more precise changing of system parameters to
meet varying load conditions, and overall system reliability
should improve as problems are attended to expeditiously.

System Design Generation

Building on experience gained in the operation of first-
generation systems, system suppliers and designers are now
providing better process design configurations and materiais of
construction. 1Indicative of this trend are the broader guaran-
tees system suppliers are now offering with respect to SO,
removal efficiency, mist carryover, waste stream gquality/
quantity, power consumption, reagent consumption, and availabil-
1ty. Many of the newer systems should exhibit fewer of the
traditional operating problems, especially during the critical
startup and debugging phases of operation.
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SECTION 5

CAPITAL AND ANNUAL COSTS

INTRODUCTION

Another important function of the utility survey program is
the acquisition and analysis of cost data. In this program,
emphasis is on costs associated with operational systems because
of the availability of meaningful and complete data. These data
are adjusted only to ensure their completeness and accuracy and
to facilitate comparison. The approach and methodology used in
-analyzing these costs and the results of these analyses are
briefly described in the following subsections.

APPROACH

Capital and annual cost data on operational FGD systems
have been obtained continuously since March 1978. Costs for
each system are obtained directly from the utilities and from
published sources, and then itemized by individual FGD cost
element. The itemized costs are then adjusted to a common basis
to enhance comparability. This adjustment includes factors for
estimating costs not given by the utilities ‘and escalating all
costs to common dollars (mid-1980). All adjusted cost data and
computations are reviewed and verified with the appropriate
utility.

It is important to note that the costs analyzed here are
real costs, not cost model projections. When a particular
ltemized cost is not reported by the utility, an estimated cost
based on known system design and operating factors is included.
The use of estimates is not arbitrary; they are used only when
cost 1tems are unavailable or are judged to be unrepresentative.

ADJUSTMENT PROCEDURE

Capital Costs

° All costs associated with control of particulate
matter emissions are deducted.
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° Capital costs for modifications necessitated by
installation of an FGD system are added if they were
not included in the reported costs.

Sludge 'disposal costs are adjusted to reflect a 20-
year life span for retrofit systems and a 30-year life
span for new systems.

Any unreported direct and indirect costs incurred are
estimated and included.

All capital costs are escalated to mid-1980 dollars.

All $/kW values reflect the gross generating capacity
of the unit.

Annual Costs

e All costs are adjusted to a common 65% capacity
factor.

Direct costs that were not reported are estimated and
added. '

Overhead and fixed costs that were not reported are
estimated and added.

All annual costs are escalated to mid-1980 dollars.

° All mills/kWh values are based on a 65% capac.ty
factor and the net generating capacity of the unit.

RESULTS

Table 5-1 summarizes both reported and adjusted costs for
all 45 operational FGD systems on which cost data were obtainea.
This table also summarizes the results by application (new/
retrofit) and by sulfur content of the coal (high sulfur/low
sulfur). Table 5-2 lists the results by process type. A
plant-by-plant listing of the reported and adjusted costs for
the operational FGD systems addressed in this study is provided
in Appendix B.

COST MODEL COMPARISON

During the past few years, various organizations have
conducted major cost studies of the capital and annual costs
associated with different FGD processes. Reasons for these cost
studies range from comparing the economics associated with
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TABLE 5-1. CATEGORICAL RESULTS OF THE REPORTED AND ADJUSTED
CAPITAL AND ANNUAL COSTS FOR OPERATIONAL FGD SYSTEMS

B Reported Adjusted
Capital Annual Capital Annual
— T -1
Range, (v Average, Range, Average, Range, Average, Range, Average,
Results ($/kW) ($/kW) (milis/kWh) (mills/kWh) ($/kW) ($/kW) (mills/kwh) (mills/kWh)
ALY 23.7-174.8 78.9 0.2%9-13.02 2.97 35.1-258.9 116.2 1.80-18.64 7.64
New 23.7-174.8 78.4 0.29- 5.81 2.19 35.1-242 1 107.4 1.80-13.44 6.43
Retrofitted | 29.3-157.4 79.6 0.46-13.02 4.54 57.5-258.9 131.4 4.36-18.64 9.38
High sulfur { 29.3-157.4 75.) 0.92-13.02 n 57.5-233.6 106.3 3.70-18.37 7.48
Low sulfur }23.7-174.8 B2.3 0.29-11.32 2.09 35.1-258.9 122.6 1.80-18.64 7.40
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TABLE 5-2. ADJUSTED CAPITAL AND ANNUAL COSTS FOR OPERATIONAL
FGD SYSTEMS BY PROCESS TYPE

Reported Adjusted
Capital Annual Capital Annual
Range Average Range Average Range Average Range Average
Process ($/kM) ($/kW) {mills/kwh) {mills/kwh) ($/kW) ($/kHW) {mil1s/kwh) (mills/kwh)
Limestone 23.7-168.0 68.8 0.29- 7.80 2.47 35.1-148.7 99.6 1.80- 8.56 6.02
Lime 29.3-122.8 71.0 0.92-11.32 3.69 57.5-192.7 104.5 3.70-10.82 6.91
Dual alkali| 47.2-174.8 97.8 1.30 80.6-242.1 134.6 5.10-13.44 8.
Lime/
alkaline
flyash 92.5-101.4 98.4 1.25- 2.97 2.40 131.0-133.8 132.9 5.99- 7.79 7.19
Sodium
carbonate | 42.9-113.6 72.4 0.23- 0.46 0.38 79.9-138.5 101.7 5.29- 6.78 6.02
Héﬁman— - .
Lord 132.8-157.4 142.4 13.02 233.6-258.9 249.1 17.86-18.37 .. 18.10
Limestone/ -
alkaline
flyash 49.3 0.75 94.5 4.63




commercial and emerging FGD processes to determining the cost
impact of increasingly stringent SO, standards. Table 5-3
presents the results of several representative cost studies
recently completed and the assumptions on which they are based.

In this table, the capital and annual cost estimates and
their underlying assumptions are summarized for a number of
"pbase cases." In this context, '"base case" refers to a con-
ventional wet limestone slurry FGD process such as that typical-
ly installed on a new 500-MW (net) boiler firing high sulfur
eastern coal. This table shows that capital and annual costs
vary widely, with the capital values ranging from $94.5 to
$194.4/kW and the annual values ranging from 4.03 to 16.91
mills/kWh. These wide variations in estimated costs for es-
sentially the same case result from differences in the intent of
the studies and in the assumptions on which each is based. With
respect to the latter, variations can be noted for virtually
every key assumption.

By use of the reported and adjusted capital and annual
costs for the operational FGD systems presented in Appendix B,
it was possible to compare the estimated costs in these cost
studies with actual costs. For this comparison, only limestone
systems have been analyzed, as thilis was the "base case'" of all
the aforementioned cost studies.

?able 5-4 presents the adjusted capital and annual costs of
the limestone systems currently in service on coal-fired utility

boilers. Generally, these costs represent the technology of
first-generation limestone systems that have been operational
for several years. Many have bypass capabilities. Most of

these systems scrub less than 100% of the flue gas and therefore
do not require a separate reheat system. A significant number
of units have total removal efficiencies of less than 70%. Few
systems'have spare components and few have oversized components
to provide spare capacity. Sludge is typically disposed of in
ponds without fixation or treatment.

A comparison shows that capital and annual costs of actual
systems approach the costs developed by the Tennessee Valley
Authority (TVA) and Beychok cost studies. The actual average
capital cost for limestone FGD systems is $99.6/kW; average
annual cost is 6.03 mills/kWh. The TVA cost study arrived at a
capital cost of $97.5/kW and an annual cost of 4.03 mills/kWh;
the Beychok cost study, a capital cost of $94.5/kW and an annual
cost of 6.6l mills/kWh. The criteria used in developing the

costs in these two studies are also based on early FGD tech-
nology.

Assumptions used in the other cost studies reflect future,
more advanced FGD system designs. They also reflect inclusion
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TABLE 5-3. BASE CASE CAPITAL AND ANNUAL COST ESTIMATES
FGD economic studies
3 PEDCo Beychok/ ? 8

Category Bechtel Environmental Stearns-Roger Stone & Webster SRI/Radian TVA
General criteria:

Sponsoring organization EPRI EPA EPRI EPRI EPRI EPA

Year prepared 1979 1977 1979 1977 to 1978 1979 to 1980 1979

Plant size 2-upit 1-unit 1-unit 1-unit 1-unit 1-unit

Plant location North Central Midwest North Central Midwest NA Midwest

Plant capacity, MW (net) 1000 500 500 500 499 500

Plant capacity factor, I 70 65 70 70 70 80

Plant application New New New New New New

Plant heat rate, Btu/kWh (net) 9986 9000 9724 9000 NA 9000

Fuel (source) Coal (IMlinois) Coal (Eastern) Coal (INlinois) | Coal (Eastern) Coal (Eastern) | Coal (Eastern)

-Fuel characteristics, HV/S!/A% 10,100/4.0/16.0 12,000/3. 5/14 0 10,100/4.0/16.0 12,000/3.5/NA 10.100/4.0/18.0 10,500/3. 5/16

Emission standard Revised NSPS? Revised NSPSD Revised NSPSC Revised Nspsd Revised NSPS Nspsf

S0 emissions, 1b/10° Btu 1.2 0.6 0.8 0.5 0.5 1.2

$0z removal efficiency, % 87 90 90 90 93 80
Process design criteria:

Process Limestone Limestone Limestone Limestone Limestone Limestone

Number of modules 8 5 4 NA 5

Number of spares 2 1 1 NA 1 0

Gas bypass capability Complete bypass Complete bypass Complete bypass NA Complete bypass| No bypass

Reheat AT, °F 56 50 50 Yes 50 50

Water loop Closed Closed Closed Closed Closed Closed

Solids dewatering, % solids 50 50 45 Yes 60 None

Sludge treatment Fly ash/lime Fly ash/1lime Fly ash/lime Fly ash/lime Fly ash/lime None

Sludge disposal Truck/landfill Pumping/pond Truck/landfill NA Truck/landfill Pumping/pond
Economic criteria:

Capital cost basis Total Total Total Total Total Total

Total first Total first Total first Total first

Annual cost basis
Battery limits

Price level

Cost estimates:

Total capital cost, $/kM
Total first year annual costs,
mills/kith

Total first
year revenues
Gas inlet to
sludge disposal

July 1978

@~
O w

Total first
year revenues
Gas inlet to
sludge disposal

July 1980

160.2
10.5

year revenues

Gas inlet to

sludge disposal
July 1978

179.7

year revenues
Gas inlet to
sludge disposal
First quarter 1977

94.5

year revenues
Gas inlet to
sludge disposal
January 1979

194.4
16.91

year revenues

Gas inlet to

sludge disposal
Mid-1979 (capital)
Mid-1980 (annual)

NA = Not availahle,

aProposed standard of September 1974.
bEva]uated slandards in anticipation of revision to NSPS.
cPromu\gated sta-d2d of June 11,

%ustusted standard as stringent as prowulaated NSPS.

Bpvaluatc standards more string:

fprevicc .© et o1 1971,

L0t as nve wlgated NSES



TABLE 5-4. ADJUSTED CAPITAL AND ANNUAL CO;TS OF
OPERATIONAL LIMESTONE FGD SYSTEMS

Utility name
unit name $/kW, capital mills/kWh, annual

Alabama Electric Coop

Tombigbee 2 and 3 35.1 2.91
Arizona Public Service

Cholla 1 74.6 4.36
Cholla 2 148.7 7.64.
Central I1linois Light

Duck Creek 1 121.3 7.96
Indianapolis Power & Light

Petersburg 3 148.4 8.59
Kansas City Power & Light :

LaCygne 1 81.4 6.89
South Carolina Public Service

Winyah 2 43.1 1.80
South Mississippi Electric Power

R.D. Morrow, SR. 1 and 2 108.7 6.01
Southern I1linois Power Coop

Marion 4 ' 110.8 7.12
Springfield City Utilities ‘

Southwest 1 133.5 7.66
Tennessee Valley Authority

Widows Creek 8 145.1 8.56
Average 99.6 6.03

2 The variability of these figures occurs in part because FGD systems in-
stalled on some boilers do not accommodate 100% of the boiler flue gas.
The costs for such systems are proportionately lower than those for full
capacity FGD systems. This is magnified by the conventional use of gross
kW for the $/kW figure and net kW for the mills/kwh figure, regardless of
the % of the flue gas scrubbed. These figures represent -the capital and
annual costs required to bring the individual units into compliance.
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of a separate reheat system, the effects of more stringent.soz
emission standards, more elaborate sludge disposal strategies,
and one spare scrubber module for extra capacity.
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SECTION 6

CONCLUSIONS

The discussion in the preceding sections of this paper
indicates that the significant rate of growth observed in the
development and application of FGD technology for coal-fired
utility boilers has been matched by the considerable improve-
ments observed in the performance of the operational systems.
With respect to the latter, the most significant improvement in
the performance of the operational systems involves the 1in-
creased level of dependability observed for the high sulfur coal
units. During the past 2 years, the dependability of these
systems has improved to a level which approaches that observed
for the 1low sulfur coal units. It 1is anticipated that this
trend will continue and will be reflected in less startup and
commercial operating problems for systems now being placed in
service or planned for service.

Promoted by the requirements set forth in the Clean Air Act
Amendmgnts and the pursuant NSPS, application of FGD to all new
coal-fired utility boilers constructed in the near future is
anticipated.
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APPENDIX A

FLUE GAS DESULFURIZATION INFORMATION SYSTEM

BACKGROUND

The most significant product of EPA's utility FGD survey
program is a quarterly summary report generated from a computer-
ized data base known as the Flue Gas Desulfurization Information
System (FGDIS). This data base represents the latest develop-
ment in this program. Previously, manually updated and semi-
automated data files were used to store and retrieve informa-
tion. The increased emphasis on FGD for SO, control (resulting
from its commercial development) necessitated a more efficient
data storage/retrieval system for processing and transmitting
these data. In the fall of 1978, FGDIS was developed to meet
this need.

DESCRIPTION

Design and performance data for both the operational and
planned domestic utility FGD systems are stored in the FGDIS.
Also stored are data on operational domestic scrubbers for re-
moval of particulate matter and data on operational FGD systems
applied to coal-fired utility boilers in Japan.

. The design data contained in FGDIS encompass the entire
emission control system and the power-generating unit to which
1t 1s applied. Descriptions include location, standards limit-
ing emissions of SO, and particulate matter, power-generating
capacity, boiler and stack information, average fuel analyses,
and other more general data. Input of design data specific to
FGD systems ranges from general information such as process
typef system supplier, and initial system startup date to more
specific component design information and operating parameters
such as absqrber type, gas and liquid flow rates, and pressure
drop. Also included in the data are descriptions of the methods
of solids concentrating and waste disposal, flue gas reheat, and
mist elimination, and information on capital costs and annual
revenue requirements of FGD systems.

For Operationa; FGD systems, the FGDIS stores comprehensive
performance data, including periodic dependability parameters
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and the service times (operating, forced-outage, and scheduled
outage) from which they are calculated. Where available, actual
system SO, and particulate matter removal efficiencies are
included (and qualified). Problems encountered with system
operatlon and solutions implemented to correct them are des-
cribed. The performance of the FGD-equipped boiler is described
in terms of service time, production (kWh), and capacity factor.

Figure A~1 presents a complete FGDIS structure diagram
illustrating all of the information areas and some of the key
data entries contained in the system, as well as the hierarchy
associated with them in the data base. General unit data are at
level 0, whereas most of the specific component data are at
Level 3.

CAPABILITIES

In addition to being used to generate a quarterly report,
FGDIS is also available for direct on-line access. This im~
portant function not only provides interested parties with an
opportunlty to examine data that are too specific for convenient
inclusion in the quarterly report, but it also prov1des immedi-
ate access to information that has been loaded into the system
but not yet published (i.e., information that has become avail-
able during the period between quarterly reports). Information
is gathered, reduced, verified, and loaded into the FGDIS on a
continual basis to ensure that the files remain current and
complete.

Access to the FGDIS data files and @mnlpulation of these
data are accomplished via MRI System 2000~ This comprehensive
data base management system offers exten51ve data retrieval
capabilities. The set of user-oriented commands provided are
flexible enough to satisfy virtually any information need. The
PRINT command will produce the compilation of a simple seguen-
tial list, or a set of report writer commands will produce a
tabulation of the requested data in a predetermined report
format. Utilization of system functions (average, standard
deviation, summation, maximum value, minimum value) will elicit
statistical analyses of the numerical data in the files. 1In
addition, the data requested through the available commands can
be selectively limited by a set of criteria included in the
commands. This feature facilitates examination of design or
performance parameters for a specific unit or a specific process
type, and so on. The retrieval possibilities are limited only
by the needs and imagination of the user.

The FGDIS files are stored at EPA's National Computer

Center (NCC) in Research Triangle Park, North Carolina, and are
acce551ble via a nationwide communications network consisting of
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local telephone numbers in 21 cities and WATS services.
Arrangements are currently being made so that persons interested
in - gaining access to the FGDIS can obtain account numbers,
training, and additional information from the National Technical
‘Information Service (NTIS), Springfield, Virginia. In addition
to providing continual on-line access ‘capability, NTIS also can
process selective information requests for limited information
needs that do not warrant acquisition of a permanent computer

account number (single requests for specific tabulated informa-
tion). ‘
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APPENDIX B

REPORTED AND ADJUSTED CAPITAL AND ANNUAL COSTS FOR

OPERATIONAL FGD SYSTEMS

Reported Adjusted -
Captital cost Total/kW Annyal Mill1s/kh Cepital $/kW Annual Hi195/kuh
Alabama Electric
Tombigbee zr 6,992,100 27.4 217,464 0,33 8,949,850 35.1 3,893,050 2.9)
Tombigbee 3 6,992,100 27.4 217,464 0.33 8,949,850 3.1 3,893,050 2.91
Publ i
Ardzona Bublic Service 6,550,000 52.0 " NA 9,400, 764 74.6 3,130,900 0%
Cholla 2 44,352,000 168.0 1,003,568 0.7% 39,748,800 148.7 10,221,000 7.6¢
Central 1ilinois Light
Duck Creek 1 30,583,000 73.5 10,851,000 5.54 50,452,200 121.3 17,143,200 7.9
Central I1linois Public Service
Newton 1 107,831,000 174.8 NA NA 149,388,600 242.1 44,003,500 13.44
Columbus & Southern Ohio Electric,
Conesville § 22,836,000 55.6 9,132,726 5.8 76,423,700 93.0 22,288,970 6.62
Conesville & 22,636,000 5.6 9,132,726 5.8 76,423,700 93.0 28,288,970 b.62
Duquesne Ught
Elrams 1« 59,541,000 116.8 21,027,000 7.18 87,852,700 172.3 30,006,600 10.82
PRill1ps 1-6 50,356,000 122.8 18,301,000 11.32 78,993,100 192.7 35,558,600 18,64
Indianapolis Power & Light
#otersburg 3 55,724,000 99.5 NA NA 78,967,000 148.4 25,189,600 8.59
Kansas City Power & Light
Hawthorn 3 3,220,000 29.3 346,441 1.15 6,329,500 57.5 2,436,200 4.3
Hawthorn 4 3,220,000 29.3 346,441 1.15 6,329,500 57.5 2,436,200 4,39
LaCygne 1 46,900,000 53.7 7,413,047 4.99 71,128,100 81.¢ 32,189,700 6.89
Kantucky Utilities
Green River 1-3 4,500,000 70.3 364,005 5.20 7,682,400 120.0 2,817,900 8.25
Louisville Gas & Electric .
Cane Run 4 12,647,000 66.6 960,301 1.29 20,045,000 105.5 5,334,000 5,15
Cane Run § 12,481,000 62.4 763,443 0.92 17,146,000 85.7 4,975,500 4,5
Cane Run 6 20,596,900 7.5 173 NA 23,205,000 80.6 8,867,600 5.79
Mill Creek 3 18,846,880 42.6 321,463 1,25 26,751,200 60.5 8,855,500 3.70
Paddy's Run 6 3,700,000 52.9 L NA 7,288,000 104.1 3,746,200 10.36
Rinnkota Power Cooperative
Nilton R. Young 2 44,119,500 92.5 1,779,375 1.2 62,872,500 131.0 13,914,300 5.99
Monongahela Power
Pleasants 1 65,693,400 106.3 9,015,879 2,713 70,058,000 113.4 26,148,300 7.92
H#ontana Power
Colstrip 1 36,500,000 101.4 6,128,000 2,97 48,183,500 133.8 14,719,250 7.78
“‘Co;st;ip 2 36,500,000 101.4 6,128,000 2.97 48,183,500 133.8 14,719,250 .79
vada Power
Reid Gardner 1 5,363,378 42.9 251,514 0.46 9,992,150 79.9 3,314,600 5.29
Reid Gardner 2 5,363,378 42.9 251,514 0.46 9,992,150 79.9 3,314,600 5.29
Reid Gardner 3 14,200,565 13,6 131,824 0.23 17,307,000 138.5 4,247,300 6.78
Morthern Indiana Public Service
uo?§:2r:'s?2§§2°ll.ll 18,192,040 157.4 2,414,589 13,02 26,999,900 233.6 9,832,000 18.37
Sherburne 1 - 34,982,000 49.3 2,716,758 0.75 67,996,450 94.4 18,990,800 4,63
P‘z:";::ux:ef b Light 34,982,000 49.3 2,716,758 0.75 67,996,450 94.4 18,990,800 4.63
Ftﬁzgv?:::?:rP:uer 49,643,000 90.3 NA NA 59,732,500 108.6 19,440,100 6.7
Bruce Mansfield 1 110,639,000 120.6 9,979,850 3.28 121,270,800 132.3 44,890,750 9.5¢
Bruce Mansfield 2 110,639,000 120.6 9,979,850 3.28 121,270,800 132.3 44,890,750 9.56
Philadelphia Electric v ' rETE ’ ' I
Eddystone 1 30,856,000 285.7 3,808,000 6.37 20,206,400 187.1 6,296,400 “0.55
Public Service Company of New
Maxico
::: guan ; :;.ggg.aég 132.8 NA NA 92,034,400 254.9 31,930,100 |. 17.8¢6
uan ,985, 137.1 .07
South Carolina Public Service M NA 50,608,200 258.9 31,483,100 18.0
Au:hority
Winyah 2 6,646,000 23.7 .
south Risoisstop! Eleceric 6 527,000 0.29 12,060,300 431 2,648,100 1.80
:~g‘ :grrov ; }8.292.000 53.7 NA NA 22,056,750 108.7 6,162,250 6.0
.D. Morrow +896,000 83, A NA .
SO::her“ 11 inofs Power Coop 7 N b 22,056,750 108.7 6,162,250 6.01
rion 4 15,200,930 .
sgxt3er= Ind{:na fas & Erectric . 87.9 859,453 1.03 19,177,750 110.8 6,525,600 1.2
.B. Brown 12,495,000 47, :
SDEanY(e]d f(t’ Ut fties 41.2 1,850,565 1.30 21,477,900 81.1 7,252,100 5.19
uthwest 16,7
Tennessee Valley Authority 44,500 86.3 778,749 1.20 25,904,900 133.5 7,413,800 7.6¢
u:f%“ﬁEE.f’i’{‘Sht 47,900,000 87.1 14,576,400 7.80 79,785,300 1451 25,140,300 8.56
Hunter ) 24,400,000 56.7 8A NA 2
,400, . 9,625,000 68.9 9,492,200 4.17
Hunt ington 1 27,090,000 63,0 2,946,400 1.27 35,498,200 82.6 12,033,100 5.28

NA = Not available.
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The Department of Energy's
Flue Gas Desulfurization
Research and Development Program

Edward C. Trexler, P. E.
U. S. Department of Energy
O0ffice of Coal Utilization

The Department of Energy's flue gas desulfurization (FGD) research and
development activities are conducted as part of the Advanced Environmental
Control Technology Program (AECT) which is managed within the organization
of the Assistant Secretary for Fossil Energy. This new AECT program was
initiated in FY 1979 with a goal to identify, research, develop, refine ang
demonstrate cleanup equipment that will clean flue gas for compliance with
existing and anticipated environmental pollution regulations, and equipment
that will remove the undesirable components from coal derived gas streams
to assure reasonable 1ife for utilization equipment such as gas turbines
and fuel cells. The flue gas cleanup portion of the AECT program budget
amounted to $2.7 million in FY 1979 and $20.1 million in FY 1980.

The FGD project is divided into two parallel efforts identified hy the sched-
uled completion dates as very near-term (end 1983) and near-term (end 1986).
The very near-term effort aims at improving the SO, removal efficiency and
reducing the waste disposal problems of conventional 1ime/limestone scrubbers.
This is being done in coordination with EPRI and EPA scrubber improvement
programs, through private sector scrubber instrumentation and analysis, by
tests. at TVA and other utility prototype and full-scale scrubber facilities,
and by transfer of process improvement information. The near-term effort is
aimed at supporting newer technology SO, removal processes that include non-
regenerable (throwaway) and regenerable systems that produce potentially
marketable by-products such as sulfur and sulfuric acid. These technolcgies
are, or will, be under experimental test at Fossil Energy Technology Cenzers,
under prototype testing by DOE and EPRI at TVA and other sites, and under
initial commercial use evaluation by DOE at power stations and industrial
plants. As these technologies mature, private industry will be encouraged
to cost-share development with the Government. Information on progress will
be disseminated via reports, symposia, plant visitations, demonstrations

and workshops.
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The Department of Energy's
Flue Gas Desulfurization
Research and Development Program

NATIONAL PRIORITIES IN ENERGY AND ENVIRONMENT

The Nation's entrance into the 1980's is characterized by the need to
solve difficult and interrelated problems. High on this priority list
are the needs to significantly reduce oil imports, to protect and enhance
the environment, and to improve the economic posture of the Nation through
increased national productivity. That these needs are important to the
Nation is evidenced by the abundance of contemporary legislative activity
which promotes both the diminished use of oil and gas through coal utili-
zation and the enhancement of the environment. Explicit in these legis-
lative acts is the need for achieving these goals within the bounds of
economic constraint. Meeting these goals will require the coordinated
effort of both the private and public sector. This paper seeks to pro-
mote such coordinated effort by presenting the Department of Energy's Flue
Gas Desulfurization Research and Development Plans. It is our desire that
this summary serve as a focal point for new and improved communication, and
that the end result will be success through a better coordinated effort.

The approach in this paper is to identify the energy challenge in terms of
flue gas desulfurization system needs, to introduce you to our new cleanup
technology efforts and how the FGD program is oriented to other DOE pro-
grams, to note our special relationships with EPA, TVA and EPRI, and to
discuss in some detail particular programs which we are pursuing. In
addition, we would also have you join with us in examining the challenges
and opportunities of the future.

THE ENERGY CHALLENGE

The 0i1 importation reduction challenge perhaps can be best appreciated by
observing our recent energy flow from supply through consumption, and by |
com?arfng consumption with domestic supply. Domestic and imported supply’
in 1977 was:

Supply Quads/Yr.
Domestic Coal 15.9
Domestic Natural Gas 22.7
Domestic Qi1 16.68
Imported 0il 18.91

Consumptioql/ in key sectors in 1977 was:

Consumption (Quads/Yr.)

Sector Coal N. Gas 011
Electric Energy Generation 10.64 3.26 3.45
Residential/Commercial .22 7.21 5.99
Industrial 3.14 8.65 7.60
Transportation 0.0 .54 20.0

174



A comparison on a percentage basis between domestic reserves and con-
sumption is given by Figure 1.

Figure 1
U.S. RESERVES VS. U.S. CONSUMPTION

2% OIL 49%

2% NUCLEAR 3%
2% GAS 26%

94% COAL 18%

OTHER 4%
MEASURED U.S. RECOVERABLE CONSUMPTION PATTERN
ENERGY RESERVES
TOTAL = 10,600 QUADS TOTAL (1977) = 76.56 QUADS

Clearly, it can be seen that the Nation needs a substantial shift in
consumption from 0il and gas which are not abundant, to coal which is.
Because of the nature of the respective markets, it would appear easier
to accomplish this shift initially from the more centralized consumers
such as the utilities and the major industrial plants. The adminis-
tration has set as a goal that the 0il and gas consumption of this
sector be reduced fifty percent (50%) of present consumption by 1990
and legislation has been enacted accordingly.

The interrelationship of our energy challenge with environmental goals
was previously noted. In the near-term, we must burn more coal and we
must burn it cleanly and economically, and this means we need additional
FGD options. Key environmental regulations affecting coal utilization
are outlined in Figure 2.

Figure 2

ENVIRONMENTAL REGULATIONS
AFFECTING COAL UTILIZATION

Clean Air Act - 1977 _
o National Ambient Air Quality Standards
o New Source Performance Standards
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o Prevention of Significant Deterioration Regulations
o Nonattianment Policy
o State Implementation Plans
* .Resource Conservation and Recovery Act - 1976
Toxic Substances and Control Act - 1976
Clean Water Act - 1977
Safe Drinking Water Act - 1974

Further, it is to be noted that the acid rain phenomena has been receiv-
ing considerable attention recently. This interest could result in

new legislation and the need for retrofitting a new breed of low cost FGD
systems into many existing coal burning installations if such sources are
proven to be major contributors to the problem.

In summary, in terms of R&D ohjectives, we need the early supply of an
assortment of systems which enable utilities and major industrial users
to operate reliably and economically on coal or coal derived fuels while
meeting all present and anticipated environmental regulations. Further,
it is important that some of these systems be particulary oriented toward
retrofit applications.

ORIENTING THE DOE FGD ACTIVITY AND PROGRAM

The Department of Energy, Fossil Energy Assistant Secretary, pursues these
R&D goals with a broad based program of which the Flue Gas Desulfurization
Program is a part. The DOE program is basically a private sector assis-
tance program. The Department seeks to identify technologies with high
potential public benefit and seeks to promote their accelerated develop-
ment and demonstration by assuming some of the financial burden and risk.
The orientation of the FGD program to certain other FE programs can be
seen by Figure 3.

Figure 3
CLEANUP TECHNOLOGY CONTROL OPTIONS
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The Flue Gas Desulfurization Program is operated from the Office of Coal
Utilization's Division of Cleanup Technology Development. Other programs
operated from the Division are crosshatched in the Figure. Cleanup tech-
nology development is pursued through DOE Field Technology Centers as
shown below by Figure 4.

Figure 4
CLEANUP TECHNOLOGY DEVELOPMENT

DEPARTMENT OF ENERGFY
ASSISTANT SECRETARY FOR FOSSIL ENERGY
OFFICE OF COAL UTILIZATION

DIVISION OF CLEANUP TECHNOLOGY DEVELOPMENT

| | | -
Morgantown Energy Pittsburgh Energy Grand Forks Energy Laramie Energy
Technology Center Technology Center Technology Center Technology Center
(METC)* (PETC) (GFETC) (LETC)

*Lead Center

The Cleanup Technology Division has sought, since its creation in 1979, to
-build on the excellent FGD technology foundation layed down by the private
sector and by EPA, TVA and EPRI. I am personally grateful for the many
reports from them which have afforded us the opportunity to understand

and assess the technological choices. Much of our initial effort has

been in providing support to programs initiated by these organizations,
and we intend to continue this approach along with our modest in-house
efforts, and to significantly expand our joint efforts with the private
sector. The importance seen for this program within DOE is evidenced by
its growth from a modest $2.7M in FY 1979 to a requested $21.0M in FY
1981, Our FY 1982 request maintains the momentum of this rapidly growing
effort. We believe we will contribute by bringing the energy perspective
into FGD development.

DOE FGD R&D PROGRAM

Although the DOE FGD Program includes some effort aimed at improving the
reliability, operability and performance of conventional 1ime/1imestone
scrubbers, and includes some attention to new FGD approaches, the majority
of our effort is going into what might be called the emerging or advanced
FGD systems. This affords us the opportunity to select and pursue those
particular efforts which would appear to offer the mose benefits for the
markets which need to be served in order that coal utilization can be
maximized in the shortest time.
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Figure 5 describes those technologies which we'hgve tentatively chosen
to evaluate and how and when these evaluations might lead to large scale
utility and industrial demonstration.

Figure 5
EMERGING FGD SYSTEMS
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Figure 6 identifies our key near-term needs and the candidates which we
are evaluating to meet these needs.

Figure 6
KEY NEAR-TERM NEEDS/CANDIDATES

Need Candidates
0 Reliable, low cost, retrofitable FGD 0 Forced Oxidation Systems
systems for eastern coal applications 0 Systems such as:
which produce an easily disposable - Chiyoda 121
dry or gypsum waste product. - DOWA

0 Spray Dryers

(@]

o Reliable, Tow cost FGD systems for Dry Injection
western coal applications with low 0 Spray Dryers
water consumption and manageable
waste products
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o Reliable, low cost regenerable systems o PETC technology data base for:
which utilize coal for reduction or =~ Improved steam stripping
.regeneration ~ Direct coal reduction

- ‘Improved copper oxide/
gasifier system

Detailed discussions of these needs and, the primary candidates which are
being evaluated are included in the paragraphs which follow.

EASTERN NEEDS

Foremost on our list of key needs is the need to provide by the early 1980's
reliable, low cost, retrofitable FGD systems for eastern coal applications,
which produce easily disposal waste products such as gypsum or dry insolu-
able solids rather than sludge. The candidates for this need would appear
to include the newer forced oxidation systems, systems such as CHIYODA 121
.and DOWA and spray dryer systems. We are particularly encouraged by the
recently reported improved stoichiometrics for spray dryer processes which
show them to have economic advantages even with higher sulfur coal. Our
evaluation programs are as follows:

o EVALUATION OF FORCED OXIDATION SYSTEMS

DOE will study data from recent full-scale commercial forced
oxidation systems and compare them with the projected quali-
ties of CHIYODA 121 and DOWA.

We expect to complete this study in January and the results
might lead us to initiate an evaluation effort.

o EVALUATION OF GYPSUM WASTE SYSTEMS

- DOE has tentative plans to join with EPRI in evaluating a full
size CHIYODA 121 module.

- DOE may support additional DOWA efforts at the TVA Shawnee
Test Facility. '

We also believe that much can be learned by carefully studying the
results of the recently completed CHIYODA 121 pilot scale (23 Mwe)
tests. :

0 EASTERN COAL SPRAY DRYER EVALUATIONS

- Eastern Coal Spray Dryer development/evaluation at pilot
scale (RFP - early FY 1981 award)

- Spray Dryer evaluation at PETC 500 #/hr coal-fired boiler.

- Spray Dryer performance characterization at ANL on 170,000
#/hr steam boiler (Preliminary)
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- Joint EPA/DOE/EPRI Spray Dryer characterization at 100 MWe
utility unit (Preliminary)

As noted previously, the optimistic projection for the application of
spray dryers to eastern coals is recent and, according]y, our program to
increase emphasis in this area is not completely in place. .

Our primary approach is to pursue this evaluation through the private
sector and, accordingly, we have been preparing an RFP for such an evalu-
ation. This RFP, which is scheduled for release in October, offers to
fund pilot scale testing of eastern coal optimized spray dryer on a slate
of eastern coals, and offers further to fund the conceptual design and
economic evaluation of commercial scale units.

Parallel with this effort, we propose to obtain parametric performance

data on a subpilot unit at our Pittsburgh Energy Technology Center (PETC),
and to take advantage of the installation of a spray dryer being installed
on a 170,000 Lb/Hr. steam boiler firing eastern coal at the Argonne National

Laboratory (ANL).

Further, it is to be noted that DOE, in conjunction with EPA and EPRI, have
been discussing Spray Dryer characterization testing on a 100 MWe utility
unit and such a unit could be used to verify, at a large scale, the per-
formance projections derived from pilot scale evaluations.

WESTERN NEEDS

For western markets, we see the need for reliable, low cost systems, with
low water consumption and manageable waste products. Key facets of our
western applications program are as follows:

o EVALUATION OF DRY SCRUBBERS FOR WESTERN APPLICATIONS (GFETC)

- Field testing of full-scale utility Spray Dryers with lime
and sodium reactants.

- Continued testing and evaluation of dry injection of alkaline
ash, nahcolite and trona and the regeneration of reactants.

REGENERATION WITH COAL

We see the need for reliable, low cost regenerable systems which can
utilize coal for reduction or regeneration, and we are approaching this

need at this time with in-house laboratory tests and studies. This
program is as follows:

o PETC TECHNOLOGY BASE FOR IMPROVED REGENERABLE FGD SYSTEMS

- Model the reaction dynamics for direct reduction of 30,
with coal. Verify at bench scale. ‘

- Measure S0, partial pressures for prospective organic
absorbants to optimize abscrption/steam stripping systems.
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- Evaluate at PDU scale a fluid bed reactor copper oxide
system employing coal gas as a reducing agent.

It is our desire to produce a data base from which the private sector
might create or optimize improved regnerable systems which use coal
instead of oil or gas for reduction or regeneration.

POTENTIAL NEW CHALLENGES/OPPORTUNITIES

As noted previously, the attention being given to existing pollution
problems such as acid rain could precipitate the development of a new
breed of low cost, retrofitable, less than NSPS capture systems to which
our present plans are not addressed We are looking carefully at the
work being sponsored by EPA in this area, and we will be joining them in
the Limestone Injection Multistage Burner (LIMB) effort. 1In addition,
we have been evaluating burners, such as the staged slagging combustors,
under other FE programs, which might employ 1imestone injection and
which might lead to workable systems for such applications.

A related challenge might come from the proposed Powerplant Fuels Conser-
vations Act of 1980 (S. 2470). While the major thrust of this proposed
legislation is to mandate the conversion from 0il to coal of approximately
18,000 MWe of powerplants primarily along the eastern coast, it also con-
tains a very important "offset" provision. The offset provision seeks

to offset the approximate 110,000 tons/hr of SO, additional emission
caused by the conversion to coal, by funding thé addition of advanced SO,
removal systems to approximately 3,000 MWe of existing coal-fired units.”
To DOE, this is both a challenge in terms of being able to make wise
choices as to appropriate systems by late 1982, and an opportunity for
increased development and demonstration at a large scale. Our tentative
plan for implementing the offset provision is shown below in Figure 7.

Figure 7
GENERAL PLAN
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SUMMARY

In summary, DOE looks forward to joining with the flue gas cleanup
community in pursuing jointly both our energy and environmental goals,
and to contribute to the overall success through our perspective of
the nations energy needs.

We are pleased with the opportunity to share with you our plans and our
thinking, and we look forward to the opportunity to get to know all of
the participants better, and to work together toward these important
national goals.
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EPRI RESEARCH RESULTS IN FGD: 1979 - 1980
S. M. Dalton, C. E. Dene, R. G. Rhudy, and D. A. Stewart

Electric Power Research Institute
3412 Hillview Avenue
Palo Alto, California 94303

ABSTRACT

EPRI has a research effort of approximately $10M/year in
flue gas desulfurization covering engineering evaluations,
field testing, bench testing, pilot plants, prototypes and
demonstrations. This paper reports selected results from
projects on FGD water integration, gypsum crystallization,
Timestone dissolution, wet stack operation, sulfur produc-
tion via RESOX, absorption/steam stripping, cyclic reheat,
and integrated emission control. A brief review of current
demonstration plans and program emphasis is also included.
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EPRI RESEARCH RESULTS IN FGD
1979 - 1980

EPRI'S WORK IN FGD

The Electric Power Research Institute (EPRI), as the research arm of the U.S.
electric utility industry, has established a research and development program
in flue gas desulfurization. In this area, the Institute will fund approxi-
mately ten million dollars of R&D work each year over the next five years.
Projects include engineering evaluations, laboratory testing, pilot plant
work, prototype development, demonstration installations and field testing.

CONTENTS OF THIS PAPER

In this paper are presented recent data from selected EPRI projects in the
areas of FGD field testing, economic evaluations, 1imestone dissolution, wet
stacks operation, FGD water integration, cyclic reheat, crystallization,
sulfur production via RESOX, absorption/stream stripping, and integrated
emission control. Also included in the paper is a discussion of EPRI's R&D
program emphasis in the next few years. Each project that has significant
recent results is discussed under a separate heading for that project.

OBJECTIVES OF THE PROGRAM

EPRI's FGD research efforts are designed to meet one or more of the following
objectives:

Reduce costs: Reduce capital, operating, maintenance ard
disposal costs.

Improve reliability: Identify reliable systems or components;
develop improved materials; identify
mechanisms and modes of failure, and
repair requirements.

Improve resource utilization: Improve energy efficiency; reduce depen-
dence on 0il, electricity and gas; reduce
water consumption and discharges; improve

by-product utilization.
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The specific projects discussed in this paper represent recent -EPRI funded
work not reported separately at this symposium. Papers are being presented in
other sessions covering successful testing of a 23 MW Chiyoda Thoroughbred 121
system with gypsum stacking at Gulf Power's p]aht Scholz, joint EPRI/TYA/UOP
testing of the 10 MW Dowa prototype, and EPRI solid waste disposal efforts.
These topics will not be covered further in this paper.
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Projects discussed in this paper:

EPRI Project

Project Description

Subject Number
Absorption RP1402-2
Steam RP1258-1
Stripping -2,3,4
Character- RP1410-3
jzation of
FGD
Chemistry TPS79-747
RP982-21
Corrosion RP982-14
RP982-19
Crystalli- RP1031-2,3
zation
Cyclic RP1652-1
Reheat
Economics TPS78-760
TPS78-767
RP1180-9
Integrated RP1646-1
Emission 1870-2
502 Reduction RP784-2
RP1257-1
Water TPS80-730
Integration
Wet Stack RP1653-1
Designs

Lab and pilot development
of Flakt Boliden citrate
and novel steam stripping
processes

Test two FGD units compre-
hensively to establish
operating capabilities

and material and

energy balances.

Mg dissolution from
1imestone to improve
scrubber perfomance.

Lab testing of corrosion
and erosion in FGD.

Bench Scale sulfate
crystallization

Economic and field
evaluation of the cyclic
reheat concept (using inlet
heat to reheat)

High 502 removal
Design and Economics
Vol 1 Design

Vol. 2 Economics

Economic and Design Fac-
tors for FGD Technology

Build and test pilot
2-1/2 MW integrated
facility

RESOX pilot and prototype
development.

Material balance to show
effect of different water
sources on various FGD
systems

Entrainment and engineer-
ing for wet stacks

186

Contractors

U of Texas at Austin
(Dr. Rochelle), TVA,
Stearns-Roger, Radian

Black & Veatch,
MRI, PEDCO, TRW

Radian Corp.

Battelle Columbus
SumX Corp.

U. of Arizona
(Dr. Randolph)

Bechtel National Corp.

(Companion studies)
Radian Corp.
SRI International

Bechtel National

Stearns-Roger,
et al

Foster Wheeler Energy
Corp., et al

Radian Corp.

Dynatech R/D Co.

R. G.

D. A‘

EPRI

Contact

D. A. Stewar

R. G. Rhudy

D. A. Stewar
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Dene
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Rnuay

Rhiudy

C. R. McGowir

D. V. Giovanni

T. M. Morask;
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D. A. Stewart
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RESULTS SUMMARY HIGHLIGHTS

Absdrption/Steam Stripping

Characterization

Chemistry

Corrosion

‘Crystallization

Laboratory work has confirmed the Flakt-Boliden
citrate process data, identified several poten-
tial stream stripping process improvements, and
set the stage for 1 MW pilot plant testing at
TVA's Colbert plant facility.

Two FGD units have been tested, the Colstrip
Unit 2 of Montana Power Co. and the Conesville
Unit 5 of Columbus and Southern Ohio Electric
Co. Some details of the test results are given
in the attached writeup.

Certain magnesium-containing limestones may be
more reactive than high-calcium stones depend-
ing on the minerology. Three promising stones
have been identified for further screening.

Surveyed installations and manufacturers and
identified downstream ductwork, stacks, dampers
and expansion joints as special problem areas.

Evaluated chemical additives as corrosion
inhibitors and identified N-lauroylsarcosine
for further evaluation.

Developed calcium sulfate crystal growth pre-
dictive equations, evaluated certain crystal
habit modifiers, and found a crystallizer con-
figurations which may help in controlling
gypsum crystal size.
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Cyclic Reheat

Economics

502 Reduction

Water Integration

The use of inlet heat to reheat exhaust gases
appears to break even economically with steam
reheat for moderate steam costs when using
high-cost alloy for the cyclic reheat system.
The low sulfur coal full-scale cyclic reheat
system was tested and found to be working

well. High sulfur coal cyclic reheat economics
depend on construction material, degrees of
reheat, and inlet flue gas temperature.

Several special purpose evaluations were per-
formed. Regenerable processes generally are
more expensive for the specific cases

studied. High 502 removal design studies

(TPS 78-760/1767) identified potential for
effect of Mg in reducing high 502 removal costs
in conventional FGD. Generalized case studies
(RP1180-9) identified spray drying as a cost
saving technique for western FGD and CT-121 as
having low lifetime costs. Under RP784-1, the
possible benefits of absorption/steam stripping
combined with RESOX were identified (though
these were not verified in later work).

Pilot work at 1 MW scale has verified RESOX

suitability for different types of coals and
for different 802 feed stream concentrations.
German 42 MW prototype efforts have not shown

high sulfur yields or sustained operating
times.

Over forty material balance cases have been
evaluated. Several cases show increased
scrubber scaling potential with certain sources

. of water.
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wet Stack Design

Based on a literature search and theoretical
calculations a significant portion of the water
present in the stack appears due to carryover
from mist eliminators. Design criteria from
existing wet stacks and the problems
encountered are identified in the attached
write-up.
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ABSORPTION/STREAM STRIPPING PROCESS
RP1258 and RP982-20

OBJECTIVE

Regenerable processes for SO2 removal from stack gases are being investigated
in order to hasten development of an economically feasible FGD process alter-
native to the throwaway systems. Initial cost comparisons of several pro-
cesses indicated that absorption/steam stripping may be an economically com-
petitive FGD process.

PROJECT DESCRIPTION

A project was initiated in 1978 to study the Flakt-Boliden absorption/steam
stripping process as it was the most technically advanced. Laboratory con-
firmation of basic process and pilot plant construction were conducted conc-
urrently followed by pilot plant tests to obtain firm data for design and cost
studies.

RESULTS

In the absorption/steam stripping process, S0, is absorbed in a buffered
solution and then stripped from the solution with steam. The stability of the
dissolved 502 in the buffered solution is an important factor in S0, recov-
ery. Loss of the dissolved SO2 may result by disproportionation or by reac-
tion with another component, such as the buffer or oxygen. The results of a
study of the stability of SO2 in the two most important absorbents, sodium
citrate and diethylenetriamine (DETA), are shown in Table 1, along with the
stripping steam requirement.
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TABLE 1 Loss of Soszrom Buffer Solutions

Initial , Estimated
dissolved Loss Rate Stripping
7 Buffer 502 , 3 Steam Rate,
Buffer Conc., M Conc, M Temp, °C x 107, M/hr Kg/Kg S0,
Citrate 0.5 0.2 140 1.2 40
0.5 0.2 150 3.3
0.5 0.2 158 8.9
0.75 0.2 163 23,0
DETA 2.0 0.08 139 2.9 20
2.0 0.2 145 6.2
2.0 0.2 155 12.0

DETA solutions do not appear to retain 502 as easily as citrate solutions.
The savings in steam costs are the primary reason for continued investigation
of DETA. Comparisons of stability of the absorbents, citrate and DETA, are
being made.

FUTURE WORK

The pilot plant study of the Flakt-Boliden process (citrate absorbent) is
currently underway at the Colbert Station of the Tennessee Valley Authority.
Following analysis of the data from this test program, further pilot tests
will be conducted with either citrate or DETA. The extent of the test program
with DETA depends on the results of the laboratory work on DETA stability.

191



CHARACTERIZATIONS OF FULL-SCALE SCRUBBERS
RP1410-3

OBJECTIVE

The full-scale scrubber characterizations project was initiated in order to
provide the needed data base to enable the utilities to optimize their exist-
ing systems effectively, to aid them in selecting new systems, and to provide
informed utility responses to possible new emission standards.

PROJECT DESCRIPTION

The project is directed at performing extensive and detailed characterizations
of the capabilities of selected, representative, currently operating, full-
scale lime and limestone wet scrubbing systems. The program characterizes the
performance of the selected scrubber system with respect to the following:

0 Meeting emission standards and performance guarantees, with emphasis
on sulfur dioxide removal.

0 Quality and quantity of selected unregulated discharges for such
species as organic compounds, volatile metals, fine particulates, and
trace elements.

) Actual costs compared to estimated costs, including both capital and
operating costs.

0 Reliability, availability, and operability.

The initial scrubber systems selected for characterization are Columbus and
Southern Ohio Electric Company's Conesville Unit 5 and Montana Power Company's

Colstrip Unit 2, burning high sulfur eastern coal and low sulfur western coal,
respectively.

RESULTS AND CONCLUSIONS

Work has been completed at Conesville and a draft final report is in review.

Field testing has been completed at Colstrip and the data are being analyzed
prior to preparation of a final report.
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Conesville Unit 5 is a 411 megawatt power plant which began operation in
January, 1977. The flue gas cleaning system for this unit consists of a cold-
side electrostatic precipitator followed by a turbulent contact absorber
scrubbing system capable of greater than 90 percent sulfur dioxide removal
from a high sulfur coal. Magnesium containing 1ime is used as the scrubber
additive and the scrubber sludge is stabilized by a commercial "fixation"
process and stored onsite in a landfill operation.

With respect to regulated emissions, greater than 95 percent S0, removal was
measured across one module of the two-module system. Although the net S0,
removal is decreased for Unit 5 because of a system bypass and these measure-
ments were short term (8 hours), the presence of a _high level of dissolved
alkalinity provided by the magnesium in the 1ime would allow a reduction of
one third in pumping power (3 pumps to 2 pumps) with only a 1 to 2 percent
change in the SO, removal.

The_particulate removal across the module measured was always positive. The
particulate removals may not be representative because the inlet values were
higher than expected (suggesting either high inlet ESP loadings or non-optimum
ESP operation) and the outlet values may be affected by S03 condensation
across the scrubber. However, no evidence was found to indicate a significant
scrubber related particulate emission increase. Removal of NO, was insignif-
icant.

The condensation of S03 across the scrubber created problems in the particu-
late size distribution measurements. The only particulate penetration
measured, in the 0.1 to 0.2 um range, was attributed to sulfuric acid conden-
sation based on the size, appearance, and elemental composition of the mater-
ial captured. The trace element data is still being reviewed and it is too
eaf]y to present the results. The measurements of organic emissions indicated
few were present and what was measured was well below its toxic level.

Average availability of the Conesville Unit 5B scrubber module from January
1979 through August 1979 was 39.2 percent. If major outages which resulted

ffan‘labor problems, failure of major equipment components, and design changes
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are subtracted for this period, maximum expected availability would increase
to about 68 percent.

The remaining 32 percent of module unavailability is due to a variety of
maintenance requirements, such as cleaning plugged lines, cleaning scrubber
modules, and repairing equipment which had malfunctioned. A vigorous record
keeping plan has been initiated by the operating utility which will allow
identification of individual maintenance problems in the future. Maintenance
levels on the unit have been substantially increased and the current availab-
ility of the unit is close to the boiler availability.
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CHEMISTRY OF MAGNESIAN LIMESTONE DISSOLUTION
RP982-21 and TPS80-730

0BJECTIVE

The présencé of dissolved magnesium in lime or limestone FGD systems generally
improves the 502 absorption due to an associated increase in disolved

alkali. However, the magnesium present naturally in limestone is usually in
the form of dolomite, which is too slowly soluble to significantly increase
the magnesium ion concentration. Recently, a few limestones containing
greater than 1% MgCO3 (magnesian 1imestone) have been tested which appeéar to
have a portion of the magnesium in soluble form.

To determine if magnesian 1imestones containing soluble magnesium compounds
are common, a survey of the literature was conducted to locate limestone
formations containing greater than 3% MgCO; but less than pure dolomite (46%
MgCO3). These formations have been sampled for chemical and mineralogical
analyses and solubility and rate of dissolution determinations.

PROCEDURE

Samples of 12 different magnesian Timestones have been taken directly from *%ae
dﬁarries. These quarries are mostly in the east and midwest. Samples of some
western U.S. 1imestones are also available for study. Characterization of the
stones includes chemical analyses for major constituents, X-Ray diffraction to
determine mineral content, and optical and electron microscopy to determine
grain size. Selected stones were tested for equilibrium solubility in water
by miking a ground sample with water, agitating at a constant temperature, and
aﬁalyzing with time to a constant composition. The rate of dissolution of
grbdhd limestone 1s determined by adding limestone to simulated FGD 1iquors
and aha]yzing with time. The effects of 1imestone particle size, temperature,
rate of agitation, pH, and initial solution composition on solution rate are
being studied.
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RESULTS AND CONCLUS IONS

Ten magnesian limestone samples from different formations have been subjected
to X-Ray diffraction analysis. Of these stones, three contain portions of the
magnesium in a form other than dolomite. A comparison of the rate of dissolu-
tion if MgCO3 from these three samples will be compared to rates of a dolomite
stone and calcite stone. Preliminary results from a study of the effects of
variables such as particle size, temperature, rate of agitation, pH and solu-
tion concentrations on the rate indicate that these variables affect the rate
of solution by different degrees for the different stones. For example,
increasing temperature from 50°C to 60°C increases the rate of solution of
CaCO4 from Fredonia limestone but has little effect on rate from Maysville
Limestone (a magnesian limestone).

FUTURE WORK

The experimenta] procedures described here will be used on additional
limestone samples to determine if variables studied have any major effects on
rate of solution of either magnesium or calcium compounds in the limestone.
If the effects on solubility are not the same for each limestone, further
characterization of the limestone properties will be made in an attempt to
correlate 1imestone variables with differences in solubility behavior.
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CORROSION INHIBITORS
RP982-17

OBJECTIVE

Corrosion complicated by erosion has been a continuing problem in wet scrub-
bing systems for flue gas desulfurization (FGD). The attempts to solve these
problems have been made using coatings, 1ining§, and various metal alloys.
Despite these attempts, maintenance and replacement coats have remained very
high.

Techniques such as the use of corrosion inhibitors have not been seriously
investigated for corrosion prevention in FGD systems. SumX Corporation has
undertaken a study for EPRI designed to determine the feasibility of using the
absorption type corrosion inhibitors in 1ime or 1imestone scrubbing solutions.

The major objective of this study is to determine if absorption inhibitors can
be used to lessen corrosion in FGD equipment.

PROJECT DESCRIPTION:

The work consists of laboratory experiments using electrochemical techniques
to detect changes in the corrosion potential of the metal in scrubber liquors.

Data from literature as well as recommendations from inhibitor suppliers were
used to select inhibitors for preliminary screening. The effect of these
ihhfbitors on the corrosion of mild steel, 304L stainless steel and 316L
stainless steel under one set of solution conditions was measured.

RESULTS AND CONCLUSIONS:

To date 10 compounds have been tested with mild steel. N-Lauroylsarcosine has
shown the best-inhibitor properties. Sulfite concentrations appear to have a
major influence on corrosion. The formation of a reaction film can be crit-
jcal to the corrosion rate.
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Tests conducted with stainless steels are incomplete; however, uniform cor-
rosion rates are very low. The major influence on corrosion observed thus far
has been temperature.

Future work on this project will involve compounds related to N-Lauroylsarco-
sine, completing tests with 304L and 316L stainless steels. In addition,
tests to determine sensitivity to inhibitor concentration and other solution
characteristics will be conducted. Coupon tests with slurry solutions will be
performed for extended periods with the most promising inhibitor compounds.
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- CORROSION AND MATERIALS OF CONSTRUCTION
RP982-14

OBJECTIVE

The objective of the materials of construction in wet scrubbers project was to
comprehensively document and analyze the utility experience with materials of
construction in full-scale lime and limestone wet FGD systems on boilers
bufning eastern or western coals. The result will be a summary of materials
experience.

PROJECT DESCRIPTION

Information on field performance of construction materials was collected
primarily by site visits, but also by telephone and ietter contacts with FGD
system operators and equipment vendors, and by literature searches. Informa-
tion was collected for the following FGD system components: prescrubbers,
absorbers, spray nozzles, mist eliminators, reheaters, fans, ducts, expansion
joints, dampers, stacks, storage silos, ball mills, slakers, pumps, piping
va19és, tanks, thickeners, agitators, rakes, vacuum filters, centrifuges, and
pond 1inings.

Materials documentation and analysis include successes, failures, reasons for
success or failure, failure mechanisms, and relative costs of various mater-
iajs. Detailed trip reports on each site visit are included in an appendix.
Tpe results are designed to be a first step in aiding utilities and FGD equip-
mentlsuppliers in selecting materials that will perform satisfactorily at
minimm expense.

RESULTS AND CONCLUSIONS

Stack linings and outlet ducts (beyond outlet dampers) are the scrubber com-
ponents that have a significant history of materials probiems and are critical
components in that failures may require complete boiler shutdown and loss of

generating capacity for lengthy periods due to the lack of standby components
or bypass capability.
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The performance of a stack lining depends on whether the scrubbed gas is
delivered to the stack wet or reheated, and whether or not the stack is also
used for hot bypassed gas. These factors appear to have a strong effect on
the performance of lining materials, in spite of differences in fuel sulfur,
application techniques (e.g., surface preparation or priming), operating
procedures (e.g., thermal shock), design (e.g.,annulus pressurization), and
other factors which can affect performance.

Inlet and bypass ducts are generally not a major problem area for utilities
with scrubbers. However, the outlet duct has been a major problem area,
particularly for units which have duct sections which handle both hot and wet
gas. These sections are for the most part beyond the bypass junction on units
which do not have reheat. Acidic conditions developed during scrubber opera-
tion become more severe on bypass as the temperature is raised and other
corrosive species in the unscrubbed fiue gas (chlorine and fluorine) are
introduced.

Research efforts for these two components need to be directed to:

1.  Compiling and maintaining general materials performance data

2. Characterizing environmental conditions where failures are occurring

3. Post-testing materials exposed to FGD environments to determine
and/or verify failure mechanisms

4. Laboratory testing of commercial materials to verify proprietary
data, and

5. Developing new or improved materials and designs based on the above
information.

Prescrubbers, absorbers, reheaters, outlet ducts ahead of the outlet dampers,
dgmpers, pumps, and piping and valves have a moderate history of materials
problems but failures may not require complete boiler shutdown. Spray noz-
zles, mist eliminators, fans, inlet and bypass ducts, expansion joints, stor-
age silos, ball mills, slakers, tanks, thickeners, agitators, rakes, vacuum
filters, centrifuges, and pond Tinings have a relatively low history of mater-
ials problems and/or are amenable to rapid repair or replacement.
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CRYSTALLIZATION OF GYPSUM
RP1031-2

0BJECTIVE

Forced oxidation with gypsum crystallization is being proposed as a means of
solving or reduciné the problems of handling sulfite sludge. Production of
gypsun offers two alternatives to landfill sludge disposal. One alternative
is to produce a gypsum of sufficient purity and consistency to be used in the
manufacture of wallboard. The other is to produce gypsum of sufficient size
to result in easy dewatering allowing "stacking" as another means of disposal.

In order to design FGD systems which will consistently produce a product of
the desired properties, basic crystallization data are necessary. To obtain
these data, a study of the nucleation rate and growth rate of gypsum has been
completeds In addition, the effects of some operating conditions and
additives on these properties were determined.

EXPER IMENTAL PROCEDURE:

Determination of nucleation and growth rates of gypsum were made in the "mini-
nucleator" developed at the University of Arizona. The crystallizer in this
apparatus is a one-liter, draft-tube-baffle, jacketed, glass vessel.
Provisions are made to control temperature, liquor flow, and

supersaturation. A particle counter by Particle Data, Inc. connected to a
PDP-B mini-computer is used to count particles and analyze data.

Shpersaturation is normally developed by dissolving a desired compound at one
temperature and crystallizing at a lower temperature for systems where
solubility is temperature dependent. However, CaSO, has a low solubility and
Supersaturation was maintained by chemical reaction. Liquors were both
simulated and actual limestone scrubbing liquors. Process variables studied
were pH, agitation rate, and seed crystal concentration. The additives
studies were sodium dodecylbenzenesul fonate, Calgon® CL246, adipic acid, and
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citric acid. These data were used in a computer simulation program to predict
gypsum crystal size distribution from various crystallizer designs.

RESULTS AND CONCLUS IONS

Gypsum nucleates by secondary nucleation mechanisms of the collision breeding
type when large (>159/Lm) parent crystals are retained in the crystal magma.
High supersaturation and/or an absence of parent seed can result in bursts of
excessive primary nuclei which degenerate particle size.

Although pH does not appear explicitly in the nucleation/growth rate kinetics
expressions, the ratio of nucleation to growth shifts at low pH levels to
produce smaller crystals. Regions of low pH (or sudden decrease in pH) in the
scrubber system would be expected to reduce particle size.

Of the additives studied (sodium dodecylbenzenesulfonate, polyacrylate, adipic
acid, citric acid), only citric acid had a beneficial effect on the size and
shape of the crystals grown.

Computer simulations utilizing the nucleation/growth rate kinetics expressions
developed in this study, together with assumed crystallizer configurations,
indicate that particle size could be nearly doubled using a double-drawoff,
classified removal crystalizer configuration in which mixed underflow and
partially settled overflow streams are removed from the crystallization

tank. Such operation could be achieved simply by installation of an internal
settiing baffle. '

PLANS FOR FUTURE WORK

Since only one liquor composition was used in these studies, the effects of
other ion concentrations (e.g., chloride and magnesium) in both 1ime and
limestone system liquors will be studied. These data and the predicted size
improvments are to be verified in a bench-scale crystallizer system.
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CYCLIC REHEAT

RP1652-1

OBJECTIVE

A significant power plant operating cost savings is achievable if the cost of
steam or oil used to reheat flue gas downstream of SO2 wet scrubbing can be
reduced or eliminated. One method of accomplishing this goal is by use of a
cyclic reheat system which extracts heat from the flue gas entering the
scrubber and uses that heat to reheat the stack gas. This study was performed
to achieve a better understanding of cyclic reheat and to fill in information
gaps regarding its application. The specific objectjves are:

To publicize the status of research work on cyclic reheat.

To characterize the only existing U.S. full-scale cyclic reheat
installation at Southwestern Public Service's (SPS) Harrington
Station Unit 1 near Amarillo, Texas.

To provide an economic comparison between cyclic reheat and conven-
tional stack gas reheat schemes.

PROJECT DESCRIPTION:

The approach used to accomplish these objectives and develop the study infor-
mation can be summarized as follows:

0

Information on cyclic reheat research activities was obtained by
literature search and by discussions with users, vendors, and
research and engineering institutions regarding equipment types and
systems used or considered for this application.

Characterization of Harrington Station's cyclic reheat system was
conducted by collecting historic design, cost, operating, and main-
tenance data; by performing gas sampling, component analyses, and
temperature and pressure measurements on selected streams; and by
analyzing these test dataufor system performance.

Economic comparisons of cyclic reheat and three conventional stack
gas reheat systems (in-line steam, hot-air injection, and oil-fired

203



reheat) were made on a comparable basis for both low and high sulfur
coal cases. The comparisons are based on two 500 MW units operating
with a reheat level of 50°F and with inlet flue gas (after dust
collection) temperatures of 300°F and 270°F, respectively for the
high and low sulfur cases. Materials of construction of exchanger
tubes are chosen to take into account the sulfuric acid dewpoint and
the temperature level of the reheat medium. Capital and operating
costs are presented on.a 30-year levelized basis. Cost sensitivity
analyses were performed to determine the effect of certain design and

energy value parameters.
RESULTS AND CONCLUSIONS

Results of the review of cyclic reheat research activities indicated that
considerable effort has been and is being conducted on different approaches
and equipment types. Most experience in the United States has been with
gas/liquid/gas (Harrington) type systems, while in Japan it has been primarily
with regenerative gas/gas (Ljungstrom) type cyclic reheat. Other approaches
and equipment types in use or being studied include: (1) a heat pipe concept
consisting of a closed tube containing a heat transfer medium which vaporizes
during heat extraction and is condensed in reheating the scrubber outlet gas,
(2) a borosilicate glass tube exchanger for gas/gas type cyciic reheat, and
(3) a cast iron finned tube exchanger for low level heat recovery in a
gas/liquid/gas system.

Characterization of cyclic reheat at Harrington Station which uses low-sulfur
coal (0.3 to 0.5% sulfur) indicated superior operating experience with no
serious corrosion or plugging problems despite carbon steel construction of
the heat extractor and reheat exchangers. Results of the field test program
indicated performance of the cyclic reheat and FGD systems are reasonably
close to design. Sulfur trioxide (303) content measured in the flue gas feed
to the heat extractor was found to be considerably less than expected and
indicates probable absorption and neutralization by the alkaline fly ash
either in the flue gas or in the sampling system. Average finned area heat
transfer coefficients for the heat extractor and reheat exchangers were found
experimentally to be 6.3 and 10.3, respectively, as compared with values of
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9 to 10 from accepted correlations when assuming the same flow conditions and

a clean surface.

Results of screening-type capital estimates for both the Ljunstrom and heat
pipe schemes indicated that these cyclic reheat approaches may have some cost
However, a gas/liquid/gas system

advantage over the gas/l1iquid/gas system.

similar to that operating at SPS' Harrington Station and to that being

installed at TVA's Paradise Steam Plant was chosen as a base case for com-

parison with conventional reheat methods because of the greater experience and

availability of information.

Simplified EPRI Class 1 (+20%) capital and operating cost estimates were made

for the gas/liquid/gas type cyclic reheat system and for the three conven-

tional reheat systems, each with both high and 1ow sulfur coal.

summarized in Table 2,

Results are

TABLE 2 REHEAT SYSTEM CAPITAL AND OPERATING COST SUMMARY

Process Capital, $/kW
Total Capital, $/kW

First Year 0&M Cost,
$/kW

Levelized Capital
Charges, mil1s/kWH

Levelized 0&M Cost,
mills/kWH

Total 30-year Levelized
Cost, mil1s/kwh

Basis:

2x500 MW coal-fired plant, Midwest
location, 30-year plant life, pricing

lTevel-E0Y 1

979

HS - High-sulfur coal, 4.0% avg.
LS - Low-sulfur coal, 0.48% avg.

Capacity factor 70%

In-Line Hot-Air Oil-Fire:
Cyclic Reheat Steam Reheat In. Reheat Rerea:

HS LS HS LS HS LS HS LS
17.7 22.8 6.2 6.8 3.1 3.2 2.2 2.4
23.2 29.4 8.8 9.6 4.9 5.1 3.7 4,0

1.9 2.2 4.1 4.4 9.5 10.6 5.0 5.5

0.68 0.86 0.26 0.28 0.14 0.15 0.1l1 J.12
0.60 0.69 1.30 1.42 3.04 3.40 1.97 2.17
1.28 1.55 1.56 1.70 3.18 3.55 2.08 2.29
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At the energy values of $2.90 per 1000 pounds ($6.39 per 1000 kg) for

70-250 psia (483-1724 kPa) steam, $4.45 per 1000 pounds ($9.80 per 1000 kg)
for 250-600 psia (1724-4137 kPa) steam, $4.40 per million Btu ($4.17 per GJ)
for 0il, and 31 mills per kWh for electric power assumed in this study, cyclic
reheat is estimated to have the lowest 30-year levelized total cost for stack
gas reheat. Cyclic reheat has the highest capital requirement; direct
combustion reheat has the lowest.

Study conclusions and recommendations include the following:

) Considerable research activities on cyclic reheat are being conducted
with promising results. For low-sulfur coal application, operating
experience has been good at the Harrington Station of Southwest
Public Service. No serious corrosion or plugging problems are
reported. For medium-sulfur coal application (1-2% sulfur) satis-
factory operating experience is reported in Japan using the regenera-
tive type of heat exchanger (Ljungstrom type). For high-sulfur coal
application there is currently no operating experience; however,
TVA's Paradise Steam Plant FGD system using cyclic reheat with high-
sulfur coal is expected to start operation in 1982.

0 The major advantage of cyclic reheat is energy savings. This is
realized at the expense of higher capital cost. A simplified (EPRI
Class I) estimate indicates that when medium-pressure steam costs
$2.30 per 1,000 pounds ($5.10:'per 1000 kg) or more, cyclic reheat has
an economic advantage over conventional in-line steam reheat for
high-sulfur coal. The breakeven point for low-sulfur coal application
(based on an inlet flue gas temperature of 270°F (132°C) instead of
300°F (149°C)) is $2.60 per 1,000 pounds ($5.73 per 1000 kg).

0 The capital cost of cyclic reheat is quite sensitive to the inlet
flue gas temperature, which influences heat extractor size and mater-
ials of construction. Higher flue gas temperatures mean lower capi-
tal cost, but penalize power plant thermal efficiency. The compara-
tive economics of a cyclic reheat system are also sensitive to tha
energy cost. Therefore, each plant should be independently

evaluated.
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Cyclic reheat eliminates steam (or other fuels) consumption. How-
ever, this energy saving is partially offset by additional gas-side
pressure drop across the exchanger surface. The exchanger size is
influenced by the allowable SVeﬁsqre drop. High pressure drop
improves heat transfer and reduces exchanger size, but consumes
electrical energy in fan horsepower. Pressure drop and heat
exchanger size must therefore be properly balanced to arrive at an
economic optimum. In.a gas/liquid/gas system, the design liquid
temperatures must also be chosen to minimize the exchanger cost
overall (extractors and reheaters).

CGyclic reheat reduces scrubber inlet gas temperature. This has two
effects on the main FGD system: (a) lowering the adiabatic satura-
tion temperature of the gas, and (b) reducing the process water
makeup requirement. Lowering the adiabatic saturation temperature
may improve 502 removal efficiency, depending upon the particular FGD
system. For the advanced concept of citrate absorption/steam strip-
ping, a lower operating temperature means reduced steam consumption
for SO, stripping (1bs steam/1bs 502). Reduced process water makeup
may be beneficial in some arid areas; however, it also reduces the
water available for mist eliminator wash. Both these factors are
significant in FGD system design. Less water content in the scrubbed
gas may enhance visibility by reducing the vapor plume.

The rapidly escalating cost of energy has made cyclic reheat an
increasingly attractive alternate to conventional reheat methods for
FGD systems using wet scrubbing. However, before large-scale adop-
tion of this reheat scheme takes place, several areas of uncertainty
such as corrosion, plugging, and cleaning of the heat extractor
should be investigated to minimize design errors and optimize equip-
ment cost.
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Future studies should include in-depth studies of the Ljunstrom-type

heat exchanger and of the heat pipe for cyclic reheat application.
This would involve close monitoring of operating Ljunstrom-type

systems in Japan.
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ECONOMICS OF HIGH SO, REMOVAL DESIGNS
TPS 78-760, 78-767

0BJECTIVES

This project is a team effort by Radian Corporation and SRI International. The
objective of Radian's work was to define representative cases and develop
process designs and material balances that could be used to determine costs
for each case. The process designs were developed using a process simulation
computer progran developed by the contractor. Cases were selected to span:

o Coal--eastern and western
0. S0, removal--84%, 93% and 99%
Alkal i--magnesia, 1imestone and lime

The objective of SRI's work was to use the results of the Radian work to
develop a cost estimate for each case and then analyze the results. The
latest vendor cost information was used to prepare the economic estimates.

PROJEET DESCRIPTION

This project is composed of two separate technical planning studies that were
undertaken to predict the effect of potential increasihg]y strict 502 emission
limits on the economics of wet scrubbing. In the first study, Radian
Corporation performed process designs and material balances as input to the
second half of the study, an economic evaluation performed by SRI
International.

RESULTS

Process Designs. The major variables that were investigated in these
designs were the liquid-to-gas ratio (L/G) in the scrubber and the volume of
the process slurry ho]dingltgnk} The former affects the S0, removal effi-
ciency and the latter affects the scaling potential in the scrubber.
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Under the study assumptions, higher S0, removals required moderate increases
in L/G and were found to be dependent on the magnesium and chloride levels in
the slurry liquors. This information is useful in gaining an understanding of
the magnitude of the process changes required for high.SO2 removals.

Cost Estimates. The study results are presented in Table 3. For low-
sulfur coal systems, the design coal chosen meets the 1971 New Source
Performance Standard (NSPS) for 502 without any further SDZ removal.
Increasing the design SO2 removals to 93% and 99% results in a levelized cost’
of 8.5 and 8.9 mills/kWh, respectively. Magnesia scrubbing was about 7-8%
more expensive than limestone scrubbing on a levelized basis for the low-
sul fur western coal cases. For eastern higher-sulfur coal, increasing the
removal requirements to 93% and 99% removal increases the levelized revenue
requirement by 8% and 18%, respectively. Costs are significantly affected by
chloride and magnesium levels in the coal. For high-sulfur coal, magnesia
scrubbing is about 15% cheaper than limestone scrubbing on a levelized revenue
basis.

The significance of the results of this study lies in the comparative numbers
and not in their absolute magnitude. The increased costs are significant for
higher SOZ removals but they do not change by an order-of-magnitude as origin-
ally anticipated.

Probably the most significant unanticipated result of the study was the large
effect that the Mg and C1 content of the scrubbing liquor has on system design
and costs for lime and 1imestone systems. It is clear that this area should
receive more attention in system design.

Finally, although the magnesia system appears less expensive than conventional
Time and 1imestone systems for high-sulfur coals, it is still not well
developed and its reliability remains uncertain.

Generalized cost estimates such as these are only an aid in planning either a
research program or the selection of a flue gas desulfurization (FGD)
process. It is not appropriate to generalize these comparisons or assume they
represent manufacturers' current selling prices.
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TABLE 3 ECONOMIC STUDY RESULTS

Levelized

Revenue Total Capital

Percent S0, Type Requirement o Requirement,
System Removal of Coall FGD, Mills/kWh $/k'%
Limestone4 84 Eastern 13.0 165
Limestone 93 Eastern 14.1 194
Limestone 99 Eastern 15.4 213
Limestone (High C1) 93 Eastern 14.6 204
Limestone (Low Mg) 93 Eastern 13.8 189
Limestone (High Mg) 93 Eastern 12.9 178
Lime 93 Eastern 14.1 178
Limestone 93 Western 8.5 123
Limeston 99 Western 8.9 128
Magnesia 93 Eastern 12.1 193
Magnesia 99 Eastern 13.1 207
Magnesia 93 Western 9.1 155
Magnesia 99 Western 9.6 163
Limestone 93 Eastern 14.4 181

1. Eastern coal, 4.0 sulfur; western coal, 0.48% sulfur; uncontrolled emissions
would be 7.5 and 1.1 1b/million Btu, respectively. Eastern coal 0.1% C1 in base
case, 0.3% in High C1 case.

2. Assuming an inflation rate of 6.0% per year and a fuel cost increase of 6.2% per
year; 30-year levelized revenue requirement at levelized capacity factor of
0.7, Methodology standardized by EPRI.

3. Base cases.

4. Variation of base case design.
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ECONOMICS OF FGD
RP1180-9

OBJECTIVES

The overall objective of this project was to prepare a general and consistent
review of FGD technology economics. Specific objectives were to: (1) review
reasons for variations between published FGD cost estimates, (2) recommend a
consistent methodology for estimating FGD costs, and (3) prepare design and
cost estimates for alternative FGD technologies using this methodology.

PROJECT DESCRIPTION:

An economic evaluation of flue gas desulfurization (FGD) processes was
prepared by Bechtel National, Inc. The report presents a review of published
FGD cost estimates, a discussion of the reasons for variations between
published FGD costs, a recommendation of a methodology for improving the
consistency of FGD cost estimates, and conceptual design and cost estimates
for eight regenerable and nonregenerable FGD technologies, based on the
recommended methodology.

FGD cost and performance estimates are presented for a new 2 x 500 megawatt
unit plant located near Kenosha, Wisconsin and fired by either a 4-percent
sulfur I11inois coal or a 0.48 percent sulfur Wyoming coal. Other major
assumptions include 85 percent sulfur dioxide (502) removal, four 33-1/3
percent scrubber modules, and redundancy in critical equipment. The evalua-
tion was completed before promulgation of the final revised new-source per-
formance standards for S0, in June 1979. Thus, the 70 to 90 percent S0,
removal requirement was not used.

The FGD costs and other data presented in this report have also been used in a
chapter on FGD economics in a report on sulfur oxides control technology being

prepared by the National Research Council's Commission on Sociotechnical
Systems.
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EPRI-intends to update and report FGD cost estimates on a regular basis, as
technologies change.

RESULTS

A review of nine published FGD cost estimates exhibited wide variations in
both estimated and actual FGD costs. These variations often reach factors of
three to five times the costs at the lower end;bf the cost range. The major
causes of the cost variations are differences in 502 emission standard; scope
of estimate; equipment redundancy; degree of design conservatism; purpose and
level of detail of estimate; and design and economic assumptions, including
coal type, ptant location and capacity, and year of estimate.

The standard design and economic assumptions and methodology suggested in the
report are expected to reduce the magnitudes of the differences between esti-
mates. This methodology is already being used in other EPRI-sponsored FGD
evaluations.

Conbeptual designs and cost estimates are presented for the limestone slurry,
jimé slurry, double alkali, Chiyoda Thoroughbred 121, Wellman-Lord magnesia
slurry, absorption/steam stripping/RESOX, and the lime slurry/spray
drier/fabric filter processes.

For.both low and high sulfur coal applications, the alkali-based non-regener-
able processes exhibited the lowest capital and levelized revenue requirements
and the lowest parasitic energy consumptions. The Chiyoda Thoroughbred 121
process appears particularly attractive. It exhibits low total capital and
le&éjized revenue requirements and also produces a stackable gypsum byproduct
ih‘lower volumes than the sulfite sludge byproducts produced by the other
limestone and lime slurry processes. The spray drier/fabric filter process
using a 1ime slurry is also attractive, but has not yet been demonstrated for

high sul fur coal applications. These costs are represented in the Figures 1
&2

The econamics of absorption/steam stripping and other regenerable processes
are adversely affected by high energy consumption, principally for
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regeneration of the scrubbing reagent. Under RP1258, EPRI is evaluating
jmprovements in the absorption/steam stripping/RESOX process that could reduce
both energy consumption and equipment costs.

Generalized cost estimates such as those presented in this report should be
used only as comparative estimates for research and development pianning and
FGD process screening. Since the estimates are based on a specific set of
assumptions, it is not apprdpriate'to generalize these estimates or assume
they represent manufacturers' current, site-specific selling prices.



INTEGRATED EMISSION CONTROL PILOT PLANT
RP1646-1
RP1870-2

OBJECTIVE

The objective of EPRI's Integrated Emission Control (IEC) pilot plant research
effort is to provide utilities with engineering guidelines for the specifica-
tion of cost effective, reliable integrated emission control systems for coal
fired plants.

PROJECT DESCRIPTION:

An integrated series of 2-1/2 MW pilot plant modules have been or are being
constructed at EPRI's Arapahoe test facility in Denver, Colorado. The facil-
ity extracts flue gas from Public Service Company of Colorado coal fired

unit. The catalytic NOx control module and airheater are currently being
tested. Additional modules to be tested include a spray dryer, a wet scrubbing
system, a cooling tower, fabric filter and an electrostatic precipitator. The
fo]ldwing elements or testing are planned:

) Complete characterization of each module and of integration effects.
(o} Implement a plant water chemistry program including integrating the
water loop.
Investigate impact of flue gas temperature.
Determine effect of ammonia on air preheater, scrubber and fabric
filters (baghouses).
0 Test baghouse and ESPs as a final collection device.

RESULTS AND CONCLUSIONS:

The catalytic NO, reactor has been operating since March 1980 with NO, reduc-
tion performance close to original design. The test program is not far enough
along to allow for detailed evaluation. Mr. Dan Giovanni, Program Manager of
EPRI's Air Quality Control. Program, can answer any general question on per-
formance to date. The performance specifications for spray drying and wet
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scrubbing modules have been released for bids. A test sequence has been
defined for several equipment configurations. All these activities amount to
a multi-year R&D program that will represent the first attempt to integrate
all of the best available control technologies into a single facility.
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SULFUR PRODUCTION BY RESOX
RP784-2
RP1257-1

OBJECTIVE

The objective of EPRI's S0, reduction development efforts is to develop a
regenerable FGD process that produces elemental sulfur without using a reduc-
ing gas such as methane (natural gas) or producer gas (CO,Hy). The RESOX
process originally developed by Foster Wheeler Energy Corp. takes concentrated
S0, produced by various FGD absorption systems and converts it to elemental
sulfur by reaction with hot crushed coal.

PROJECT DESCRIPTION

Several related projects have contributed to the EPRI sponsored development of
the RESOX technology. Early cost estimates developed for EPRI pointed to
RESOX as a promising regeneration technique. The development effort is two
fold with a U.S. 1 MW laboratory effort in Livingston, New Jersey, and a 42 MW
demonstration effort in Lunen, Federal Republic of Germany. Initial German
results were presented in a paper given in April 1979 at the ACS meeting in
Honolulu.

RESULTS AND CONCLUSIONS:

Ipitia] sulfur production was in July, 1978. Major equipment problems caused
extended outages and 1ittle run time from August to March 1979. A total run
time of approximately 900 hours was obtained, with the most productive runs in
May and June of 1979. Low yields of 65-74% elemental sulfur based on a sulfur
material balance caused EPRI to postpone further German efforts until problems
were resolved in the lab. Lab runs were undertaken in October-November, 1979
attempting to reproduce German conditions and to find an improved method to
cbrrect the problem. Both goals were met in the lab program and the problem
was d1agnosed as overconversion of SOZ to HZS and COS. This was caused by an
imbalance in gas flows, coal flow, and coal reactivity that led to high
temperatures and, thus, low sulfur yields. The success of the improvement is
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causing EPRI to seek patent protection for the invention. Yields of 70% were
recorded when reproducing Lunen conditions, and yields of 82.1, and 83.8% were
recorded using the improved method of RESOX operation.

In order to increase the applicability of RESOX, additional l1ab work has been
done to ascertain that bituminous or subbituminous coals as well as anthracite
can be used as a reductant. Testing using these types of coals was performed
with gases simulating Bergbau Forchung, Wellman-Lord, and magnesia off gas
(Chemico-Basic). This testing was done without the improvement mentioned
earlier, which leads us to believe that yields and sulfur purity can be
increased. Even without the improvement, it still appears noncaking
subbituminous and bituminous coals can be used in the RESOX process and that
relatively dilute rich gas streams, such as magnesia off gas, can be
processed. Coal types tested and results from this earlier testing are
summarized in Table 4 & 5.

TABLE 4 RESOX TEST COALS

Mine/Seam County/State ASTM Ranking
. Black Mesa/Yellow Navajo, Arizona High Vol C
Bituminous
Seneca/Wadge Routt, Colorado Subbituminous A
Sophia Jacoba Ruhr, Germany Anthracite
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TABLE 5 RESOX TEST RESULTS FOR VARIOUS
COALS AND FRONT-END PROCESSES

HZO/SO2 SO2 in Inlet SO2 E)emental
Mol Ratio Feed (Mol %) Conversion (%) Sulfur Yield (%)
Bergau-Forschung Process
Sophia Jacoba coal 2.2 20.7 90.0 79.5
Black Mesa coal 2.2 12.0 92.1 85.2
Seneca coal 2.2 15.3 86.4 71.8
~ Wellman Lord Process
- Sophia Jacoba coal 2.5 24.4 9.3 80.0
Black Mesa coal 5.0 14.0 88.7 82.7
Seneca coal 6.0 11.8 - 84,5 75.0
Chemico-Basic Process
Sophia Jacoba coal 5.0 8.3 91.6 79.7
Black Mesa coal 5.0 8.3 88.3 69.4

Seneca coal 4.0 9.0 82.6 68.1



WATER INTEGRATION SIMULATION FOR LIME AND LIMESTONE FGD SYSTEMS
TPS80-730

OBJECTIVE

Efficient utilization of water in power plants has become increasingly
important particularly where water is scarce. For those plants which operate
a wet scrubbing flue gas desulfurization (FGD) system, minimizing water usage
requires careful study of overall water requirements with possible integration
of water treatment and disposal in power plant and FGD systems. It may be
possible, for example, to use some power plant waste streams in an FGD
systems.

PROJECT DESCRIPTION

To determine the effects of various water streams on the operation of the FGD
system, a computer model which calculates stream compositions for lime or
1imestone wet scrubbing has been used. This model will accept two different
water compositions per material balance calculation. Approximately 40 differ-
ent cases using raw water and waste streams such as cooling tower blowdown,
and water treatment wastes in various combinations in the FGD systems have
been done.

Four different raw water sources ranging in total dissolved solids (TDS) from
60 to 3400 ppm were chosen for study. Other variables are coal supply (one
eastern and one western), FGD system (1ime and limestone), prescrubber (with
and without), and S0, removal efficiency.

These data were used in the Inorganic Process Simulator program of Radian
Corp. to obtain reference material balances assuming that raw water was the
only source of water for the FGD systems. Various plant streams (cooling
tower blowdown, lime softening waste streams, etc.) were also calculated using

these raw water sources in a computer program simulating cooling tower
operations.
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To determine if an FGD system could utilize any of the cooling tower waste
streams as makeup water, combinations of raw water, cooling tower blowdown,
and treatment wastes were used in the Inorganic -Process Simulator was water
sources. Material balances, scaling potential, operating conditions, scaling
pofential, operating conditions for the desired SO, removal, and stream com-
positions are determined by this computation program. Feasibility of using
the cooling tower waste streams was judged by comparing the simulator waste
stream data to those of the reference raw water data.

RESULTS AND CONCLUSIONS
Preliminary results of simulations using an eastern coal are shown in Table 6.

TABLE 6 Simulation of Desulfurization of Eastern Coal Flue Gas

SO, in Flue Gas 3000 ppm

S0, Removal Efficiency 90%

FGD Absorbent Limestone

CaS03
Makeup TDS Relative
Water Source of Water, ppm L/G Required Saturation
ga]/kft3 (1/m3)

Lake Sakajawea 3470 9% (12.8) 2.5
Santee River 66 129 (17.2) 1.4
Mississippi River 458 129 (17.2) 1.5
Cooling Tower B1owdown 8460 86 (11.5) 2.8

(Miss. River)

Simulations using a western low-sulfur coal are given in Table 7.
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TABLE 7 Simulation of Desulfurization of Western Coal Flue Gas

SO, in Flue Gas 400 ppm
S0, Removal Efficiency 70%
FGD Absorbent Limestone
Absorber Effluent
Makeup DS CaS05 Relative
Water Source of Water, ppm L/G Required Saturation

gal/kft3  (1/md)

Lake Sakajawea 3470 15 (2.0) 0.7

Mississippi River 458 62 (8.3) 0.1

Cooling Tower (Miss. 1530 53 (7.1) 0.5
River)

Cooling Tower 8480 25 (3.3) 1.8
(Miss. River)

Cooling Tower 10,700 9 (1.2) 1.5

(Lake Sakajawea)

‘Thé preliminary results show that the quality of the water used can affect
major variables such as L/G. Effects of water quality on lime slaking, lime
and limestone availability and utilization, scaling, crystallization and mist
-elimination can also be indicated by these studies and wil be included in
evaluations of the data as the work continues.

FUTURE PLANS

The simulator studies are to be continued using various combinations of water
and waste water streams. Other coal, lime, and 1imestone compositions are to
be combined in the system calculations. Build-up of impurities (such as
chloride, sodium, and magnesium) will be calculated. Laboratory tests will
then be completed to determine the effects, if any, on phase relationships,
crystallization of calcium sulfite and sulfate, reagent utilization, and
corrosion potential.
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ENTRAINMENT IN WET STACKS
RP1653-1

OBJECTIVES

The history of wet stacks in the utility industry indicates two major problems
relative to their operation: increased materials corrosion and mist genera-
tion. This project has been directed toward the problem of mist generation.

PROJECT DESCRIPTION

The work involves the collection and evaluation of historical data and
laboratory pilot research on aerosol emission (reentrainment) from stack
walls. The latter work involves experimental measurement of the critical
velocity where water droplets are removed from the condensate film for the six
different combinations of stack liner materials and construction roughness
shown below.

STACK LINER MATERIALS TESTED FOR ENTRAINMENT FROM CONDENSATE FILM

l. Acid resistant brick (Custodis)
Radical tolerance of construction (3.3 x 10'3m or 0.13 in)

2. Acid resistant brick (Custodis)
Radical tolerance of construction 0.0

3. SI units CXL - 2000 coating
Colbran division of Pullman Power Products

4, Plastic coating No. 4005 |
Vinyl Ester, Wisconsin Protective Coating Corp.

5. Inconel alloy welded

6. FRP (Fiberglass reinforced plastic) Alcore division of Custodis

225



In¢luded in the study is an evaluation of choke design and operation on a wet
stack. (The choke in a stack is the narrowing of the stack diameter at the
ftop or exit to increase velocity and aid in plume dispersion.) This work
includes experimental evaluation of two choke systems designed with water-film
collectors. Separation and reentrainment prevention techniques for wet
.éystems are also being evaluated using a mathematical model.

‘Based on the operating experience, mathematical modeling and experimental
iwork. a set of guidelines for acceptable wet stack system designs will be
formulated. The guidelines documents will include criteria for the selection
of duct size and stack diameter, and a discussion for the trade-off between
liner construction and critical reentrainment velocity, and the need for
reentraimment prevention techniques or entrainment separation devices. The
information is intended for use by AXE firms and utility owners to select or
review wet stack system designs.

RESULTS AND CONCLUSIONS:

Tabies 8 and Doinddcate: some: of thee information: thatt hass been: oftteined: im the.
survey of wet stack operating experience. Based on literature and laboratory
measurements a properly operating mist eliminator carryover rate is

0.23-2.3 g/m3 (0.1-1 gr/fts). Under upset conditions this can reach as high
as 9.2 g/m3 (4 gr/ft3). Theoretical estimates of stack condensation range
from 0,11-0.55 g/m3 (0.05-0.24 gr/fts). If the measurements and estimates are
accurate, the mist eliminator carryover is a significant portion of the
condensed moisture in the stack and thus is a very important variable to be
cbnsidered in the design of wet stack systems. The validity of these
laboratory measurements needs to be confirmed by comprehensive field
measurements.
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TABLE B WET STACK DESCRIPTION

Lzz

ment during humid weather

No. Particulate 1.0. Secondary
Plant Number Entraimment Condition Units Removal Absorber Fans Demisters
1 Entraimment is a big 2 Venturi Mobile Bed Ory None
problem
2 Moderate entrainment 1 ESP Mobile Bed Dry None
3 Noticeable Entrainment 2 Venturi Venturi{ Wet Tried retro-
during: fitting 3 con-
- absorber overload figurations with
- dirty demisters no success
- plugged drains
4 No known entraimment 2 ESP Venturi Wet Yes
Chevron 4-pass
5 No known entraimment 2 ESP Venturi Wet Yes
Chevron 4-pass
6 No known entrainment 2 ESP Mobile -Bed Ory None
7 Slight noticeable entrain- 2 ESP Mobile Bed “Dry None



8ce

(
TABLE 9 STACK BREECHING DUCT DATA |

1

Stack Data Breeching Duct Data - Entrance to
Stack
Distance from
Diameter Gas Velocity Gas TYemperature Liner No. dust to stack
Plant Height (base-top) {max) (average) Liner Material Insulation Flues Height Width exit
1 50m 4.9 7.6m/s 43.3°C Carbon Steel None 1 Scrubber & demister From demister
(165 ft) (16 ft.) (25 ft/s) (110°F) w/ Precrete share stack flow 23m
enters at bottom of (75 ft)
stack.
2 183m 5.9m 27.4 m/s 48.9°C Mild steel w/ 2-3 inches 1
(600 ft) (19-1/2 ft) (30 ft/s) (120°F) Ceilcoat fiberglass
3 290m 5.8m 27.4 m/s 48.9°C Carbon Steel None 4 7.6m 37w 247m
(950 ft) (19 ft) (90 ft/s*) (120°F) w/ Heil Rigi- (25 ft) (12 ft) (810 ft)
flake
4 119m 8.8-7.9m 7.3m/s 48,9°C Acid proof None 1 12.2m 3./m 88m
(390 ft) (29-26ft) (24 ft/s) (120°F) Brick & Mortar (40 ft) (12 ft) - (290 ft)
5 104m 8.8-7.9m 11m/s 48.9°C Acid proof None 1 12. 2m 3. 7m 72m
(340 ft)  (29-26 ft) (36 ft/s) (120°F) Brick & Mortar (40 ft) (12 ft) (2325 ft)
6 244m 13.4-7.% 24.4 m/s 51.7°C Acid Proof None 1 9,1m 4.6m 213m
(800 ft)  (44-26 ft) (80 ft/s) (125°F) Brick & Mortar (30 ft) (15 ft) (700 ft)
7 137m 3.4m 30 m/s 54,4°C Acid Proof None 1 5.8m 2.3m 101m
(450 ft) (11 ft) (95 ft/s) (130°F) Brick & Mortar (19 ft) (7-172 (330 ft)
ft)

* Secondary source gives 60 ft/sec velocity.



FUTURE PROGRAM EMPHASIS

Future R& emphasis will be on the following:

0 Demonstrations
-=- Chiyoda 121
== RESOX
-~ Aqueous carbonate process

] Pilot Plant
-=- Absorption/steam stripping improvements
-=- Spray dryer testing
-- Integrated emission control

0 Field Testing
-- Continuous emission monitor testing
-- Materials testing
-- Spray dryer chacterization

0 Evaluations

-- Reliability improvements
-- Cyclic reheat feasibility

0 Laboratory Testing
-« Corrosion inhibitors
-~ Limestone dissolution

== Crystallization
== Additives
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0 Tech Transfer

Revised Lime FGD Systems Data Book
Issue limestone data book

Continuous emission monitor guidelines
Workshops and seminars

CONCLUSION

EPRI research and development has attempted to address problems in FGD which
have 1ed to the high cost, low reliability and inefficient resource use in
current systems. EPRI's efforts are aimed at near term solutions to problems
in system chemistry, corrosion, cost, energy use, by-product character, and
system design. The results reported in this paper are documented more fully
in individual reports that are either in print or in the process of publica-
tion. EPRI welcomes and encourages comments, criticisms or inquiry regarding
its FGD programs and asks that such calls be directéd to Stu Dalton, Program
Manager, Desulfurization Processes Program. (415) 855-2467.
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Session 4: ‘'UTILITY APPLICATIONS

H. William Elder, Chairman:
Tennessee Valley Authority
Muscle Shoals, Alabama
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TEST RESULTS ON ADIPIC ACID-ENHANCED LIMESTONE SCRUBBING
AT THE EPA SHAWNEE TEST FACILITY
~THIRD REPORT-

D.A. Burbank, S.C. Wang, and R. R. McKinsey
Bechtel National, Inc.
50 Beale Street
San Francisco, California 94105

and

J.E. Williams
Industrial Environmental Research Laboratory
U.S. Environmental Protection Agency
Research Triangle Park, North Carolina 27711

ABSTRACT

Adipic acid has been demonstrated as a powerful scrubbing additive for

enhancing SO, removal in 1ime and limestone wet scrubbing tests both

at the EPA/IERL pilot plant at Research Triangle Park, North Carolina,

and at the EPA-sponsored Shawnee Test Facility near Paducah, Kentucky.

Improved limestone utilization and operating reliability have also been
demonstrated.

Earlier test results using adipic acid, from July 1978 through October
1979, were reported at the Fifth Symposium on Flue Gas Desulfurization

in Las Vegas, Nevada, March 5-8, 1979, and at EPA's Fifth Industry Briefing
in Raleigh, North Carolina, December 5, 1979. This is the third report

on the recent adipic acid test results at the Shawnee Test Facility from
October 1979 through May 1980.

The recent tests with adipic acid were conducted only on the venturi/spray
tower system. All tests were made with limestone slurry. These included:
(1) partial factorial tests to characterize the effects of pH, adipic acid
concentration, and other operating parameters on S0, removal; (2) single-
Toop (one-tank) tests without forced oxidation at low pH and nhigh (4000
ppm) adipic acid concentration; (3) tests with a venturi only to determine
the 1imits of SO, removal; (4) single-loop forced oxidation tests, with
both one tank an% two tanks; and (5) bleed stream oxidation tests at Tow
pH and high (4000 ppm) adipic acid concentration.

Major efforts during the recent test period were directed toward investiga-
tion of the effect of pH on the degradation of adipic acid. It was found
that the adipic acid degradation is minimized when the scrubber is operated
at low (below 5.0-5.1) inlet pH. Forced oxidation and poor limestone utili-
zation tend to increase the degradation.

Preceding page blank
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TEST RESULTS ON ADIPIC ACID-ENHANCED
LIMESTONE SCRUBBING AT THE EPA
SHAWNEE TEST FACILITY

- THIRD REPORT -

Section 1

INTRODUCTION

Since October 1977 one of the primary objectives of the Environmental Protection
Agency (EPA) alkali wet scrubbing test program has been to enhance SO, removal
and improve the reliability and economics of the 1ime and 1imestone wét scrubbing
systems by use of adipic acid as a chemical additive.

Testing of adipic acid-enhanced 1imestone scrubbing began in October 1977 at

the EPA 0.1 MW pilot plant at Industrial Environmental Research Laboratory,
Research Triangle Park (IERL-RTP), North Carolina (Reference 1). As a 1og1ca1
progression, larger scale testing was conducted beginning in July 1978 at EPA‘s 10
MW prototype Shawnee Test Facility located at the Tennessee Valley Authority (TVAY
Shawnee Steam Plant near Paducah, Kentucky. Test results from the Shawnee Test
Facility from July 1978 through October 1979 were presented in two previous reports
(References 2 and 3). As part of EPA's continuing program of technology transfer,
to further demonstrate the effectiveness of adipic acid, and to encourage its use,
the EPA contracted with Radian Corporation in the spring of 1980 to carry out a
full-scale demonstration program of adipic acid-enhanced 1imestone scrubbing. The
program is being conducted at the Springfield City Utilities' Southwest Station
near Springfield, Missouri. Testing in the full-scale units began in the late
summer of 1980. :

This report is the third presenting the test results with adipic acid from the
Shawnee Test Facility. The report covers the period from October 1979 through Mey
1980. During this period, adipic acid testing was conducted only on the venturi/
spray tower system (Train 100). Al1 tests were conducted with 1imestone slurry
and with flue gas having high fly ash loading (3 to 6 grains/scf dry).

During the report period, Train 200 (TCA) was operated by EPRI/UOP/TVA on a

DOWA basic aluminum sulfate process, and Train 300 was operated by EPRI/TVA
on a cocurrent, high-velocity scrubber configuration.

THEORY AND ADVANTAGES OF ADIPIC ACID-ENHANCED SCRUBBING
Adipic acid is a dicarboxylic organic acid [HOOC(CH,)4CO0H] in powder form,

which is commercially available and used primarily as a raw material in
the nylon manufacturing industry. Initial tests with adipic acid at the
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IERL-RTP pilot plant were undertaken as a result of theoretical qna]yses by
Rochelle (Reference 4). Adipic acid effectively buffers the pH in 1imestone/
1ime SO, absorbers and improves the S0, removal efficiency. -The buffering.
action %imits the drop in pH at the gas/liaquid interface during SO, absorp-
tion, and the resultant higher concentration of S0, at the interface accele-
rates the liquid-phase mass transfer. The capacity of the pu1k 1jquor for
reaction with SO, is also increased by the presence of calcium ad1pqte in
solution. Thus, the SO, absorption becomes less dependent on the dissclution
rate of limestone or CaS0; in the absorber to provide the necessary alkalinity.
In the case of limestone scrubbing, it follows that a given SO, removal effi-
ciency can be achieved at a lower 1imestone stoichiometry.

Further analysis by Rochelle {Reference 5) suggested that the use of additives
would be most attractive economically when used in scrubbers employing forced
oxidation. If no decomposition or volatilization of the additive occurs, the
makeup requirements of the additive would be minimized by the more tightly
closed 1iquor loop achievable due to the better dewatering properties of the
oxidized sludge.

Several advantages of adipic acid over other additives, such as Mg0, have been
cited previously (References 1, 2, and 3). Further, the optimum concentration
of adipic acid for effective improvement in SO, removal is only 700 to 1500 ppm
at a scrubber inlet pH above about 5.2. The preliminary economic evaluations
(Reference 2) have shown that adipic acid can reduce both the capital investment.
and the operating cost of limestone systems while simultaneously increasing the
performance, even under those conditions in which the actual addition rate is

3 to 5 times the theoretical requirement due to the degradation of the acid.

This report shows that the degradation of adipic acid can be minimized when the
scrubber inlet pH is lowered to below about 5.0. Although higher adipic acid
concentration is needed at the lower pH to achieve the same dearee of S0, removal
efficiency, overall adipic acid consumption is reduced compared to the higher pH
operation. For this reason, and with the further improvement in limestone utili-
zation at low pH, the low pH operation should be more economically attractive.
Section 11 presents an update of the economic evaluations given in Reference 2.

TEST FACILITY AND PROGRAM

Readers who are unfamiliar with the Shawnee Test Facility and the earlier adipic
acid test programs are referred to References 2 and 3. A summary of the earlier
work is given in Section 2. This report covers the adipic acid test results from
October 1979 through May 1980 on the venturi/spray tower system. The following
adipic acid tests were conducted during this period:

@ Partial factorial tests to characterize the venturi/spray tower
performance using a single tank without forced oxidation

¢ Investigation of the effect of pH on adipic acid degradation
with and without forced oxidation
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o S0, removal capability of the venturi scrubber alone

o Forced oxidation within the scrubber loop using a single tank

e Forced oxidation within the scrubber loop using two tanks in series

e Forced oxidation of the bleed stream
A1l tests were conducted using 1imestone slurry and flue gas containing 3 to 6
grains/dry scf of fly ash. Sections 3 to 8 discuss and summarize these tests.
section 9 describes scrubber system behavior during 1imestone blinding and
the conditions leading to it. Recommended solutions for eliminating or

avoiding limestone blinding are also given. Section 10 gives updated data
on the dewatering properties of adipic acid-enhanced limestone slurry.
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Section 2

SUMMARY OF PREVIOUS WORK

Based on the earlier test results through October 1979 (References 1, 2 and 3),
both at the IERL-RTP pilot plant and at the Shawnee Test Facility, the charac-
teristics of adipic acid as a lime/limestone scrubber additive can be summarized

as follows:

BENEFICIAL ASPECTS

Adipic acid significantly enhances SO, removal. At a scrubber inlet
pH above about 5.2, at which most of %he adipic acid is in ionized
form, the optimum concentration range is only 700 to 1500 ppm.

At the minimum effective pH of 5.2, the corresponding limestone
utilization is normally about 80 percent or higher; thus the quantity
of waste solids generated is reduced. High 1imestone utilization
also contributes to reliable scrubber operation.

With proper pH control and sufficient adipic acid concentration
{(sufficient buffer capacity), steady outlet SO, concentrations can
be maintained even with wide fluctuations of inlet SO, concentrations.

Adipic acid-enhanced 1imestone scrubbina has lower projected capital
and operating costs than unenhanced limestone or limestone/Mg0 scrubbing
(Reference 2). This is primarily due to the reduced 1imestone consump-
tion, the associated grinding cost, and the reduced quantity of waste
sludge generated with adipic acid-enhanced scrubbing.

Since Timestone dissolution is not a rate-controlling step in SCy
absorption for an adipic acid-enhanced 1imestone system, adipic
acid should promote use of less expensive and less energy-intensive
1imestone than 1ime.

The gffectiveness of adipic acid is not affected by forced oxidation
and it can be used with both 1ime and 1imestone in systems with or
without forced oxidation.

The effectiveness of adipic acid is not adversely affected by chlorides
as is the limestone/Mg0 process. Thus it is especially attractive for
very tightly closed 1iquor-loop operation.

When used wi?h 1ime, both good SO, removal and sulfite oxidation can
be achieved in a single-loop scrugbing system using within-scrubber-
toop forced oxidation.

NEGATIVE ASPECTS

Adipig'acid decomposition, and the indications of its being adsorbed
on soiids or occluded in solids (Reference 6), require adding up to
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5 times that amount theoretically required (Reference 2). However,

the consumption over the ranges anticipated has negligible economic
impact.

¢ Some decomposition products, such as valeric acid, have an unpleasant
odor. However, this has not been a problem in testing to date.

OTHER CONSIDERATIONS

Toxicity. No further work in this area has been conducted by the EPA since
the Tast report (Reference 3). Preliminary results from Level 1 chemical
and bioassay analyses showed no measurable difference in toxicity or mutage-
nicity of samples with and without adipic acid addition. These samples were
taken in February 1979 from a limestone/adipic acid forced-oxidation run and
a base case limestone run without forced oxidation. It should be noted that
adipic acid is a food additive.

Limestone Blinding and Calcium Sulfite Scaling. Adipic acid buffers the pH
drop across the scrubber, and therefore increases the potential of calcium
sulfite scaling at the bottom part of the scrubber. At a constant 1iquid-to-
gas ratio, addition of adipic acid increases the SO, make-per-pass and
similarly increases the sulfite scaling tendency at the bottom of the scrubber.
In the case of limestone scrubbing, blinding of limestone by calcium sulfite
could occur, resulting in low pH and poor 1imestone utilization. This would

be particularly true with forced oxidation in the scrubber loop (or in a

system with a high level of natural oxidation); such conditions deplete calcium
sulfite solid seeds. Operating and design considerations for avoiding limestone
blinding are presented in Section 9.
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Section 3

FACTORIAL TESTS ON THE VENTURI/SPRAY TOWER
SYSTEM WITH LIMESTONE/ADIPIC ACID SLURRY

Fifty limestone/adipic acid partial factorial tests, Runs VAA201 through
VAA250, were conducted on the venturi/spray tower system. All tests were
made without forced oxidation and with a common effluent hold tank as shown

in Figure 3-1.

The tests examined the effect of spray tower liquid-to-gas ratio, scrubber
inlet liquor pH, and adipic acid concentration on SO, removal. Table 3-1
summarizes the test results. The operating conditions held constant during

these tests were:

Fly ash loading: High (3-6 grains/dry scf)
Flue gas rate: 35,000 acfm @ 300°F (except Run VAA 207 @ 20,000 acfm)
Hold tank level: 8 ft 6 in. (9.1 - 38 minutes residence time)
Slurry solids concentration: 15 percent
Venturi pressure drop: 9 inches Hy0 for runs with 600 gpm,
plug wide open for runs with 125 gpm
Spray header configuration (top header is No. 4):

For 400 gpm ---- Header 4

For 800 gpm ---- Headers 3 and 4
For 1200 gpm ---- Headers 2,3, and 4
For 1600 gpm ---- A11 four headers

Solids dewatering equipment: Clarifier and centrifuge

OVERALL SO, REMOVAL BY VENTURI AND SPRAY TOWER

Equation 3-1 for predicting SO, removal has been fitted to the 10 venturi/spray
tower runs (Runs VAA201 througg VAA206 and VAA234 through VAA237) for which the
slurry flow rate to the venturi was held at 600 gpm and the venturi pressure
drop was 9 inches Hy 0.

Fraction SO

Removal =1 - exp [-0.0019 (L/G)0:%° exp(0.8pH + 8x10~% A)1  (3-1)
where:
L/G = spray tower liquid-to-gas ratio, gal/mcf (saturated)
pH = scrubber inlet liquor pH
A = adipic acid concentration in scrubber liquor, ppn

The ranges of operating variables covered by the 10 correlated runs are:

L/G = 15-57 gal/mcf
pH = 5.2-5.8 (1imestone stoichiometry
controlled at 1.2)
A 600-1400 ppm

35,000 acfm at 300°F
1500-2200 ppm

Gas flow rate
Inlet 302 concentration

| LI T 1]
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Figure 3-1. Flow Diagram for the Venturi/Spray Tower System
With One Tank and Without Forced Oxidation
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RESULTS OF LIMESTONE/ADIPIC ACID FACTORIAL TESTING
ON THE VENTURI/SPRAY TOWER USING ONE TANK WITHOUT FORCED OXIDATION

Table 3-1

2300-2560

Liquor Rate ST Pressure Drop Inlet Outlet Ave AD Ave. Inlet SOZ Percent SO, Venturi X

Run ) L/6 {inch H,0} Liquor L{quor Conc. €1~ Conc. ion Removal Replicate
No. entur (gal/mcf) Venturi] otal pH pH {ppm) {ppm) Range Ave, Range | Ave. Removal

YAA201 600 1200 43 8.9 13.5 5.70 5.5 7o 2410 1880-2120 2005 90-95 93.1 - A
YAA202 600 800 29 8.7 14.4 5.45 5.2 640 2880 1760-2000 1850 79-84 81.6 45.5 B
YAA203 600 400 15 8.8 13.6 5.85 5.6 590 1240 1680-1840 1760 73-76 74.4 -

YAA204 600 1600 57 8.9 14.1 5.75 5.4 690 1850 1480-1520 1505 95-96 95.8 -

YAA205 600 800 29 8.9 15.0 5.80 5.6 650 1910 1560-1600 1570 86-91 88.9 - B
VAA206 600 1200 43 8.7 14.6 5.65 5.5 680 2710 1760-1880 1850 84-90 86.4 - A
YAA207 125 1200 75(1) 0.9 3.1 5.75% 5.6 570 1740 2000-2080 2045 92-93 92.4 -

YAA208 125 800 29 2.3 7.7 5.85 5.6 610 1810 1840-1980 1910 72-80 76.4 - C
VAA209 125 1200 43 3. 7.9 5.70 5.4 550 1720 2120-2160 2150 77-78 77.9 - D
YAA210 125 400 15 2.4 7.0 5.80 5.5 620 1880 1600-1760 1715 53-58 54,7 20.6

VAAZI 125 1600 57 3.7 8.8 5.85 5.6 730 1860 1740-2100 1920 87-88 87.3

VAA2T2 125 1200 43 2.6 7.9 5.60 8.3 650 2080 1760-2000 1835 79-83 80.7 - D
YAA213 125 800 29 2.5 7.7 5.65 5.5 660 1600 1840-2000 1965 69-74 72.1 17.6 c
VAA214 125 1200 43 3. 8.6 5.35 5.0 660 2170 1800-2200 2010 68-76 n.4 -

VAA215 125 1200 43 2.7 9.0 5.05 - 610 2120 1760-2200 2115 57-65 60.5 - E
YAA21E 125 1200 43 2.7 8.1 4,65 5.2 660 1810 1800-2000 1900 A4-50 46.0 -

YAA217 125 1600 57 2.7 7.7 5.35 5.6 590 2170 1720-2000 1855 71-83 79.2 -

VAA218 125 1600 57 2.3 7.6 5.00 4.7 660 2280 2080-2280 2165 54-63 58.3 -
 YAAZ219 - 125 1200 43 2.6 8.0 5.00 - 770 2240 1760-2160 1940 56-62 58.0 - E
YAA220 125 1600 57 2.7 7.4 4,85 - 840 2310 2040-2080 2075 36-42 40.3 -

YAA221 S 128 800 29 1.9 8.6 5.50 - 1170 2640 1880-2000 1910 72-76 75.2 - F
VAA222 125 400 15 3.3 7.9 5.50 - 1290 3250 1960-2000 1985 55-61 87.9 21.9 G
VAA223 125 1200 43 3.0 7.8 5.40 5.4 1370 3080 1800-2080 1945 83-88 86.5 -

YAA224 125 1600 57 3.4 8.2 5.50 - 1190 3120 1920-2060 1900 91-93 92.6 -

VAA225 125 800 29 3.1 7.9 5.45 5.3 1190 2930 1720-1920 1840 79-83 81.2 - F
YAA226 125 400 15 4.0 9.0 5.60 - 1280 4050 1740-2040 1880 63-66 64.6 - G
VAA227 125 1200 43 30 8.0 5.40 - 1270 2900 1400-1680 1595 87-91 89.8 -

YAA228 125 1200 43 3.6 8.9 4.90 - 1450 2990 1880-2040 1930 66-70 69.2 - H
YAA229 125 1200 43 3.7 8.9 4.70 - 1380 3370 1640-1780 1735 §0-55 51.9 -

VAAZ30 125 800 29 4.6 9.7 5.45 - 1350 3470 1880-2000 1970 69-80 77.7 -

YAAZ? 125 800 29 4.1 9.6 5.065 - - 1340 3240 1740-2200 1900 59-72 64.9 21.6

VAA232 125 1200 43 4,2 8.9 5.00 - 1410 4410 2260-2560 2400 69-80 74.7 - H
YhA233 125 800 29 3.9 8.9 4,65 - 1400 3700 1720-1880 1780 45-50 48.4 -

YAA234 600 800 29 9.0 14.0 5.20 - 1300 4170 2000-2200 2155 85-90 87.4 51.9 1
VAA235 600 400 15 9,2 15.2 5.45 - 1350 4030 1520-1800 1640 84-89 85.8 58.0

VAA236 600 1200 43 8.9 12.2 5.35 - 1410 2180 1960-2240 2145 95-97 95.9 -

VAA237 600 800 29 9.0 1.3 §.40 1290 4260 1860-2040 1915 93-94 93.6 - I
YAA238 125 800 29 3.1 8.1 5.30 - 2310 4580 2480-2720 2625 84-90 88.3 39.4 J
VAA239 125 1200 43 3.2 8.1 5.65 - 1980 4110 2340-2520 2415 96-97 96.5 42.4 K
VAA240 125 400 15 3.7 8.5 5.25 4.8 1800 4000 2800-3000 2935 68-71 69.3 46.0 L
VAA241 125 1600 57 3.7 9.3 5.35 4.9 1810 3760 1840-2240 2025 96-97 96.6 -

YAA242 125 800 29 3.1 7.6 5.65 - 2070 3930 2240-2400 2340 93-95 94.3 - J
VAA243 125 1200 43 2.9 7.7 5.60 - 2040 3850 2360-2480 2430 96-97 96.8 - K
VAA244 125 400 15 3.R 8.6 5.45 4.8 2300 5030 2200-2600 2480 68-72 69.5 - L
VAA245 125 800 29 3.0 7.5 5.40 - 2260 3690 2360-2640 2440 91-93 9z.1 -

VYAA246 125 800 28 3.0 7.9 5.05 - 2370 3850 1800-2160 1900 87-93 89.9 -

YAA247 125 800 29 3.8 9.0 4.60 4.5 2170 4010 2660-2880 2810 60-66 63.5 -

YAA248 125 1200 43 2.9 7.7 5.50 - 2000 3620 1840-2160 1980 96-98 96.8 -

VAA249 125 1200 43 3.0 7.7 5.00 - 2270 4640 2180-2360 2245 90-93 9.7 -

VAA250 125 1200 a3 3.8 9,2 4.55 4.2 2210 4440 2470 69-73  71.3 -

(1) Flue gas rate

= 20,000 acfm @ 300°F for Run VAA207.

All other runs at 35,000 a-=f+~ & 300°F.




Ventur{ 1iquid-to-gas ratio
Venturi pressure drop

Equation 3-1 explains 90 percent

21 gal/mcf
9 inches H20

of the variation in the data for SO, removal

with a standard error of estimate of 2.7 percent SO, removal (see Figure 3-2).

S0, REMOVAL BY SPRAY TOWER ONLY

Equation 3-2 for prediction of SO
tower runs (minimum effect of ven

Fraction 502
Removal

=1 - exp [-2.

removal has been fitted to the 40 spray
ri - 125 gpm for flue gas humidification):

fu

2x10~4 (L/6)0-75 exp (pH + 6.2x10°% )1 (3-2)

where L/G, pH, and A have the same definitions as for Equation 3-1.

The ranges of variables covered

L/G

pH

A

Gas flow rate

Inlet SO? concentration
u

Venturi sTurry flow rate
Venturi pressure drop

by the 40 correlated runs are:

15-75 gal/mcf

4.6-5.9

600-2400 ppm

35,000 acfm at 300°F (one test at 20,000 acfm)
1600-2900 ppm

125 gpm

2-4 inches H,0 (wide open plug)

L LN LI T T N T 1}

Equation 3-2 explains 93 percent of the variation in the data for SO, removal

with a standard error of estimate of 4.3 percent SO
It is important to note that the S0, removal predic

removal (see Figure 3-3).
d by Equation 3-2

e

includes the effect of the venturi operating at the minimum conditions defined

above.

The magnitude of this effect is discussed later.

Figures 3-4 through 3-6 illustrate the effects of spray tower liquid-to-gas

ratio and inlet liquor pH on SO
600, 1300, and 2000 ppm, respec
the predictions of Equation 3-2

2

removal at adipic acid concentrations of
vely. The lines on the figures represent
with actual data points also shown.

Note that the 502 removals for a pH of 4.6 and 2000 ppm adipic acid in
Figure 3-6 are sTmilar both to those in Figure 3-5 for a pH of 5.0 and 1300 ppm
adipic acid, and to those in Figure 3-4 for a pH of 5.4 and 600 ppm adipic

acid.

Scrubber Adipic
Inlet Acid,.
L pepm
5.4 600
5.0 1300
4.6 2000

These values are more clearly seen in the following:

Percent 302 Removal at
Spray Tower L/G of

30 gal/mcf 50 gal/mcf 70 gal/mcf
60 74 82
61 75 83
62 76 84
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PREDICTED PERCENT S0, REMOVAL

: l !

70 80 90 100

70 1

MEASURED PERCENT SO, REMOVAL

Figure 3-2. Measured vs. Predicted (Eq. 3-1) S0, Removal
by the Venturi/Spray Tower
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Figure 3-3. Measured vs. Predicted (Eq. 3-2) SO2 Removal
by the Spray Tower
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Figure 3-4, Effect of Spray Tower Liquid-to-Gas Ratig qnd Inlet pH
on Spray Tower SO2 Removal at 600 ppm Adipic Acid
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Figure 3-5. Effect of Spray Tower Liquid-to-Gas Ratio aqd In?et pH
on Spray Tower SO2 Removal at 1300 ppm Adipic Acid
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PERCENT SO, REMOVAL
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Figure 3-6. Effect of Spray Tower Liquid-to-Gas Ratio and Inlet
pH on Spray Tower S0, Removal at 2000 ppm Adipic Acid
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Thus, within the ranges tested, each 0.4 unit drop in scrubber inlet pH

requires a 700 ppm increase in adipic acid concentration to achieve similar
percent SO, removal.

SO, REMOVAL BY VENTURI ALONE AT MINIMUM SLURRY FLOW RATE AND PRESSURE DROP

For a-2 to 4 hour period at the end of each of seven factorial tests

with the spray tower alone (Runs VAA210, VAA213, VAA222, VAA231, VAA238,
VAA239, and VAA240), the spray tower slurry flow was shut off in order to
determine the SO, removal achieved by the venturi alone at a minimum slurry
flow rate of 125 gpm, minimum pressure drop of 2 to 4 inches H,0 (wide open
plug), and 35,000 acfm gas flow rate (venturi L/G = 4.5 ga]/mc%). These
tests indicated that, at these conditions, the venturi scrubber obtains about
20 percent SO, removal at 600 ppm adipic acid concentration and an inlet pH
of 5.7, 22 percent SO, removal at 1300 ppm adipic acid and a pH of 5.3, and 42
percent SO, removal a% 2000 ppm adipic acid and a pH of 5.4. Equation 3-2
does not include any corrections for SO, removal in the venturi. This should
be taken into consideration when using Equation 3-2 with Figures 3-3

through 3-6.
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Section 4

EFFECT OF pH ON ADIPIC ACID CONSUMPTION

During both the earlier factorial tests with adipic acid addition (Reference
3) and the latest factorial tests (Section 3), it was noticed that the

rate of adipic acid addition required to maintain a desired concentration in
the scrubber 1iquor was substantially reduced when the scrubber inlet pH was
controlled at 5.0 or lower. At higher pH operation, it is necessary to add
adipic acid at up to about 5 times the theoretical addition rate (as defined
below), either because of degradation or decomposition of the adipic acid.
Apparently, the degradation or decomposition process is inhibited under low
pH conditions.

Although the exact mechanism of adipic acid degradation is still not under-
stood, it was decided to investigate the effect of pH on the adipic acid
consumption rate in more detail.

Early in the adipic acid-enhanced 1ime/1imestone testing, it was noted that
the SO, removal enhancement by the adipic acid is maximized when the scrubber
inlet pH is maintained at about 5.2 or higher under the prevailing scrubber
conditions (chloride concentrations). This is because most of the adipic acid
is ionized and its buffering capacity more fully utilized at these higher
inlet pH levels (Reference 7).

Operations at lower pH therefore require higher adipic acid concentrations
to maintain the same degree of SO, removal efficiency (Section 3), because
the ionization and buffer capacity of adipic acid are reduced. However,
experience at Shawnee shows that the total adipic acid consumption at a
scrubber inlet pH below 5.0 and concentration as high as 4000 ppm is actually
Tower than at a pH of about 5.4 and 1500 ppm when significant degradation was
noted. Potential advantages of low pH operations are obvious:

¢ Lower operating cost due to lower adipic acid consumption.

® Easier forced oxidation, in-loop or bleed stream, and less air (and
compressor energy).

e Essentially complete limestone utilization and improved scrubber
operating reliability.

® Reduced sensitivity to limestone type and grind; fine grinding of
Timestone is probably not required.

e Lower sulfite scaling potential.
® Better prospects (sensitivity) for automatic pH control.
o Greater flexibility for S0, emission control; high sensitivity of

sog removal to pH allows raising pH to increase the buffer capacity
and SO, removal when needed.
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o Improved acceptance of the concept by plant owners because of the
- reduced quantity of adipic acid degradation products.

o Applicability to Tow-sul fur subbituminous and lignite coals containing
alkaline ashes which are extractable only at low pH.

e Probable lower cost due to all of the above factors.

Seven runs were conducted on the venturi/spray tower system to investigate
the effect of pH on the adipic acid consumption rate. These tests were made
with a single effluent hold tank and without forced oxidation. The flow
configuration for these tests is the same as that shown in Figure 3-1.

DISCUSSION OF TEST RESULTS

Table 4-1 summarizes the major test conditions and the run-average results

for the seven tests made in this series. The scrubber inlet pH and the adipic
acid concentration were varied in the tests. A1l other conditions were held
constant.

Theoretical Adipic Acid Consumption Rate. The theoretical adipic acid
consumption rate is defined as the rate of adipic acid leaving the scrubber
system in the liquor which is entrained in the discharged sludge (filter
cake, centrifuge cake, or clarifier underflow) in a closed-1iquor-loop
operation. The theoretical consumption rate is calculated from the material
baTances for solids discharged from the scrubber system, solids (or liguor)
ggncentration in the discharged sludge, and adipic acid concentration in the
iquor.

Since some adipic acid decomposes to lower-carbon carboxylic acids and the
analytical method employed at the Shawnee laboratory determines the total
carboxyl group, "adipic acid concentration" as reported throughout this
report means “total carboxylic acid expressed as adipic acid." Note that
most of the degradation products are also effective as enhancing agents for
S0y removal.

Effect of pH on Adipic Acid Consumption Rate. As can be seen in Table 4-1,
the ratios of actual-to-theoretical adipic acid consumption were all 1.0 at
a scrubber inlet pH of 4.60 and 4.85 for Runs 926-1A, 926-1G, and 926-1B,
when the adipic acid concentrations were controlled at 4090, 2270, and 1435
ppm, respectively. This indicates that there was essentially no degradation
of adipic acid, within the accuracy of the material balance calculations.

Further increase in the scrubber inlet pH to 5.05, 5.25, and 5.50 during Runs
926-1C, 926-1H, and 926-1D resulted in actual-to-theoretical adipic acid
consumption ratios of 1.17, 1.24, and 1.59, respectively.

Despite the higher adipic acid concentration required at the lower pH operation,

the ‘total adipic acid consumption can be actually less, as can be seen in
Tab]e'4-1, in terms of actual adipic acid consumption per ton of S0, absorbed.

249



052

RESULTS OF VENTURI/SPRAY TOWER LIMESTONE/ADIPIC ACID
TESTS USING A SINGLE TANK WITHOUT FORCED OXIDATION

Table 4-1

Major Test Conditions

fly ash loading

Gas rate, acfm @ 300°F

Venturi liquor rate, gpm

Spray tower liquor rate, gpm

Percent solids recirculated (controlled)
EHT residence time, min

EHT tank level, ft

Scrubber inlet pH (controlled)

Adipic acid concentration, ppm

Venturi pressure drop, inches H20

Run-Average Results

Start-of-run date

Onstream hours

Percent SOZ removal

Inlet S0, concentration, ppm

Adipic acid concentration, ppm

Actual adipic acid consumption,lbs/tons 502 abs.
Adipic acid consumption ratio {actual/theor)
Percent solids recirculated

Scrubber inlet pH

Scrubber outlet pH

S0, make-per-pass, mmole/1

Limestone utilization, %

Scrubber inlet sulfite concentration, ppm
Scrubber outlet sulfite concentration, ppm
Sulfite oxidation, %

Scrubber inlet gypsum saturation, %
Centrifuge cake solids, wt%

Mist eliminator restriction, %

12/18/179

297
a0
2650
4090
1.0
15.5
4.60
4.30
8.05
97
1540
1650
49
130
69

1/3/80
244
9
2250
2270
4.3
1.0
15.1
4.85
4.50
6.90
96
875
1440
51
116
70

926-18B

High
35,000
600
1600
15
9.1
8.5
4.8
1300
9

1/16/80
184
84
2115
1435
3.0
1.0
14.9
4.85
4.55
6.00
95
965
1545
49
127
69

0

926-1C

High
35,000
600
1600
158
9.1 .
8.5
5.0
1300
9

1/24/80
116
91
2150
1290
5.7
1.17
15.1
5.05
4.65
6.60
95
325
695
47
129
66

926-1H

High
35,000

600
1600
15
9.)
8.5
5.25
1300

1/29/80
169
93
2150
1285
8.0
1.24
14.9
5.25
4.85
6.75
92
180
305

30
118
61

926-10

High
35,000

600
1600
15
9.1
8.5
5.5
1300

2/8/80
116
96.5
2410
1330
9.6
1.59
15.5
5.50
5.00
7.85
80
135
185

17
112
60

926-1E

High
35,000

600
1600
15
9.1
8.5
5.0
700

2/15/80
119
77
2450
735
6.0
1.0
15.2
5.05
4.60
6.35
95
325
710

32
113
60
0

Notes: (1) Adipic acid concentration controlled at a level to provide 92% 50, removal.




Effect of pH and Adipic Acid Concentration on SOE,Remova1 As mentioned in
ection e results of factorial tests show that higher adipic acid con-
centration is required at lTow pH than at high pH to achieve similar sog removal.

This trend is also evident from the results of Runs 926-1A, 926-1G, 926-1C and
926-1H:

926-1A 926-1G 926-1C  926-1H

Scrubber inlet pH 4.60 4.85 5.05 5.25
Adipic acid conc., ppm 4090 2270 1290 1285
Percent SO, removal 90 91 91 93
Inlet SO, conc., ppm 2650 2250 2150 2150
Percent Timestone utilization 97 96 95 92

Thus, the optimum scrubber inlet pH appears to be 5.0 to 5.1 (Run 926-1C) where
adipic acid concentration required is only about 1300 ppm to achieve 91 percent
S0, removal. More importantly, the adipic acid degradation is insignificant

at this pH level (1.17 actual-to-theoretical consumption ratio for Run 926-1C).

Note that SO, removal is more sensitive to pH and inlet SO, concentrations at
the scrubber inlet pH levels of 4.6 to 4.85 tested because the buffer capacity
of adipic acid is reduced at the lower pH levels.

Limestone Utilization. One of the benefits of the low pH operation is that
very high Timestone utilization can be realized. Limestone utilizations
were 95 percent or higher at the scrubber inlet pH of 5.05 or lower and

9.1 minutes residence time in the effluent hold tank.

Sulfite Oxidation and Centrifuge Cake Solids. Another important benefit of
Tow pH operation is the ease of forced oxidation of sulfite. A natural
oxidation level of about 50 percent was achieved at the scrubber inlet pH of
5.05 or lower, as compared to 15 to 20 percent oxidation at a normal inlet
pH of about 5.5. The resulting centrifuge cake solids concentrations were
almost 10 percentage points higher for the Tower pH operation.

SUMMARY
The following is a summary of the test results:

o Apparent degradation of adipic acid is inhibited at Tow pH, with or
~ without forced oxidation (see Sections 6 and 7). Without forced
oxidition, the critical pH appears to be about 5.0 at the scrubber
inlet, below which degradation is minimized (actual-to-theoretical
consumption ratio equals 1.0).

¢ Because of reduced ionization .and buffer capacity of acipic acid at Tow
pH, the required adipic acid concentration is 2 to 3 times higher at a
scrubber inlet pH of 4.6 to 4.85 than at 5.05 to 5.25 to achieve a similar
degree of SO, removal (about 91 percent).

¢ Operation at low pH and high adipic acid concentration results in lower
total adipic acid consumption than at high pH and low concentration.

251



® The optimum scrubber inlet pH for the venturi/spray tower with a single-
tank configuration appears to be 5.0 to 5.1 with respect to total adfpk
acid consumption, limestone utilization, and the sensitivity of 302
removal to pH and inlet S0, concentration.

e Other benefits obtained when the scrubber inlet pH was held at 5.05 or
Tower include: high 1imestone utilization (95 percent or higher),
high natural suifite oxidation (about 50 percent), and the resultant
high centrifuge cake solids (near 70 percent).
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Section §

VENTURI SCRUBBER S0, REMOVAL
WITH LIMESTONE/ADIPIC ACID SLURRY

A series of 12 runs (Runs 927-1A through 927-1L) were made using only the
venturi scrubber to determine its maximum 502 removal capability with adipic
acid-enhanced 1imestone scrubbing.

While.it is recognized that SO, removal with the venturi alone would not meet
the S0, emission standard for ﬁigh-su]fur coal, even with very high concentra-
tions of adipic acid, scrubbing with the venturi alone could be attractive
economically for low-sulfur coal applications where only 70 percent S0,
removal is required.

A single tank was used without forced oxidation for all tests. The flow
configuration for these tests is the same as that shown in Figure 3-1,
except the slurry flow to the spray tower (Pumps G-101 and G-204) was turned
of f.

The slurry flow to the venturi was held constant at 600 gpm for all runs.
Variables investigated were adipic acid concentration, gas rate (or venturi
liquid-to-gas ratio at a constant slurry flow rate), venturi pressure drop,
and inlet pH. Operating conditions common for all runs were:

Fly ash loading: High (3-6 grains/dry scf)

Effluent hold tank level: 8.5 ft

Effluent hold tank residence time: 33.4 minutes
Slurry solids concentration: 15 percent

Solids dewatering equipment: Clarifier and centrifuge

DISCUSSION OF TEST RESULTS

Table 5-1 summarizes the major test conditions and the run-average test
results.

Effect of Adipic Acid Concentration. Runs 927-1A, 927-1D, and 927-1E were
alT operated at a gas rate of 35,000 acfm (@ 300°F), a 1iquid-to-gas ratio
of 21 gal/mcf, a venturi inlet pH of 5.1, and at a pressure drop of about
8.3 inches Hyo0. Average SO, removal increased from 34 to 41 and 65 percent
when the adipic acid concen%ration was raised from 815 to 1335 and 3985 ppm,
respectively. Hourly SO, removal data for these three runs are plotted in
Figure 5-1. It appears %hat the SO, removal levels off at about 65 percent,
suggesting that the overall rate of S0, absorption may have been limited by
the gas-phase mass transfer above 3500 ppm adipic acid.

Effect of Liquid-to-Gas Ratio. During Runs 927-1B, 927-1C, and 927-1G, the
I1quid-to-gas ratio was increased to 37 gal/mcf. Average 30, removal increased
only marginally to 39, 47, and 68 percent, respectively. For these runs,
venturi pressure drop was 6 inches Hy0.
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RESULTS OF

Table 5-1

VENTURI LIMESTONE/ADIPIC ACID TESTS USING A SINGLE TANK

WITHOUT FORCED OXIDATION

Major Test Conditions

Fiy ash loading

Gas rate, acfm @ 300°F

Veaturi liquar rate, gpm

Percent solids recirculated {controlied)
EMT residence time, amin

EHT tank level, ft

Venturi inlet liguor pH (controlled}
Adipic acid concentration, ppm

Venturi pressure drop, inches B0

Run-Average Results

Start-of-run date

Onstream hours

Percent SO, removal

Inlet SO, conceatration, ppm

ARdipic acid concentration, ppm
Scrubber percent solids rectrculated
Scrubber inlet pH

Sulfite concentration in inlet )iquor, ppm
SD2 Make-per-pess, mmole/1

Limestone utilization, %

Sulfite oxidation, 2

Inlet Yiquor gypsum saturation, %
Centrifuge cake solids, wt:

Mist eliminator restriction, %
Yentur{ pressure drop, inches HZO

927-1A

High

927-18

High
20,000
600

927-1J

High
27,500

927-10

High
35,000
600

2/26/80
27

41
2445
1335
16.3
5.15
255
12.4
83
32
120
68

8.4

927-1E

High
35,000
600
15
33.4
8.5
5.1
4000
6

2/27/80
69

65
2360
3985
15.4
5.10
285
19.0
a5
28
125
61

8.3

3/1/80
26
gl
2255
3990

15.3
5.10

927-16

Hiah
20,000
£

16

33.4

8.5

5.1

4000
[

3/1/80
13

68
2790
4030
14.3
5.05
235
13.4
85
22
148
63

6.0

927-14

Hinh

27,500
600
15
33,4
8.5
5.
2000

9

3/2/80
13
69
3030

4005
15,0

485

927-11

High
27,500
600

33.4
8.5

4000
12

3/2/80
21
65
2945
4015
15.3
§.10
585
18.6
N
k4
120
63

na

927-7K

Hiah
27,500
600

Note: (1) SC, removal dropped to 601 when inlet SC, concentration increased to ?R70 ppm under replicate conditions.
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Although SO, removal was below 70 percent with high inlet SO congentra-
tion, the venturi-only mode of operation with limestone/adipic acid slurry
may be viable for low-sulfur coal applications where inlet S0, concentrations
are less than 1000 ppm.

Effect of Venturi Pressure Drop. During Runs 927-1F, 927-1H, and 927-11, the
venturi pressure drop was varied at 5.9, 8.7, and 11.1 inches H,0, respectively,
For these runs, adipic acid concentration was maintained at 4000 ppm, liquid-
to-gas ratio was controlled at 27 gal/mcf, and the inlet pH was controlled at
5.1. S0, removal was 60 percent at 5.9 inches H,0 pressure drop, and appeared
to Tevel off at 65 to 69 percent at 8.7 and 11.1 inches H,0.

Effect of Venturi Inlet pH. Run 927-1K was made under the same conditions as
Run 927-1H, except for the scrubber inlet pH. SO, removal increased signi-
ficantly from 59 percent at 2245 ppm inlet SO, concentration and at 4.85
inlet pH to 69 percent at 3030 ppm inlet SO, concentration and at 5.10 inlet
pH. Similar sensitivity of S0, removal to pH can be observed by comparing
Runs 927-1G and 927-1L.

SUMMARY
Based on the test results, the following conclusions can be made:

@ At a liquid-to-gas ratio of 21 gal/mcf, a venturi inlet pH of 5.1,
and a venturi pressure drop of 8.3 inches H,0, S0, removal appears
to level off at 65 percent above 3500 ppm agipic acid. (SO, removals
greater than 65 percent may be possible at pH higher than E.].)

e Increasing the liquid-to-gas ratio to 37 gal/mcf (with a somewhat
reduc$d pressure drop of 6 inches H,0) improves SO, removal mar-
ginally.

® With low-sulfur coals producing less than 1000 ppm inlet SO, concen-
tration, 70 percent SOZ removal should be achievable at 5.1 inlet

pH, 4000 ppm adipic acid, 6 to 8 inches Ho0 pressure drop, and 21-
37 gal/mcf liquid-to-gas ratio.

e SO, remova] is sensitive to inlet pH (4.8 to 5.1) and adipic acid
concentration (700 to 3500 ppm), but is insensitive to liquid-to-

gas ratio (21 to 37 gal/mcf) and venturi pressure drop (6 to 11
inches H,0).
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Section 6

LIMESTONE/ADIPIC ACID TESTING ON THE VENTURI/SPRAY TOWER
WITH ONE TANK AND FORCED OXIDATION

Following the venturi-only testing, the venturi/spray tower system was modifiec
to allow testing in a single-tank forced-oxidation mode. Seven runs were made,
including four runs with only the venturi.

Although sulfite oxidation of 99 percent or higher was achieved for the runs
with forced oxidation, 1imestone blinding was encountered as evidenced by

poor limestone utilization. The long (50 ft) crossover line which routed the
venturi and spray tower effluent slurries to the oxidation tank apparently
behaved as an effective plug-flow reactor in which calcium sulfite precipitated
preferentially on the alkaline 1imestone particles in the effluent slurry
deficient in calcium sulfite solid crystal seeds.

SYSTEM DESCRIPTION

Figure 6-1 is a schematic flow diagram of the venturi/spray tower system using
a single tank (D-208) in which compressed air is injected through a 3-inch
diameter open-ended pipe ell. The venturi and spray tower effluent slurries
are routed to the oxidation tank via a 16-inch diameter crossover line about

50 ft long. This crossover line is operated full (490 gallons) of slurry
because nearly its entire length is below the oxidation tank liquid level.

The line acts as a plug-flow reactor as previously mentioned. It is emphasized
that this setup is necessitated by the 1imited availability of space and

is unique to the Shawnee Test Facility.

A severe cavitation problem in the slurry recirculation pumps during initial
startup was solved by installing a baffle near the pump suction nozzles and by
moving the air injection point higher, to between the two agitator turbines.
Both turbines propel the slurry downward. Figure 6-2 shows the arrangement of
the modified oxidation tank.

DISQUSSION OF TEST RESULTS

Tables 6-1 and 6-2 summarize the results of the single-tank forced oxidation

tests with both the venturi and the spray tower in operation, and with the venturi
alone, respectively. The initial test plan called for variations of the scrubber
inlet pH and adipic acid concentration, to observe the effects on adipic acid
consumption under forced oxidation conditions (to compare with the results
presented in Section 4 without forced oxidation). However, the original test
objectives were modified in favor of a more thorough study of the limestone
'blinding phenomenon when it was encountered.
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Table 6-1

RESULTS OF VENTURI/SPRAY TOWER L IMESTONE/ADIPIC ACID TESTS
WITH ONE TANK AND FORCED OXIDATION

Major Test Conditions 914-1A 914-1B 914-1C
High High High
E;i ::2e1°:g;;g@ 300°F 35,300 35,000 35,000
s ; 600
Ventur{ ligquor rate, gpm 600 600: o
Spray tower 1iquor rate, gpm 1600 1600
Percent solids recirculated (controlled) 15 15 15
Oxidation tank residence time, min 2.9 2.9 2.9
Oxidation tank level, ft 17 17 17
Scrubber inlet pH {controlled) 4.6 5.1 4.6
Adipic acid concentration, ppm 4000 4000 4000
Afr rate to oxidizer, scfm 200 2C0/300 0
Venturi pressure drop, inches Hy0 9 9 9
Run-Average Results
Start~-of-run date 3/13/80 3/19/80 4/7/80
Onstream hours 108 1" 47
Percent 50, removal 9.6 (RD] 92.6
Inlet SO, goncentrat1on, ppm 1980 1955
Adipic aCid concentration, ppm 4040 4225
Adipic acid consumption ratio {actual/theor.) 3.41 1.59
Actual adipic acid consumption, 1bs/ton
S0, absorbed 64,1 43.3
Percént solids recirculated 15.9 14.9
Scrubber inlet pH 4.60 4.66
Sulfite concentration in inlet liquor, ppm 1250 862
S0, make-per-pass, mmole/1 6. 6.1
Limestone utflization, % 46 a3
Sulfite oxidation, % 9R.7 32
Gypsum saturation in inlet V{quor, % 145 120
Centrifuge cake solids, wt% 79 65
Air stoichiometry, atom O/mole S0, abs. 1.9 0
Mist eliminator restriction, % - 3
(1) No steady state was established due to severe )imestone blinding.
Table 6-2
RESULTS OF VENTURI LIMESTONE/ADIPIC ACID TESTS
WITH ONE TANK AND FORCED OXIDATION
Major Test Conditions 927-1M 927-1N 927-10 927-1pP
Fly ash loading High High High High
Gas rate, acfm @ 300°F 30,000 20,000 20,000 30,000
Yenturi Yiquor rate, gpm 600 600 600 600
Percent solids recirculated (controlled) 15 15 15 15
Oxidation tank residence time, min 10.6 10,6 10.6 10.6
Oxidation tank tevel, ft 17 17 17 17
Ventur{ inlet liquor pH (controlled) 5.0 5.0 - 5.0
Venturi inlet 1iquor !1imestone
stofchiometry {controlled) - - 1.2 -—
Adipic acid concentration, ppm 4000 4000 4000 4000
Alr rate to oxidizer, scfm 300 30? 30? 0
Venturi pressure drop, inches Hy0 9 9 1 9th) 9
Run-Average Results
Start-of-run date 3/21/80 3/26/80 3/30/80 4/2/R0
Onstream hours 115 13 75 108
Percent SOZ removal 7.5 77.4 67.4 69.6
Inlet 802 concentration, ppm 2260 2030 2070 2225
Adipic acid concentration, ppm 4170 3960 4130 3960
Adipic acid consumption ratio (actual/theor.} . 2.19 3.0 1.93 2,26
Ac;g;\ gd1g;cdac1d consumption, 1bs/ton
absorbe 32.0 50.8 28.6 62.5
Percent solids recircul ated 15.0 16.1 15.0 14.9
Scrubber inlet pH 5,05 5.15 4.55 5.07
Sulfite concentration in inlet Tiquor, ppm 75 a4 28 349
S0, make-per-pass, mmole/1 17.1. 1a 9.9 16.4
Limestone utilization, % 50 35 A5 54
Sulfite oxidation, % 99.4 99.2 99.2 23
Gypsum saturation in inlet liquor, % 108 105 110 125
Centrifuge cake solids, wt% 78 79 78 63
Air stoichiometry, atom 0/mole S0, abs. 3.R 5.9 6.6 0

Mist eliminator restriction, % |- -- - -

(1) Actual pressure drop was about 7 inches H,0 because:gf robl i
mechanism and low gas flow rate. 2 e P em with the adjustable plug



Initial Tests. In Run 914-1A, a total slurry flow rate of 2200 gpm resulted

Tn 2.9 minutes residence time in the oxidation tank (Table 6-1), 98.7 percent
sulfite oxidation in the solids, high inlet liquor sulfite concentration

(1250 ppm), and poor 1imestone utilization of 46 percent despite a low scrubber
inlet pH of 4.6. .

To reduce the high inlet liquor sulfite concentration, Run 914-1B was first
run at higher pH (5.1 vs. 4.6) and then at increased oxidation intensity (air
rate 300 scfm vs. 200 scfm). However, no indication of increased limestone
utilization was noted and the run was terminated.

Venturi-Only Test. The low oxidation tank residence time of 2.9 minutes was
Yncreased to 10.6 minutes during Runs 927-1M, 927-1IN, and 927-10 (Table 6-2)

by operation of the venturi only (600 gpm). This necessarily raised the S0,
make-per-pass to 17.1 m-moles/liter (Run 927-1M) which was reduced to 11.1
m-moles/Titer in Run 927-1N. The limestone utilization was still low and a run

at a controlled 1imestone stoichiometry of 1.2 (Run 927-10) confirmed that 1ime-
stone blinding was occuring in the crossover line because the scrubber inlet pH

of 4.55 was lower than expected. This line is in effect a 50 second residence time
plug-fiow reactor to which is fed slurry depleted in calcium sulfite seed crystals
and-in which a favorable environment is provided for the liquor sulfite to
precipitate on limestone particles before reaching the oxidation tank.

Base Case Tests Without Forced Oxidation. Run 927-1P was made under the same
conditions as Run 92/-1M except that the air to the oxidizer was shut off to
provide a base case run without forced oxidation. Limestone utilization remained
poor {54 percent) due to the combined effect of continued high SO, make-per-pass
(16.4 m-moles/liter) and long residence time (near 50 seconds) in the crossover
line.

Run 914-1C was made under the same conditions as Run 914-1A except without
forced oxidation. With an SO, make-per-pass of only 6.1 m-moles/liter and 13
seconds residence time in the crossover line, combined with sufficient calcium
sulfite solid crystal seeds (32 percent oxidation), limestone utilization
improved to 93 percent. '

Effect of pH and Limestone Utilization on Adipic Acid Consumption. Section 4
mentioned that essentially no degradation of acipic acid occurs at a scrubber
inlet pH below 5.0 when oxidation is not.forced. In these tests adipic acid
degradation appeared to increase with forced oxidation. In addition, it was
observed that poor limestone utilization increases the degradation. These
observations are more clearly seen in the following table:

927-1M 927-1IN 927-10
Venturi inlet pH 5.05 5.15 4,55
Percent 1imestone utilization 50 35 85
Adipic acid consumption ratio 2.19 3.0 1.93
(Actual/Theoretical)
Percent unaccounted loss-of 54.3 66.7 48.2
adipic acid ’
Actual adipic acid consumption, 32.0 50.8 28.6
~ 1bs/ton S0, absorbed ,
Unaccounted adipic acid loss, 17.4 33.9 13.8

1bs/ton SO, absorbed
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SUMMARY
The following is a summary of the test results and findings:

e Good sulfite oxidation of 99 percent or higher was achieved in
the solids despite poor limestone utilization.

e Limestone blinding occurred in the 50 ft long crossover line which
transfers the venturi and spray tower effluent slurries to the oxidation
tank and which behaved as an effective plug-flow reactor for calcium
sulfite precipitation. This peculiarity in flow configuration is
unique to the Shawnee Test Facility.

e Limestone blinding caused by the long crossover line and high S0, make-
per-pass could not be prevented by increasing the oxidation intensity
in the oxidation tank to reduce the sulfite concentration in the scrubber
inlet 1iquor, even at SO, make-per-pass values as low as 6.1 m-moles/
liter, and was compoundeg by depletion of calcium sulfite seed crystals
in the scrubber effluent.

e Actual-to-theoretical adipic acid consumption ratio and total actual

adipic acid requirement (1bs per ton SO, absorbed) increase with forced
oxidation, increasing pH, and decreasing 1imestone utilization.
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Section 7

LIMESTONE/ADIPIC ACID TESTING ON THE VENTURI/SPRAY
TOWER WITH TWO TANKS AND FORCED OXIDATION

Operation with two tanks in series, with forced oxidation in the first tank
and limestone added to the second tank, has several advantages over the single-
tank operation with forced oxidation:

o Low pH (scrubber-effluent pH) in the first tank (oxidation tank)
promotes sulfite oxidation.

® The possibility of limestone blinding by calcium sulfite is
decreased because fresh 1imestone is added after the oxidation
tank.

e Limestone utilization is increased with two tanks in series which
approximate a plug-flow reactor for limestone dissolution.

o Extra residence time for calcium sulfate crystallization is provided
by the second tank.

o The second tank provides air-free suction for the slurry recircu-
lation and bleed pumps, thus avoiding pump cavitation.

Earlier test results from the TCA system with limestone/adipic acid and forced
oxidation have shown two-tank operation to be superior to the single-tank

mode (Reference 3). Eight runs (Runs 916-1A through 916-1H) were made to
confirm this conclusion on the venturi/spray tower system using two tanks in
series. A schematic flow diagram is shown in Figure 7-1. Air is injected
into the first tank (D-208) while 1imestone and adipic acid are added to the
second tank (D-101). The detailed arrangement of the oxidation tank (8 ft
diameter) is shown in Figure 6-2.

DISCUSSION OF TEST RESULTS

Table 7-1 summarizes the results of the eight runs made with two tanks in series,
including one run (Run 916-1H) without forced oxidation. In general, good

S0, removal was achieved with excellent oxidation of the solids for all the
forced oxidation tests. However, as in the tests with forced oxidation

using a single tank (Section 6), calcium sulfite blinding of limestone in

the crossover line continued to reduce the limestone utilization below

the level normally expected with two-tank operation. This remained true

despite the efforts to increase limestone utilization by either increasing the
oxidation intensity or lowering the S0y make-per-pass.
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RESULTS OF VENTURI/SPRAY TOWER LIMESTONE/ADIPIC ACID TESTS
WITH TWO TANKS AND FORCED OXIDATION

Table 7-1

Major Test Conditions

Fly ash loading
Flue gas rate, acfm @ 300°F
Venturi liquor rate, gpm
Spray tower liquor rate, gpm
Percent solids recirculated (controlled)
EHT res. time (min)/tank level (ft)
Oxid. tk. res. time (min)/tank level (ft)
Inlet liquor pH (controlled)
Adipic acid concentration, ppm
Air stoich. to oxidizer, atom O/mole
S0, absorbed
Venturi pressure drop, inches Hy0 (n

- Run-Average Results

Start-of-run date

“Onstream hours

Percent SO, removal
Inlet 502 concentration, ppm
Adipic acid concentration, ppm

Adipic acid consumption ratio, {actual/theor)
Actual adipic acid consumption, 1bs/ton SO, abs.

Percent solids recirculated
Scrubber inlet pH

Oxidation tank pH

Limestone utilization, %

Sulfite oxidation, %

Inlet liquor gypsum saturation, %
Sulfite conc. in inlet liquor, ppm
Avg. air flow rate, scfm
Centrifuge cake solids, ¢

Mist eliminator restriction, %
S0, make-per-pass, m-mole/liter

916-1A

High
35,000
600
500
15
18.2/8.5
6.1/18
4.8
4000
1.5

9

4/24/80
89

8e.l
2010
3990
2.84
32.7
15.7
4.77
4,52
70
99.4
120
380
151
79

12.0

916-18

High

30,000
600
1200
15

11.1/8.5

3.8/18
4.8
4000
1.5

6

4/28/80
77
9.5
2170
4015
1.37
15.8
15.3
4.83
4.70
84
99.7
105
71
158
76
1
7.4

916-1C 916-1D 916-1F 916-1F 916-1G
High High High High High
30,000 30,000 20,000 30,000 30,000
600 600 600 600 600
1200 1200 1600 1200 1200
15 15 15 15 15
11.1/8.5 11.1/8.5 9.1/8.5 11.1/8.5 11.1/8.5
3.8/18 3.8/18 3.1/18 3.8/18 3.8/18
4.8 5.1 5.1 5.4 5.4
4000/1500 1500 1500 1500 1500
1.5 1.5 1.5 1.5 2.5
6 6 7 6 6
5/2/80 8/6/R0 &£/13/80 5/19/80 §/22/80
92 163 148 71 61
93,7 —»91.? 92.4 98.0 89.2 93.7
2330 2220 1880 2260 2150
3450/1600 l4ap 1540 1510 1550
- - 4.89 2.30 3.32
- - 8.91 7.75 8.76
15.1 15.0 14.9 15.9 15.6
4,86 5.12 5.13 5.14 5.33
4.67 5.03 .09 5.06 5.24
28 72 86 46 61
99.7 99,8 - Q9.5 99.4 99,6
110 105 105 145 120
137 81 60 583 33
[ 9
AES) FAE) a(3) ) 23
7.5-7.7 7.3 3.6 7.1 7.1

916-1H

High
30,000
600
1200
15
11.1/8.5
3.8/1R
5.1
1500
0

6

5/24/80
”4

85.5
2500
1440
2.03
11.4
15.6
5.12
4.77
96
50.4
120
317

0

1
7.6

(1) Verturi operated with plug wide open for all runs except for Run 916-1A where pressure drop was

controlled at 9 inches Hy0.

(2) System operated with clarifier only.

(3) Drum filter used in place of centrifuge.




Forced Oxidation Testing. During the testing covered by Runs 916-1A through

916-1G, several measures were taken to eliminate or minimize the effect of the
crossover line. Operating parameters explored included:

Liquid-to-gas ratios in the spray tower of 17.8 to 100 gal/mcf
S0, make-per-pass of 3.6 to 12.0 m-moles/liter

Adipic acid concentrations of 1490-4015 ppm

Scrubber inlet pH of 4.77 to 5.33

Air stoichiometry to the oxidizer of 1.5 to 2.5 atoms 0/mole S0,
absorbed

However, the overriding tendency of the crossover 1ine to act as a plug-
flow reactor, as described in Section 6, could not be eliminated.

Base Case Test Without Forced Oxidation. Run 916-1H was made under the same

conditions as Run 916-1D except that the air to the oxidizer was turned off.

Significantly, the limestone utilization improved to 96 percent because suffi-
cient calcium sulfite solid seeds were available (50.4 percent oxidation) and
blinding of limestone by calcium sulfite in the crossover 1ine was eliminated.

SUMMARY

The following is a summary of the test results:

¢ Good Soﬁ.removaT and excellent sulfite oxidation (99.4 to 99.8 percent)
i

were achieved with the two-tank forced oxidation system.

Limestone utilization for the two-tank operation was higher than for.
single-tank operation (Section 6) but below that expected with two-tank
operation without 1imestone blinding. ‘

As in the single-tank operation with forced oxidation (Section 6),
Timestone blinding caused by the crossover 1ine and high S0, make-
per-pass cannot be eliminated by increasing the oxidation intensity
to reduce sulfite concentration in the scrubber inlet liquor.

Reducing the S0, make-per-pass (Run 916-1E), and hence the scrubber

effluent sulfite concentration, improved limestone utilization but
not to the expected level.
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Section 8

BLEED STREAM OXIDATION OF LIMESTONE/ADIPIC ACID
SLURRY FROM THE VENTURI/SPRAY TOWER SYSTEM

In April 1979, prior to this reporting period, five bleed stream oxidation
tests were made on the venturi/spray tower system using limestone slurry with
1500 ppm of adipic acid (Reference 3). At that time, good sulfite oxidation
of 99 percent was achieved when the slurry pH in the oxidation tank was kept
below about 6.0 by recycling 60 gpm of oxidation tank slurry back to the ef-
fluent hold tank. Satisfactory oxidation (95 percent) was also obtained
‘without the recycle, but at the high oxidation tank residence time of about
7.5 hours for the bleed stream.

Recent tests with adipic acid additive have demonstrated several advantages of
operating at low pH and high adipic acid concentration (see Section 4). There-
fore, three tests (Runs 915-1A, 915-1B, and 915-1C) were conducted in April
1980 to see if operating at reduced pH was conducive to bleed stream oxidation.
The flow diagram of the bleed stream oxidation tests on the venturi/spray tower
system is shown in Figure 8-1. The same oxidation tank used in one-tank and
two-tank in-loop forced oxidation (Sections 6 and 7) was used in these three
tests. The detailed arrangement of the oxidation tank is shown in Figure 6-2.

DISCUSSION OF TEST RESULTS

The results of bleed stream oxidation tests at low pH are given in Table 8-1.
A1l tests achieved better than 95 percent SO, removal at 4.8 to 5.1 scrubber
inlet pH and about 4000 ppm adipic acid. Average 1imestone utilizations were
88 to 91 percent.

Good sulfite oxidation of 98 percent was achieved only in Run 915-1C when the
scrubber inlet pH was controlled at 4.8 with an air stoichiometry of 1.80 atoms
oxygen/mole S0, absorbed. Oxidation was only about 70 percent at 5.0 scrubber
inlet pH and 1.55 air stoichiometry (Run 915-1A), or at 5.1 scrubber inlet pH
and 2.10 air stoichiometry (Run 915-1B).

The oxidation tank pH was 5.4, 5.7, and 4.8 for Runs 915-1A, 915-1B, and 915-.C,
respectively, as compared with 5.5 to 5.6 for runs made earlier in April 1979 wher.
good oxidation was achieved at 1.50 to 1.85 air stoichiometry. The lower oxida-
tion efficiency for the recent tests may be attributed to the poor oxidizer
arrangement shown in Figure 6-2.

As has been observed previously, adipic acid degradation increased with pH
during these runs. For Runs 915-1C, 915-1A, and 915-1B, under similar 1ime-
stone utilizations, the actual-to-theoretical adipic acid consumption ratios
were 1.26, 3.33, and 5.20, respectively, when the scrubber inlet pH increased
from 4.8 to 5.0 and to 5.1, and the oxidation tank pH increased concurrently
from 4.8 to 5.4 and to 5.7. Actual adipic acid consumption increased from 15.4
-0 40.1 and to 44.5 1bs/ton SO, absorbed, respectively.
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Table 8-1

RESULTS OF VENTURI/SPRAY TOWER LIMESTONE/ADIPIC ACID TESTS
WITH BLEED STREAM OXIDATION

Major Test Conditions 915-1A 915-1B 915-1C
Fly ash loading High High High
Flue gas rate, acfm @ 300°F 35,000 35,000 35,000
Venturi liquor rate, gpm 600 600 600
Spray tower liquor rate, apm 1600 1600 1600
Percent solids recirculated (controlled) 15 15 15
EHT Res. time {min)/tank level (ft) 9.1/8.5 -9.1/8.5 9.1/8.5
Oxid. Tk. Res. time (min)/tank level (ft) -/17 -/17 -/17
Scrubber inlet pH (controlled) 5.1 5.1 4.8
Adipic acid concentration, ppm 4000 4000 4000
Air rate to oxidizer, scfm 200 300 200
Venturi pressure drop, inches H20 9 9 ‘9

Run-Average Results

Start-of-run date 4/10/80 4/14/80 4/15/80
Onstream hours 98 24 127
Percent 502 removal 97.6 98.0 96.0
Inlet SO, concentration, ppm 2340 2550 2030
Adipic acid concentration, ppm 3840 4045 4140
Adipic acid consumption ratio, (actual/theor.) 3.33 5.20 1.26
Actual adipic acid consumption, 1bs/ton 502 absorbed 40.1 44 .5 15.4
Percent solids recirculated 15.2 15.5 15.6
Scrubber inlet pH 4,99 5.09 4.82
Oxidation tank pH 5.40 5.70 4 .80
Limestone utilization, % 91 90 a8
Sulfite oxidation in oxidation tank, % 69 73 98
Sulfite oxidation in scrubber inlet, % 26 25 54
Gypsum sat'n. in oxidation tank, % 105 106 100
Gypsum sat'n. in scrubber inlet, % 120 115 105
Oxidation tank liquor SO3 concentration, ppm 1156 95 140
Air stoich., 1b atoms 0/?h mole 502 absorhed 1.55 2.10 1.80

Centrifuge cake solids, wt% 70 79 7@
Mist eliminator restriction, % - - 3
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Previous Shawnee data indicated that the dewatering properties of slurries
from bleed stream oxidation are better than those of unoxidized slurries
but inferior to those from in-loop forced oxidation. For an.915-1C, with
98 percent sulfite oxidation and 4140 ppm adipic acid, the initial settling
rate of solids averaged only 0.3 cm/min, somewhat better than the 0.2 cm/min
settling rate for unoxidized slurry (see Section 10). For the bleed stream
oxidation runs made in April 1979, the average settling rate was much higher
at 0.8 cm/min for slurries with good oxidation (95 percent or higher) and
with lower 1500 ppm adipic acid concentration. These values for bleed stream
oxidation are in the lower range of 0.3 to 1.6 cm/min reported in Table 10-1
for all the oxidized limestone slurry with adipic acid.

SUMMARY

At a scrubber inlet pH of 4.8 and about 4000 ppm adipic acid concentration,

98 percent oxidation of sulfite was achieved in the bleed stream oxidation tank
(4.8 pH) with an air stoichiometry of 1.8 atoms oxygen/mole SO, absorbed.

The SO, removal was 96 percent at 2030 ppm inlet S0, concentration and the
1imestone utilization was 88 percent. The actual-tG-theoretical adipic acid
consumption ratio was 1.26 and the actual adipic acid consumption was 15.4
1bs/ton SO, absorbed (8.7 1bs/ton 1imestone fed).
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Section 9

LIMESTONE BLINDING BY CALCIUM SULFITE

Blinding of limgstone as evidenced by Tow limestone utilization has been
encountered during 1imestone tests with and without adipic acid enhancemen=z.

The limestone blinding is most common under in-loop forced oxidation condi-
tions, where the recirculated slurry is deficient in solid calcium sulfite
crystal seeds and the calcium sulfite in the liquor preferentially preci-

pitates on, and blinds, the alkaline 1imestone particles. This section describes

system behavior during limestone blinding, the conditions leading to it, and
recommended solutions for eliminating or avoiding 1imestone blinding.

SYSTEM BEHAVIOR DURING LIMESTONE BLINDING

Limestone blinding in a scrubber system is normally characterized by the
following phenomena:

e Severe drop in slurry pH
e Very insensitive pH response to limestone addition at low pH

e Poor limestone utilization

High sulfite concentration in the liquor

The first indication of 1imestone blinding is a precipitous drop in the pH

of the recirculating slurry for no apparent reason. In order to control system
pH, the operator normally begins to increase the limestone feed rate, leading
to poor Timestone utilization. Limestone utilization as Tow as 20 to 25
percent has been observed at Shawnee. While the pH response to the Timestone
feed rate is normally more sensitive at a low pH range of 4.5 to 5.5 (less
limestone buffer) than at a high pH range of 5.5 to 6.5 (more 1imestone

buffer), the response is typically sluggish even at low pH when Timestone
blinding occurs.

CONDITIONS LEADING TO LIMESTONE BLINDING
The necessary conditions for blinding to occur are:
e Slurry solids deficient in calcium sulfite crystal seeds

e High sulfite concen