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Introduction

he term “clean coal technology”

entered the energy vocabulary in
the 1980s. It describes a new genera-
tion of advanced coal technology, en-
vironmentally cleaner and in many
cases more efficient and less costly
than conventional coal-burning
processes. These new power generat-
ing and pollution control concepts are
the products of years of research and
development in hundreds of govern-
ment and private laboratories
throughout the world. Their emer-
gence in the 1980s is bringing about a
new coal age—one that not only re-
sponds to past problems with some
of the most sophisticated technology
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available in the world today but
offers a bright future for coal as well.

Coal is the nation’s most
plentiful fossil fuel. One quarter of
all the world’s known coal lies within
U.S. borders. Coal deposits can be
found beneath 38 of the 50 states.
More than 50 billion tons of coal have
been produced in the U.S. since the
first commercial mine was opened
more than 200 years ago. Even so,
at present rates of consumption, re-
maining reserves could power the
U.S. well into the 22nd century.

Coal is used in all 50 states and
the District of Columbia. Since 1973,
coal has provided more new energy
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for the U.S. than any other fuel. A
fourth of all primary energy con-
sumed by the U.S. comes from coal.
More than half of the electricity used
by American consumers is produced
from coal-burning power plants. Per
capita, Americans use 19 pounds of
coal per day, primarily in the form of
electricity. Greater coal use by U.S.
electric power plants has saved the
equivalent of nearly 3.2 million
barrels of oil daily since 1973.

Coal also is an energy bargain.
Even with the sharp decline in world
oil and gas prices in the mid-1980s,
coal has remained the least expensive
fossil fuel in the U.S. This is one
reason why utilities expect to con-
tinue using coal to generate half or
more of the U.S.’s electricity through
at least 2030.

To meet the current demand for
coal, more than 100,000 persons work
in nearly 4,000 U.S. mines, producing
a commodity valued at more than $20
billion per year. Most of the coal is
used domestically, but part of it is
exported. Coal exports, valued at
about $4 billion per year, help the
nation's balance of payments.

In the future, coal can help the
economies of this country and our
trading partners grow, creating new
jobs and economic opportunities—if
if can be used without endangering
the Earth'’s fragile ecology.

The new suite of advanced,
clean coal technologies will help
achieve that objective. They will
ensure that the U.S. can continue
using its most abundant energy
resource while maintaining a commit-
ment to a clean, healthy environment.

How Coal was Formed

Coalhadts origins as ancientplants
that grew in swamps millions of
years ago. Geological processes
working over vast spans of time
compressed and altered the decay-
ing plants, increasing the percent-
age of carbon present and thus pro-
ducing different ranks of coal: lignite
(the softest of coals), subbitumi-
nous, bituminous, and anthracite
(the hardest).

Coal in the eastern U.S. was
formed mainly during the Carbonif-
erous period of the Earth’s history,
280 million to 320 million years ago.
Coal in the western U.S. is almost
all of Cretaceous and Tertiary ages,
less than 140 million years old.

Along with carbon, scattered
atoms of hydrogen, oxygen, nitro-
gen, and sulfur also are present in
coal. Infact, coal contains traces of
virtually every mineral that exists on
Earth today.

Coal-bearing rocks underlie
458,600 square miles of the U.S.,
about 13% of the total land area.

Coal seamsinthe U.S.rangein
thickness from less than an inch to
more than 100 feet. Geologists
estimate that 3 to 10 feet of com-
pacted plant matter accumulated to
form each foot of coal. The average
thickness is a little more than 4 feet
in the Appalachian region, about 6
feet in the midwestern coal fields,
and more than 30 feet in the West.

The energy in coal ranges from
an average of 6,500 British thermal
units (Btu) per pound for lignite to
about 15,000 Btu per pound for
some bituminous coals.

Using an average of 11,000
Btu per pound, a ton of coal con-
tains the same energy as 22,000
cubic feet of natural gas, 158 gal-
lons of distillate fuel oil, or one cord
of seasoned hardwood.
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The Clean Coal Technology Program

he Clean Coal Technology

Program is a government and
industry cofunded effort to demon-
strate a new generation of innovative
coal processes in a series of full-scale
“showcase” facilities built across the
country.

Begun in 1986 and expanded in
1987, the program is expected to
finance more than $6.8 billion of
projects. Nearly two-thirds of the
funding will come from the private
sector, well above the 50 percent
industry co-funding expected when
the program began.

The original recommendation
for a multi-billion dollar clean coal
demonstration program came from
the U.S. and Canadian Special En-
voys on Acid Rain. Envoys Drew
Lewis of the U.S. and William Davis
of Canada were appointed in 1985 by
their respective governments to
study ways of resolving concerns be-
tween the two nations over the trans-
boundary problem of acid rain.

In January 1986, Special Envoys
Lewis and Davis presented their rec-
ommendations. Included was the
call for a 5-year, $5-billion program
in the U.S. to demonstrate, at com-
mercial scale, innovative clean coal
technologies that were beginning to
emerge from research programs both
in the U.S. and elsewhere in the
world. As the Envoys said:

If the menu of control options was
expanded, and if the new options
were significantly cheaper, yet
highly efficient, it would be easier to
formulate an acid rain control plan
that would have broader public
appeal.

Moreover, the Envoys said,
demonstration of innovative control
technologies should lead to some
near-term reductions in the emissions
associated with acid rain, namely sul-
fur dioxide (SO,) and nitrogen oxides
(NO,) (see page 6). Because the tech-
nology demonstration program
would be part of a long-term response
to the transboundary acid rain prob-
lem, the Envoys recommended that
prospective projects be evaluated
according to several criteria:




® The federal government should ® More consideration should be given

cofund projects that have the to projects that demonstrate retro-
potential for the largest emission fit technologies applicable to the '
reductions, measured as a percent- largest number of existing sources, ‘
age of SO, or NO_ removed; especially sources that, because of
their size and location, contribute
e Among projects with similar to transboundary air pollution.
potential, government funding ‘
should go to those that reduce ® Special consideration should be given bctle?:i?nli::: |ct§;m2gﬁ; raer:dt;i?t); .
emissions at the cheapest cost to technologies that can be applied t0 45 mich as 20 years of laboratory
per ton; facilities currently dependent on the research and smaller scale
use of high-sulfur coal. engingering development.




While the Special Envoys were

carrying out their year-long study,
the U.S. Congress also was examin-
ing the potential for clean coal tech-
nologies. On December 19, 1985,
Congress set aside nearly $400 mil-
lion for the government’s share of
funds for “constructing and operat-
ing facilities to demonstrate the
feasibility of their future clean coal

SO, and NO,—The Bane of Coal

Coal, once America's preeminent
energy source, was deposed in the
mid 20th century by cleaner, more
manageable fuels.

Clean coal technologies offer a
way to remove the environmental
objections to coal use. They reduce
two main pollutants released when
coal burns—sulfur and nitrogen.

Sulfur

The sulfur in coal is the legacy of
mineral deposits in seawater.
Trapped inland by the upheaval of
land masses, the seawater formed
vegetation-rich, primordial bogs that
eventually evaporated, leaving
behind coal deposits.

Where fresh water was present
during the “coalification” period, less
sulfur is found in coal. Where salt-

- water was dominant, more sulfur is
found in the deposits.

Because of the land structure at
the times when coal was formed in
the U.S., western coals tend to have
less sulfur and midwestern coals
more sulfur; eastern coals vary in
their sulfur contents.

Sulfur exists in coal in two forms:
pyritic sulfur and organic sulfur. In
the pyritic form, sulfur is combined
withironinfinely dispersed particles
that are physically distinct from the
coal. In the organic form, sulfur is
chemically boundtothe carbonatoms
of coal.

In some coals, pyritic sulfur can
account for as much as 70% of the
total sulfur content; in other coals,
organic sulfur dominates. Combus-
tion releases both types of sulfur in
areaction with air that creates sulfur
dioxide (SO,), or as it is sometimes
known, SO,.

Nitrogen

Like sulfur, nitrogen molecules are
trapped in coal. When coal burns,
this fuel-bound nitrogenis released
as nitrogen oxides (NO, ). Combus-
tion also creates thermal NO, which
is formed when molecular nitrogen
is “pulled” from the air and recom-
bined with oxygen by high-tempera-
ture combustion, typically 3,000 °F
or more. Most NO, is produced
thermally.

commercial application” (Public Law
No. 99-190). Congress directed the
Department of Energy (DOE) to run a
competition to select suitable projects
to meet this objective. The competi-
tion was to be open to all coals in all
market applications. DOE carried out
the competition in 1986.

Pyritic Sulfur

Coal molecule

Sulfur combined with
iron in discrete particle

Organic Sulfur

Sulfur linked directly
to coal molecule




The $400-million competition
conducted under congressional
direction became Round #1 of the
Clean Coal Technology Program.

On March 18, 1987, President
Reagan issued a directive to
expand the program to a much
larger effort - one that ultimately
would encompass five rounds of
competition and reflect an ex-
panding set of national environ-
mental priorities.

Round #2, run in 1988, was
the first competition to be carried
out specifically under the Special
Envoys’ guidelines. Round #3,
run in 1989, expanded eligibility
to projects that could process coal
into new, environmentally cleaner
fuel forms.

Rounds #4 and #5 broadened the
program even more. Greater empha-
sis was placed on even cleaner and
more efficient technologies. DOE
encouraged industrial sponsors to
demonstrate very highly advanced
systems that would be able to comply
with the more stringent air quality
standards to take effect in the 21st
century (see pages 9-10). Not only
will these new systems virtually
eliminate acid rain pollutants, their
high efficiencies will reduce the
release of carbon dioxide (a “green-
house gas,” see page 34).

Round #4 was run in 1991,
Round #5 was completed in 1993.

“We are setting the course for coal's future.
We are moving forward into the 21st
century, realizing that coal will continue to
play a pivotal role in meeting the demand
for electricity in the U.S. and abroad.”
—Hazel O'Leary

Secretary of Energy
Clean Coal Technology Program Funding
Fiscal Years ($ Million)
1986 1987 | 1988 1989 1980 1991 1992 1993 1994 1995 1996 Totals
Round #1 99 149 149 397
Round #2 50 130 133 197 570
Round #3 414 154 568
Round #4 35 315 0* 100 100 50 600
Round #5 100 0* 150 250 100 600
Total 99 149 199 190 547 386 415 0* 250 350 150 2,735
* Funds available from prior year. Special Envoys’ Program




To generate electricity, most coal plants mix
pulverized coal with hot air (1) and inject the
fine particles into a furnace lined ith water-
filled tubes (2). Steam from the boiling
water spins a steam turbine (3) generator
(4) to produce electricity dispatched through
distribution lines (5).

The New Technology of Coal

Most advances in technology
used today to produce energy

from coal were made in the 1950s and
1960s. This technology is approach-
ing the limits of its effectiveness.
Until recently coal-burning
processes evolved principally to

boost efficiency and increase capacity.

The first coal-fired power plants
in the late 1800s tapped only 5% or
less of the energy in coal. By the late
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1960s, coal-burning power plants
were attaining efficiencies approach-
ing 35%. At the same time, boiler
sizes increased from 50 kilowatts (a
kilowatt is 1,000 watts of electricity)
to 1,200 megawatts (a megawatt is
one million watts of electricity).

Today coal-burning technology
of the 1950s and 1960s is approaching
its practical limits of efficiency and
costs. At the same time, environ-
mental performance has become a
critical requirement for power plant
design.

The Clean Air Act of 1970 was
passed to “protect and enhance” the
nation’s air quality. The act directed
the Environmental Protection Agency
(EPA) to develop emissions limits for
new and existing sources of air pollu-
tion, including coal-fired power
plants.

In 1971, EPA set health and
welfare standards for emissions of
SO,, NO,, and several other pollut-
ants. These New Source Performance
Standards required that coal-fired
power plants emit no more than
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1.2 pounds of SO, per million Btu of
coal consumed. Many utilities were
able to meet the standard by burning
low-sulfur coal.

In 1977, Congress amended the
act, retaining the original emissions
cap on SO, but adding a further
requirement that all plants built or
altered after September 18, 1978,
reduce SO, emissions by 70% to 90%
from the levels that would be emitted
had no sulfur controls been installed.

The Clean Air Act and its 1977
amendments created, in effect, two
major categories of coal-burning
power plants in the U.S.: (1) those
built before 1978 which typically have
little, if any, pollution control equip-
ment (except, in some cases, devices
that capture small particles of ash
called particulates) and (2) those built
after 1978 which are equipped with
flue gas scrubbers (until recently the
scrubber was the only commercial
technology capable of achieving the
70% to 90% SO, reduction standard).

The nation’s clean air laws were
tightened substantially in 1990 when
Congress again amended the 1970
Clean Air Act. The amendments
constituted the most sweeping
changes in environmental legislation
since the original Act, with provisions
to reduce releases of virtually every
airborne pollutant from smog-caus-
ing automobile emissions to toxic
pollutants from factories and chemi-
cal plants. The acid rain provisions of
the new legislation were among the
most stringent. They affect almost
every existing power generator in the
U.S. and will influence the choice of
fuel and technology for every new

power plant to be built in this
country in the forseeable future.

Under the new legislation,
signed by President Bush on Novem-
ber 15, 1990, utilities will have to cut
their sulfur dioxide emissions by
10 million tons from 1980 levels by
the year 2000 (with a 4-year time
extension if certain clean coal tech-
nologies are used). After that time, a
nationwide utility SO, emission cap
of 8.9 million tons per year will go
into effect. All new power generators
that burn fossil fuels after 2000 will
have to stay within the SO, cap,
either offsetting sulfur releases from
new plants by cutting emissions at
existing plants or by purchasing
emission “credits” from utilities that
have made greater-than-required SO,
reductions.

The tightened emission The 1990 Clean Air Act Amendments
standards will make ultra-clean imposed a permanent cap of 8.9 million

technologies increasingly necessary. tons per year on sulfur emissions from U.S.
Particularly attractive will be those electric utiliies after the year 2000.

Sulfur Dioxide Emissions from U.S. Electric Utilities
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The “Box on the Back End”

Until clean coal technologies
emerged, the flue gas scrubber, de-
veloped in the 1960s, was the only
commercial technology capable of
achieving the 70% to 90% SO, re-
duction required under the 1977
Clean Air Act amendments.

Scrubbers are actually complex
chemical plants—separate gas
processing facilities installed at the
“back end" of a power plant leading
to its smokestack.

Asof 1988, 146 scrubbers have
been installed at 82 of the 370 cur-
rently operable U.S. coal-fired power
plants. Installation and operational
costs for these scrubbers currently
exceed more than $17 billion.

There are two categories of
conventional scrubbers—wet and
dry. Both remove only SO,; neither
reduces NO, emissions.

Wet Scrubber

Flue gases from the combustion of
coal are sprayed with a slurry made
up of water and an alkaline reagent,
usually limestone. The SO, in the
flue gas reacts chemically with the
reagent to form calcium sulfite and
calcium sulfate in the form of a wet
sludge (having the consistency of
toothpaste). Over its lifetime, a
500-megawattcoal-fired power plant

will produce enough sludge to fill a
500-acre disposal pond to a depth
of 40 feet (often creating a waste
disposal problem).

Wet scrubbers are effective—
removing 90% or more of the SO,—
but they are expensive to install,
costing as much as $300 per kilo-
watt of capacity (or $150 million for
atypical 500-megawattplant). They
consume 5% to 8% of a power
plant’s thermal energy to run pumps,
fans, and a flue gas reheat system,
thereby reducing electricity output
by 1% to 2% (a significant reduction
for a utility). They require large
amounts of water, typically 500 to
2,500 gallons per minute for a unit
of 500 megawatts.

Dry Scrubber

In a dry scrubber, the reagent slurry
(usually lime) is injected in a finely
atomized form, which is why these
devices are also known as spray
dryers. The droplets evaporate in
the hot gas, leaving only dry par-
ticles for collection as waste. Al-
though simpler in concept than the
wet scrubber, the dry scrubber has
not been as successful on high-sul-
furcoalduetotheincreased amounts
of expensive reagents required to
reduce SO, by 90%.

10

technologies that achieve extremely
low pollution levels inherently as part
of the power generating process
rather than requiring expensive add-
on cleanup equipm nt. Today, build-
ing a new, large coal-fired power
plant will cost about $1.5 billion. En-
vironmental controls account for more
than 30% of the cost. Many of these
controls must be added as separate
facilities, raising the cost and com-
plexity of the power plant and reduc-
ing its efficiency (because some of the
plant’s power must be used to operate
the controls).

Clean coal technology represents
a fundamental change in coal-fired




power plant technology. In many
cases, emissions reductions and cost
improvements are achieved concur-
rently, rather than being pitted
against each other.

In terms of sulfur and nitrogen
emissions, ciean coal technologies
have the potential to make a coal-
fired plant as clean as an oil-fired
plant and, in some cases, as clean as a
plant that burns natural gas—the
cleanest of all fossil fuels.

Moreover, unlike scrubbers, the
new clean coal technologies do not
achieve this high environmental
performance at the expense of effi-
ciency—in many cases, they actually
boost a plant’s performance at the
same time they reduce pollution.

Clean coal technologies can be
installed at any of three stages in the

“fuel chain,”—the path coal follows
from a mine to a power plant or
factory—or in a fourth manner that
departs from the traditional method
of coal burning:

1. Precombustion. Sulfur and other
impurities in coal are removed before
it reaches the boiler.

2. Combustion. Pollutants inside the
combustor or boiler are removed
while the coal burns.

3. Post-combustion. Flue gases
released from coal boilers are cleaned
in the ductwork leading to the
smokestack or in advanced versions
of today’s scrubbers.

4. Conversion. The combustion
process is bypassed altogether; coal is
changed into a gas or liquid that can
be cleaned and used as a fuel.

Coal can be cleaned at several points in
its "fuel chain"—at the preparation plant
(1), inside the combustor (2), or at the
smokestack (3). Another category of
clean coal technology replaces the
traditional coal combustor with a coal
gasifier or other conversion process (4).

11



EMISSION REDUCTION

Years ago when coal was mined by
pick and shovel, quality was main-
tained simply by hand-loading only
the visibly clean coal. But produc-
tivity was low. Advances in tech-
nology retired the pickax, and hand
loading gave way to mechanical
loading. Productivity improved,
but the amount of impurities in the
mined coal increased. Also, many
of the richest seams became de-
pleted, especially in the eastern U.S,,
leaving deposits with higher levels
of undesirable minerals. Some form
of precombustion coal cleaning
became necessary.

Today about 40% of the coal
bound for U.S. utility boilers
receives some cleaning before it is

Advanced Precombustion Cleaning

Precombustion Cleaning

burned. Most commercial coal
cleaning (sometimes called coal
beneficiation) is done on eastern and
midwestern bituminous coals at more
than 500 preparation plants.

Most coal cleaning plants are
operated by coal companies at the
mine mouth. The Electric Power
Research Institute has estimated that
wider use of coal cleaning processes
could reduce total SO, emissions by
10% nationwide. To achieve greater

Particulates
e T T T T D™,

B Electric
Steam turbine power
COMPARED WITH CONVENTIONAL TECHNOLOGY*  |\creMENTAL CAPITAL
PLANT EFFICIENCY POWER OUTPUT PLANT LIFE  ELECTRICITY COST cosT
Small No Slight 6-21 Additional Fuel
Increase Change  Extension MILLS/KWH Cost Only

* CONVENTIONAL COAL-FIRED ELECTRIC POWER PLANT



reductions, however, significant
improvements will have to be made
to coal cleaning technology.

Traditionally research to
improve precombustion cleaning has
concentrated on two major categories
of cleaning technology: physical
cleaning and chemical cleaning. Re-
cently a new category, biological
cleaning, has attracted interest as
advances have been made in micro-
bial and enzymatic techniques for
removing sulfur from coal.

Physical Cleaning

Virtually all coal cleaning today is
done with physical techniques, some
of which have been used for more
than a century. Physical cleaning
typically separates undesirable
matter from coal by relying on
differences in densities or variations
in surface properties. When coal
from the mine is crushed and then
washed, the heavier impurities

are separated.

Physical cleaning can remove
only matter that is physically distinct
from the coal, such as small dirt par-
ticles, rocks, and pyritic sulfur (sulfur
that is combined with iron particles;
see page 6).

Physical cleaning cannot remove
sulfur that is chemically combined
with the coal (called organic sulfur). It
also cannot remove nitrogen from the
coal, another source of pollution.

Physical cleaning commercially
in use today can remove 30% to 50%
of the pyritic sulfur (or 10% to 30% of
the total sulfur) in coal and about
60% of the ash-forming minerals.

Advanced physical cleaning About two-thirds of the coal mined in the
techniques, several of which are eastern U.S. is washed to remove some
expected to be demonstrated in the of the impurities. For every 100 tons of
Clean Coal Technology Program, raw coal cleaned, about 30 tons of refuse
boost the cleaning effectiveness are removed.
significantly.

In most cases, the new physical
cleaning techniques achieve their in-
creased effectiveness by first grinding
the coal into much smaller sizes than
is done commercially today. At fine
sizes, coal takes on the consistency of
talcum powder and more impurities

13



can be freed from the coal. Once the
coal is finely ground, a host of new
processes specially designed to work
with ultrafine particles can be used.
These new processes can remove
more than 90% of the pyritic sulfur
and other undesirable minerals from
the coal.

Chemical/Biological Cleaning

Removing organic sulfur that is
chemically bound to the coal is a far
greater challenge for precombustion
coal cleaning. For this, scientists are
turning to techniques that use chemi-
cal or biological reactions within the
coal. Although many of these

A Clean Coal Computer “Expert”

One of the Department of Energy's
Clean Coal Technology projects will
not develop new pollution control
hardware. Instead it will produce
software—a computerized “Coal
Quality Expert” thatwill mimic human
reasoning and problem solving.

Expert computer programs are
relatively new, especially for desk-
top or personal computers. Such
programs attempt to capture the
knowledge of a human expert, such
as an engineer, and make it avail-
able through a series of logic ques-
tions that can be programmed to
draw a conclusion.

The Coal Quality Expert could
help a utility choose the right pre-
cleaned coal for its boilers. The
variety of new precombustion clean-
ing techniques being developed is

likely to make it increasingly difficult
for plantoperators to choose among
the various combinations of coal
quality and costs. Ifthey pick a low-
cost, minimally cleaned coal, the
plant could be plagued by higher
pollution levels and frequent out-
ages. [f they pick a cleaner, more
expensive coal, the consumer could
face needlessly hLigh electric bills.
The Coal Quality Expert could help
utilities make the optimum choice.

The software will be developed
using data from a series of test
burns of coals cleaned by different
means and extensively analyzed.
The software will be tested at 10
utility sites across the country to
ensure its accuracy. If all goes as
planned, the Coal Quality Expert
could be ready for testing by 1992.

14

processes are still experimental, some
could be ready for larger-scale dem-
onstration by the late 1990s.

One chemical technique that has
shown promise is molten-caustic
leaching. In this method, coal is
exposed to a hot, stdium- or potas-
sium-based chemical. The chemical
leaches sulfur and mineral matter
from the coal.

Other advanced methods being
studied modify the chemical charac-
teristics of coal or coal char (char is a
partially burned form of coal) in a
way that makes the coal more recep-
tive to cleaning techniques.

A new family of coal cleaning,
biological cleaning, is being tested in
the laboratory. Biological cleaning
represents some of the most exotic,
yet potentially rewarding efforts
currently envisioned.

Researchers have identified
naturally occurring bacteria that can
desulfurize coal. Scientists are im-
proving the sulfur-removing charac-
teristics of these microbes, particu-
larly their speed in “eating” organic
sulfur. Other researchers are work-
ing with approaches that use fungi
rather than bacteria. Still others are
examining ways in which the sulfur-
digesting enzyme is extracted from a
bacterial organism and injected di-
rectly into the coal processing system
to speed the biological reaction.

Chemical or biological coal
cleaning appears to be capable of
removing as much as 90% of the total
sulfur (both pyritic and organic) in
coal. Some chemical techniques also
may remove 99% of the ash.



Combustion

Coal can also be cleaned while it
burns—an advantage because no
additional sulfur or nitrogen removal
equipment is required.

In most of conventional coal
combustion plants, raw coal is pul-
verized into particles small enough to
form a combustible cloud and in-
jected with hot air into burners along
the lower portion of a hollow rectan-
gular box called a steam boiler.

Coal burns in a long, luminous
flame in the huge furnace cavity at
temperatures of at least 2,700 °F. The
heat is transferred to water-filled
tubes typically welded into the sides
of the boiler. Boiling water in the
tubes creates steam that spins a
turbine generator which produces
electricity.

For most of coal’s history, the
principal design goal for coal-burning
boilers was higher efficiency, that is,
extracting the most energy from a
unit of coal. But in the 1960s and
1970s, engineers began examining
ways to alter the coal combustion
process to reduce emissions while
retaining high efficiencies.

Two new categories of advanced
technology resulted: (1) fluidized bed
combustors and (2) advanced
(slagging) combustors.

Fluidized Bed Combustors

In a fluidized bed combustor, rather
than blowing a cloud of tiny coal
particles into the combustor, crushed
coal mixed with limestone is

Atmospheric Fluidized Bed Combustion

Coal ' Limestone

Fluidized
¢ Cyclone
bed boller o Jictor

Coa! and limestone .
handling
Disposal <—7=H1T}
- Electric
Steam turbine power
s NEW PLANT REPOWERED PLANT
gawc“o":* EFFICIENCY CAPTAL  ELECTRICITY CAPITAL INCREMENTAL POWER LIFE
COST COosT COST ELECTRICITY COST OUTPUT EXTENSION
90% 70% 35-36% $1,200-1,400 50-60 $700-900 12-17 0-15% 25-30
PER KW MILLS/KWH PER KW MILLS/KWH INCREASE YEARS
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The fiuidized bed was invemed in

ffthe 1920s in Germany as a chemi- Cle

- cal processing technique. The tur-  fluid
 Bulent mixing and close contact of i

- materials withina fluidizedbedwere megawa

~ found to accelerate chemical reac- ity plants. Ut
 tions. Early systems were used for ~planits are n
" breaking down the dense compo- - rado, Minne

_nents of crude oil (1J.8. production
- of high-octane gasoline was aided
~bythistechnology during World War

- H). Later the concept was applied
to roasting ore and mcineratm(
~industrial sludge. ’

- A500-kilowatt fluidized bedtest

~ plantbuilt in Alexandria, Virginia, in
- 1965 probably could be called the

“grandfather” of U.S. fluidized bed
coal combustors. It provnded much

~of the design data for a 30-mega-
‘watt prototype unit atthe Mononga-

hela Power Company in Rivesville,

~ West Virginia, builtin the mid-1970s.

The first commercially successful
fluidized bed was an industrial-size
atmospheric unit (10 megawatts)
built with federal funds on the cam-
pus of Georgetown University in
Washingtori, D.C., in 1979. The unit
still operates today.

Fluidized bed technology has
now become an established option
for large, industrial size boilers, at
scales roughly equivalent to 10 to
25 megawatts. In Europe and the
U.S., about 300 atmospheric flu-
idized bed units supply heat to in-
dustrial processes, municipalities,
oil producers for thermal recovery

~ processes, and farms for hay drying.

A "bubbling" fluidized bed is one category of this new
clean-burning coal technology. In this combustor, coal
particles tumble in a turbulent fashion, taking on some
of the characteristics of a boiling, bubbling liquid.

ventional boller in']f-?
driving a steam tur-
bine, except with far
fewer emissions.
Two types are being -
developed: the bub-
bling bed and the
circulating bed. L
A pressurized
fluidized bed com-
bustor, because of
theincreasedenergy
in its high-pressure -
gases exiting the
boiler, can drive both
a gas turbine and a.
steamturbine, anar-
rangementknownas
a combined cycle.
These systems can
boost power gener-
ating efficiencies to
well above 40%

/\

A

/\/

"Bubblin
Fluidized

Clean flue gases

Bed"
mbustor

(much greaterthantheso% t035%
efficiencies of conventionalcoal-fired

technology).
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suspended on jets of air. This “bed”
of coal and limestone actually floats
inside the boiler, tumbling in a
manner that resembles a boiling
liquid, hence the name “fluidized.”
As the coal burns, sulfur is released.
The limestone acts like a chemical
“sponge” to capture the sulfur before
it can escape the boiler. More than
90% of the sulfur released from coal
can be caught in this manner.

The sulfur-laden limestone
forms a dry waste product. Some of
the solid waste is removed with the
bed ash through the bottom of the
boiler. Smaller ash particles, or “fly
ash,” are carried out of the boiler and
captured with dust collectors.

Also, because the tumbling
motion of the coal enhances the
burning process, combustion tem-
peratures can be held to around 1,400
to 1,600 °F, or almost half the temper-
ature of a conventional boiler. This is
below the threshold where nitrogen
pollutants form (see page 6). Thus,
fluidized bed combustors can meet
both SO, and NO, standards without
any additional pollution control
equipment.

Two types of fluidized bed
combustion are being demonstrated
in the Clean Coal Technology
Program. One is called atmospheric
fluidized bed combustion because the
process operates at normal atmos-
pheric pressures; the other is called
pressurized fluidized bed combustion
because pressures inside the boiler
are elevated 6 to 16 times higher than
normal atmospheric pressure (see
page 16).

Advanced Combustors

Advances have also been made in
other types of combustors, again
combining high combustion effi-
ciency with pollutant removal.

Most of these new coal-burning
technologies are based on the
“cyclone” combustor concept. In a
cyclone combustor, coal is burned in
a separate chamber outside the
furnace cavity. The hot combustion
gases then pass into the boiler where
the actual heat exchange takes place.

The advantage of a cyclone
combustor is that the ash is kept out
of the furnace cavity where it could
collect on boiler tubes and lower heat
transfer efficiency. To keep ash from
being blown into the furnace, the
combustion temperature is kept so
hot that mineral impurities melt and
form slag, hence the name “slagging
combustor.” A vortex of air (the
“cyclone”) forces the slag to the outer
walls of the combustor where waste
can be removed.

Because of their high combustion
temperatures, many older cyclone
combustors produce high levels of NO.
The Clean Coal Technology Program is
demonstrating advanced combustors that
overcome this drawback.

Results to date show that position-
ing air injection ports so that coal is
burned in stages can reduce NO_
emissions by as much as 80%. Also,
sulfur emissions can be lowered by
injecting limestone into the combustor
or boiler. To increase sulfur capture,
this limestone—converted to SO,-
absorbing lime by the combustion
heat—can be captured in a baghouse,
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reactivated, and injected with water into
flue gases downstream of the boiler in a
“spray dryer absorber.”

Advanced combustors being
tested in the Clean Coal Technology
Program could replace oil-fired units in
both utility and industrial applications.

Nitrogen Oxide Controls

Some plants in the U.S. already have
sulfur controls installed but may be
faced with tightening NO,_ standards.
For these plants, new technologies
are needed that concentrate solely on
NO, removal.

Advanced Slagging Combustor

Lowering NO, emissions has
gained attention in recent years
because nitrogen-based pollutants
also have been implicated as a cause
of acid rain and smog (when com-
bined with other hydrocarbons and
exposed to sunlight). Unlike sulfur
emissions, which have declined sub-
stantially in the last 15 years, NO,
emissions have risen slightly. About
half of all NO, pollution comes from
automobiles and other vehicles, but
coal-burning power plants also add

Coal and llmestd;\e
handling

Generator
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Electric
power

Steam turbine
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to the problem. Power plants release
about 25% of the total manmade NO_
emitted nationwide.

Most NO, controls work by
preventing formation of the pollutant
inside the furnace (although post-
combustion NO_scrubbers have been
tested more recently, see page 22).

To control NO,, plant engineers
can modify the combustion process 0
permit a more gradual mixing of fuel
and air. This lowers flame tempera-
ture, reducing NO,. They also can
adjust the fuel mix so that only
enough oxygen is present to support
combustion and not enough to
combine with nitrogen to form NO .
Low-NO_ burners, for example,
retard the conversion of nitrogen to
NO, by delaying the mixing of fuel
and air in the burner zone. By keep-
ing the primary combustion zone
deficient in oxygen, NO,_ formation
can be cut by about 50%.

In other techniques, air ports are
added in the furnace wall above the
top row of burners to create a fuel-
rich, low-NO, combustion zone.
While these techniques require less
hardware changes than low-NO_
burners, they only reduce NO,
formation by 15% to 30%.

A variation of NO, control also
being tested in the Clean Coal Tech-
nology Program is natural gas re-
burning. A small amount of natural
gas (10% to 20% of total fuel input) is
injected above the normal combus-
tion zone to form an oxygen-deficient
zone (see box). Other reburning con-
cepts use coal instead of natural gas.

Natural Gas as a Pollution Control

In the 1970s burning natural gas in
a utility boiler was considered irre-
sponsible—almost the same as
burning imported oil. Gas supplies
appeared to be diminishing rapidly,
and the government passed laws
restricting the use of gas in utility
boilers. Buttoday, the attitude about
natural gas has changed. As fed-
eral price controls were removed
from gas, new supplies became
available, and a gas surplus devel-
oped. Concerns over acid rain
prompted new attention to gas,
which burns cleanly and emits virtu-
ally no SO,.

Two methods using natural gas
to control pollutants have received
the most attention—co-firing and
rebuming.

Co-firing, a commercially avail-
able technique, burns gas and coal
simultaneously in the same boller.

Typically the two fuels are not
physically mixed. Different burners
are used and often positioned at
different heights within the boiler.
The amount of SO, reduction is
directly proportional to the amount
of gas fired in place of coal; that is,
if 10% of the fuel is natural gas,
sulfur emissions will be roughly 10%
less than if only coal were burned.
Gasco-firingalso reduces NO, emis-
sions and can mitigate ash foulingin
the boiler.

Gas reburning is principally an
NO, control technique. Coal is fired

in the lower regions of a boiler to
provide 80% to 90% of the total heat
released. Natural gasis fired in the
“reburn” region above the maincom-
bustion zone. Within the fuel-rich
reburn region, hydrocarbon frag-
ments from the gas will react with
the nitric oxide producedin the main
flame to form molecular nitrogen—
the same form of nitrogen that ex-
ists naturally in the air. Secondary
airisadded above the reburn region
to finish the combustion at a lower
temperature, preventing NO_ from
forming.

NO, emissions from a gas
reburing system are expected to
be about 40% less than those from
a unit firing solely coal.

The capital cost of retrofitting a
natural gas reburn system on a 500-
megawatt boiler is estimated to be
around $12 per kilowatt, competi-
tive withlow-NO, burners. Depend-
ing upon the boiler configuration
and design requirements, costs
could range from about $5 per kilo-
watt to $30 per kilowatt.

Because it works independently
of the main combustion zone, gas
reburning can be used with any
boiler type, including cyclone, tan-
gentially-fired or wall-fired. Testsin
the Clean Coal Technology Pro-
gram are showing that NO,_ emis-
sions can be reduced by more than
60%.
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Today's scrubbers are really complex
chemical plants. They must handle huge
volumes of sulfur-laden flue gas. Fora
300-megawatt plant, a typical scrubber will
process as much as one million cubic feet
of flue gas per minute.

20

Until the emergence of clean coal
technologies, post-combustion clean-
ing has been the principal method of
meeting modern-day air quality stan-
dards. Although techniques are
available today that remove as much
as 90% of sulfur pollutants from the
flue gases of burning coal, new
methods for post-combustion clean-
ing offer significant improvements.
When the Clean Air Act was
passed in 1970, methods for cleaning
combustion gases were still in their
infancy. Although the basic process
for “scrubbing” flue gases was devel-
oped shortly after the turn of the
century, the first scrubbers were not
built until the 1930s—and these were

Post-Combustion Cleaning

in Great Britain. It was not until 1967
that a full-scale scrubber began
operating in the U.S,, in a coal-fired
power plant owned by Union Electric
Company of Missouri.

Early “wet” scrubbers were
plagued by corrosion and plugging.
As the technology matured, opera-
tional problems lessened. Yet, for
nearly 90% of the scrubbers in the
U.S. today, handling and disposing of
the waste product—a wet, pasty
sludge—remain expensive and
complex problems. “Spray dryer”
scrubbers that produce a dry product
have been developed, but these have
been most effective on plants burning
lower sulfur coal.

Neither today’s “wet” nor “dry”
scrubber is capable of removing NO,
from the flue gas.

Innovations in post-combustion
cleaning are being demonstrated in
the Clean Coal Technology Program.
Virtually all of these advanced tech-
niques produce a less onerous waste
product than conventional scrubbers.
In most, the product is a dry powder
which may have commercial value.
Several new concepts capture only
sulfur emissions; some, however, also
remove NO, and particulates.

Sulfur Dioxide Control

Advanced post-combustion SO,
controls can be grouped according to
where in the physical layout of the
power plant each performs its
sulfur-removing functions.

In-duct sorbent injection works
inside the ductwork leading from the
boiler to the smokestack. Sulfur




absorbers (such as lime) are sprayed
into the center of the duct. By care-
fully controlling the humidity of the
flue gas and the spray pattern of the
sorbent, 50% to 70% of the SO, can be
removed. The reaction produces dry
particles that can be collected down-
stream. Because a plant’s existing
ductwork is used, extensive new
construction is not needed. In-duct
injection could be attractive for retro-
fitting smaller, older plants that may
not have enough space to install new
scrubber systems.

Advanced scrubbers, like their
predecessors, place the flue gas
processing facilities outside the main
power plant. These innovative

devices offer advantages such as (1)
regererating the sulfur-absorbing
chemical, making the system more
economical; (2) removing both SO,
and NO,; (3) producing an environ-
mentally benign, dry waste product;
or (4) streamlining operations by
reducing or eliminating the need for
reheating or backup modules.

Some improvements may use an
addititve to boost sulfur capture. For
example, adding adipic acid to the
scrubbing solution may permit as
much as 97% SO, removal, rather
than the current 90% standard.

Other scrubber advancements
are more elaborate. The Chiyoda
Thoroughbred 121 (CT-121) process is

Advanced Post-Combustion Cleaning
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An alternative 1o a scrubber, especially for
some older piants, may be to install
injection ports into the existing ductwork
that carries flue gas from the boiler. Sulfur-
absarbing limestone would be injected into
the ductwork to clean the flue gases.

an example of a second-generation
scrubber technology. It incorporates
all of the necessary steps for SO,
control—absorption, oxidation, neu-
tralization, and crystalization—into a
single vessel, a "jet bubbling reactor."
The process reverses conventional
scrubbing methods. Rather than
spraying a sulfur-absorbing slurry
into the flue gas, the flue gas is
bubbled through the slurry. Using
this technique, high levels of SO, can
be removed without the scaling,
plugging, and corrosion that often
occurs with today's wet scrubbers.

Other advanced concepts might
include new chemical absorbers. One
such device, developed by DOE, uses
copper oxide which changes SO, into
copper sulfate which in turn converts
NQ, into nitrogen when combined
which ammonia.

Nitrogen Oxide Controls

Recent innovations in treating flue
gases make it possible to reduce NO,
in flue gases leaving the coal boiler
(instead of modifying the combustor).
The most extensively developed
concept is selective catalytic reduction
(SCR). This technique is now being
applied commercially in Japan and
tested in the Federal Republic of
Germany. Small-scale tests have

Compressed air ——

Lime

Air

Clean flue
j E:/> gas

Solid
waste

In-Duct Injection




been conducted in the U.S., and the
technology may be demonstrated in
the Clean Coal Technology Program.

In an SCR system, ammonia is
first mixed with flue gas and passed
through a reaction chamber separate
from the scrubber vessel. In the
presence of a catalyst, NO, is con-
verted by the ammonia to molecular
nitrogen and water. SCR systems are
projected to reduce nitrogen
emissions by 50% to 80%.

Unique problems arise when the
technology is used with high-sulfur
coal, however. The same catalysts
that help break down NO_ also
encourage sulfur dioxide to change
into sulfur trioxide. Sulfur trioxide,
in turn, combines with ammonia to
form solid and liquid sulfates which
can cause corrosion and plugging of
downstream components. The Clean
Coal Technology Program plans to
test techniques to overcome the high-
sulfur coal problem and provide
better data on catalyst life.

Other post-combustion controls
for NO_emissions use a non-catalytic
process. One method sprays a urea
solution into the boiler’s convective
zones at carefully controlled tempera-
tures. Urea combines with NO, to
form harmless nitrogen and water.
Such systems can reduce NO, by up
to 30% and can be combined with
other low-NO, combustion techniques.

Other Clean Coal Technology
projects remove more than one
pollutant. In one system, both SO,
and NO are captured and saleable
sulfuric acid is produced as a
byproduct. The system recycles heat

Improving Today’s “Scrubbers”

Although most scrubbers in use
today are based on concepts devel-
oped in the 1960s, significant
opportunities existto improve scrub-
bing technology.

Ideally, better scrubbers would
be more reliable, cost less, perhaps
employ arecoverable absorbentthat
can be reused or marketed for other
purposes, require less water, con-
sume less of the plant's total energy
output, produce a salable dry waste
product, and in the best of cases,
reduce both sulfur and nitrogen
pollutants in a single system.

New scrubbers that offer one or
more of these advantages are join-
ing the Clean Coal Technclogy
Program.

In one new configuration, flue
gas is bubbled through a scrubbing
slurry (rather than the conventicnal
approach of spraying the slurry into
the flue gas stream). The scrubber

consumes less energy because the
slurry need not be pumped through
spray nozzles. Alsothe waste prod-
uct is a relatively dry gypsum that is
potentially marketable.

Other scrubber concepts in the
Clean Coal Technology Program
use a normally discarded waste
product such as cement dust or
biomass ash as the scrubbing agent
and produce both potassium-based
fortilizer and distilled water for
commercial sale. Another innova-
tion uses a “single loop” technique
which eliminates the need for an ex-
ternal oxidation unit and handles
flue gas from several boilers.

Also emerging fromtheresearch
laboratory is also an advancedtech-
nique that uses electron beams to
“excite” sulfur and nitrogen mole-
cules, causing both to react with
absorbing chemicals and separate
from the flue gas.

from the process to reduce the drain
on power plant efficiency. Another
project captures SO,, NO , and particu-
lates in a single device: a high-tem-
perature baghouse. This minimizes
space requirements and capital costs.

Emerging from research pro-
grams are new ways to improve
scrubbers that use more expensive
scrubbing solutions such as sodium-
based liquid sprays. One technique
recovers SO, from the flue gas with an
organic solvent, then regenerates the
scrubbing solution.
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Conversion

Techniques that convert coal into
another fuel form bypass the conven-
tional combustion process altogether.
In the most commonly envisioned
systems, coal is first converted into a
gaseous fuel; in other techniques, a
liquid form of coal is made, while in
still others, a combination of a gases,
liquids, and solids is produced.

Steam (H,0)

Gasification Combined Cycle

Over the last decade, the gasification
combined cycle method for generat-
ing electricity from coal has pro-
gressed from the research laboratory
to the threshold of commercial
application.

The process basically has four
steps: (1) coal is broken into gaseous
molecules by bringing it into contact
with high-temperature steam and
oxygen (or air); (2) the gases are
purified; (3) the very clean gases are
burned and the very hot exhaust is
routed through a gas turbine to gen-
erate electricity; and (4) the residual
heat in the exhaust is used to boil Carbon (CO)
water for a conventional steam .
turbine-generator to produce more - —
electricity. Fuel Gas

This combination of gas and
steam turbines accounts for the name ! the gasification process, coal is broken apart by a
“ : " : reaction with steam (water) and oxygen (or air). A

combined Y cle.” (Combined cycle mixture of carbon mt(Jnoxid)e and h;’grogén is p)roduced.
systems can also be powered by a Sultur is released as hydrogen suffide, a gas that can be
pressurized fluidized bed combus- almost totally removed.
tor; see page 16.)

Gasification combined cycle
systems are among the cleanest of
the emerging clean coal technologies.

Sulfur, nitrogen compounds, and
particulates are removed before the

Hydrogen
Hydrogen (H,) s\ﬁﬂdeg (H,S)




fuel is burned in the gas turbine,
before combustion air is added. For
this reason, there is a much lower
volume of gas to be treated than in a
post-combustion scrubber.

The gas stream must have
extremely low levels of impurities not
only to avoid pollution but to protect
turbine components from chipping or
corroding.

In a coal gasifier, unlike coal
combustion processes, the sulfur in
coal is released in the form of hydro-
gen sulfide rather than sulfur diox-
ide. Several commercial processes
are capable of removing hydrogen
sulfide. More than 99% of the sulfur

Gasification Combined

Coal
.‘. Gesller

can be removed from the gas, making
it as clean as natural gas.

The first commercial-scale
gasification combined cycle demoen-
stration plants are now being built in
the U.S. (see page 26). Several electric
utilities are evaluating the concept as
part of a modular approach to adding
new generating capacity (see page
33). The distinction between these
first demonstration plants and those
to be tested in the Clean Coal Tech-
nology Program lies principally in the
methods for cleaning the hot gases
exiting the gasifier.

Some modern-day coal gasifiers
release fuel gas at temperatures well
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While conventional methods for generating electricity
from coal struggle to meet federal air quality standards,
the Cool Water gasification combined cycle process
easily surpassed them. The unit demonstrated that
95% to 99% sulfur removal was possible and that

NO, emissions could be held to less than 25 parts

per million.

_technologies offer more
al than coal gasification—
evenfewercantracethelrroots

o A,Iight street lamps along London
 Bridge in 1813. Inthe late 19th and
~ early 20th centuries before the ad-
- - vent of interstate natural gas pipe-
o iinas, “town gas” from coal provided
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~ both heat and light to many
American homes.

Commercial uses died outwhen

- cheaper fuels became plentiful in

the 1950s, but research continued

~ Coa Gaslﬂcatlan-— |
Pram London Bridge to the Mojave Desert

and coal gasification technologies
were vastly improved.

The 1970s brought renewed
interest in gas from coal as a substi-
tute for natural gas or petroleum. A
$2-billion commercial coal gasifica-
tion plant was built in North Dakota
in the early 1980s to produce sub-
stitute natural gas. But interest
again waned as oil prices declined
and more natural gas supplies came
into the market.

The appeal of coal gasification
today is driven not so much by a
need to produce a substitute for oil
orgas, but by its potential as the first
step in an extremely clean, efficient
process to generate electricity. The
technique is called integrated gasi-
fication combined cycle. Two differ-
enttechnologies—coal gasification
and gas turbines—are joined to
create anew way to generate power
from coal.

The U.S. facility that pioneered
gasification combined cycle was the
Cool Water Gasification Plant lo-
cated in the Mojave Desert near
Barstow, California. This $263-mil-
lion, 120-megawatt demonstration
unit ran from 1984 to 1989.

The Clean Coal Technology
Programis preparing todemonstrate
the next generation of gasification
combined cycle technology. These
newer techniques typically employ
hot gas cleanup, which eliminates
the more costly, less efficient method
of cooling the gas to remove impu-
rities, as was used at Cool Water.




in excess of 2,000 °F. However,
current commercial gas cleaning
technology operates at much lower
temperature—typically as low as 100
to 200 °F. Consequently, the coal gas
first must be cooled, then cleaned,
_ then reheated to between 1,850 and
2,500 °F, the inlet temperatures of gas
turbines. The cooling/reheating step
requires expensive equipment, in-
creases plant complexity, and lowers
overall efficiency—all make the elec-
tricity produced more expensive.
The next generation of
gasification combined cycle power
plants will likely employ hot gas
cleanup techniques, many of which
were developed in the Energy
Department’s research program.

These techniques remove sulfur
and other impurities in the fuel gas
stream at much higher temperatures
than today’s technology, eliminating
or minimizing the efficiency-robbing
cooling step.

One such technology sends the
hot coal gas through a bed of zinc
ferrite particles. Zinc ferrite can
absorb sulfur contaminants at tem-
peratures in excess of 1,000 °F, and
the compound can be regenerated
and reused with little loss in effective-
ness. During the regeneration stage,
salable sulfur is produced. The
technique is capable of removing
more than 99.9% of the sulfur in coal.

High levels of nitrogen removal
are also possible. Some of coal’s

From 19684 to 1989, the Cool Water
Demonstration Plant in California
converted 1,000 tons of coal per day to
120 megawatts of electricity. The plant
was built by a consortium that included
the Electric Power Research Institute
{the technology arm of the electric
utility industry.)
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A Coal Refinery?

Nearly 85% of all coal consumed in
the U.S. today is burned in electric
power plants. But coal is also arich
source of potentially valuable liquid,
gaseous, and solid fuels as well as
chemicals. Historically these prod-
ucts have been too expensive to
compete with cheaper oil and natu-
ral gas; however, recent advances
in clean coal technology may offer
more economical products.

The secret may be this: rather
than designing a coal processing fa-
cility to produce a single product,
the facility might be configured to
convert coal into a family of prod-
ucts, each with value in a specific
market—aessentially the way an oii
refinery works.

One approach, for example,
would be to design a process that
converts coal into a char for use as
a smokeless fuel or for steeimaking
or as a source of chemical carbon.
Theco-products of this process would
be an oil-like liquid and a fuel-grade
gas. Together, these products might
be sufficiently valuable to make the
coal facility profitable.

Producing new fuel forms was
made a key objective in the Clean
Coal Technology Program begin-
ninginRound #3. Notonly can they
be produced cleanly, but if they can
be made economically, a variety of
coal-based products manufactured
at a “coal refinery” might substitute
one day for imported oil.
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nitrogen is converted to ammonia

which can be almost totally removed
by straight forward chemical proc-
esses. NO_formed from the combus-
tion air can be held to well within
allowable levels by staging the com-
bustion process at the turbine or by
adding moisture to hold down flame
temperature.

Underground Gasification

Coal gasification can also take place
underground —or in situ (the Latin
word for “in place”).

In underground gasification,
steam and oxygen are injected into a
coal seam through wells drilled from
the surface. The coal seam is ignited
and partially burned. Heat generated
by the combustion gasifies additional

coal to produce fuel-grade gases. The
gases are piped to the surface where
they are cleaned and processed using
the same techniques applied in
surface gasification.

Underground gasification may
be particulary useful in extracting
energy from coal seams that are
unmineable. Seams that slope steeply
from the surface or are too deep or of
marginal quality may be future
candidates for in-situ gasification.

Coal-Oil Coprocessing

In the late 1970s and early 1980s,
when energy prices were skyrocket-
ing, many companies began synthetic
fuel projects to turn coal into a liquid
substitute for crude oil. When energy
prices subsequently declined, these
ventures were abandoned.

Today, a variation of these
synthetic fuel technologies could offer
better economics. Rather than lique-
fying only coal in a complex and ex-
pensive process, coal-oil coprocessing
mixes coal with the heavy residual oil
that is the waste product of refineries.

The slurry is then processed in
an advanced refining concept called a
cracking unit. The residual oil pro-
vides all or most of the hydrogen
needed for the coal conversion proc-
ess. This eliminates or reduces the
need for hydrogen production, a step
that added considerably to the cost of
the earlier synthetic fuel processes.

Once produced by the
coprocessing plant, the coal-based
liquid can be cleaned of its sulfur and
ash before being used.



On the Horizon...Fuel Cells and MHD

Two of the most advanced methods
for extracting energy from coal are
fuel cells and MHD, which is short for
magnetohydrodynamics.

Fuel Celle

Unlike other coal systems, fuel cells
do not rely on combustion. Instead,
an electrochemical reaction gener-
ates electricity. Electrochemical
reactions release the chemical en-
ergy that bonds atoms together—in
this case, the atoms of hydrogen and
oxygen. The concept is much like a
battery, except the fuel cell will pro-
duce electricity (and usable heat) as
long as hydrogen and oxygen are
fed to it.

The fuel cell is extremely clean
and highly efficient. In a clean coal
technology configuration, the fuel cell
is fueled by hydrogen extracted from
coal gas made by a coal gasifier.
Techniques exist to clean and purify
the coal gases (see page 25), and
the principal waste product from the
fuel cell is water.

Fuel cells are often categorized
by the substance used to separate
the electrodes, termed the "electro-
lyte." The most mature fuel cell
concept is the phosphoric acid tuel
cell. These cells have been used in
hospitais, apartment buildings, and
shopping centers and are now being
developed for utility use. Other
concepts are being developed. One
isthe molten carbonatefuel cell which
uses a hot mixture of lithium and po-
tassium carbonate as the electro-
lyte. The newest type is the solid

oxide fuel cell which uses a hard
ceramic material instead of a liquid
electrolyte.

MHD

The MHD concept has been
likened to a “coal-fired rocket blast”
through a magnetic field. Coal is
burned at extremely high tempera-
tures (close to 5,000 °F). At these
temperatures, the combustiongases
are released as a hot stream of
highly charged particles called
plasma. The electrical conductivity
of the gases is enhanced by “seed-
ing” them with special salts, and
the plasma is channeled through
an intense magnetic field at close
to the speed of sound.

An electrically conductive
substance moving through a mag-
neticfield generates electricity. The
electricity generated in the MHD
process is tapped from the plasma
by electrodesimbedded inthe chan-
nel walls. The exhaust gases leav-
ing the channel are hot enough to
boil water for aconventional steam-
turbine, resulting in a coal-fired sys-
tem that can achieve efficiencies of
50% or more.

The salts added to increase
electrical conductivity also chemi-
cally reactwith sulfur released from
coal, removing in excess of 99% of
the impurities from the exhaust
gases. NO, is minimized by burn-
ing the coal in stages with a fuel-
oxygen mixture that retards the for-
mation of nitrogen poliutants (see

page 19).

Fuel Cell

S\\U///é

g

P

=

Magnetohydrodynamics (MHD)

Electric current

Channel with
implanted
electrodes

Plasma
(super-heated
coal gas)

Magnetic field

29




Coal consumption in non-utility markets
has declined since 1950, even as the
total use of coal expanded. Clean coal
technologies could improve coal's
environmental acceptability in the
industrial and commercial sectors and
perhaps increase its use.

Industrial Clean Coal Technologies

C oal-burning electric power
plants are not the only users of
coal nor are they the only sources of
pollutants from coal. Each year about
100 million tons of coal are used by
factories and other industrial manu-
facturing facilities.

More than 9,000 industrial
boilers today burn coal to produce
steam for various manufacturing
processes. Coal is also used to
produce steel and cement, and it can
be a valuable raw material for such
products as perfume, dyes, insecti-
cides, andmedicines.

Clean coal technologies are
being developed for these applica-
tions. In some cases—industrial
steam production, for example—
scaled-down versions of utility clean
coal systems, such as fluidized bed
combustors, offer attractive options.

Millions of Short Tons

U.S. Coal Consumption by Sector
1950-1987

1960

B Residential/Commercial
{CJ coke Plants

1980 1987

Other Industry, including Transportation
Electric Utilities
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In fact, more than 100 process
steam and small-power fluidized bed
combustors are already operating in
the U.S,; at least half of these units
were added since 1983. Industrial-
size fluidized bed combustors can be
found today in paper mills, food
processing plants, tire manufacturing
factories, hospitals, and district
heating systems.

Research is under way to further
improve these systems, making them
more practical and economic for
smaller businesses and perhaps
someday even for apartment build-
ings and homes.

But burning coal is not the only
way to use this abundant resource.

Steelmaking and cement produc-
tion are two other applications that
are being outfitted with special types
of clean coal technologies.

Steelmaking

An important use of coal in the
industrial sector is to produce coke,
which is used in smelting iron ore to
make steel. Coke is made by a
process called “carbonization” in
which a blend of two or more
bituminous coals is baked in the
absence of air. The coke is then com-
bined with iron ore and limestone in
a blast furnace. The resulting carbon
monoxide and heat reduce the ore to
produce molten pig iron, essential to
steel production.

The existing 30 coke oven plants
in the U.S. emit about 300,000 tons
of sulfur pollutants each year, along
with airborne toxic chemicals such
as benzene and other hydrocarbons.



Many coke ovens have no
desulfurization equipment, while
others use gas treatment processes
that are more than 30 years old and
rely on a cumbersome series of steps.

Modern-day clean coal
technology can make coke plants
both cleaner and simpler. In one
clean coal technology project, ammo-
nia will be captured from coke oven
gas and used to scrub hydrogen
sulfide from the gas. Then, using
special catalysts, the ammonia is
chemically changed into nitrogen and
water vapor, and the hydrogen
sulfide decomposed into elemental
sulfur, a salable byproduct. More
than 80% of the hydrogen sulfide
and 98% of the ammonia can be
removed, along with benzene and
other pollutants.

Cement Making

Cement is made by heating a
mixture of limestone, clay, sand, and
other minerals in a kiln until they
fuse. More than 250 cement kilns
have been built in the U.S. and along
the St. Lawrence River in Canada.

Because most of these kilns burn coal,

they emit about 230,000 tons per year
of SO,.

One innovative clean coal
technology uses the waste products
from a cement kiln to reduce air
pollutants. When the minerals in a
cement kiln are heated, they release
vapors containing sodium and
potassium salts. These vapors later
condense as a fine dust. Usually
this dust had to be disposed of, but
the clean coal technology can use it

rost vuinerabie part of ha n. 30% m
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fion exists, but the drawback has
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to absorb sulfur from the kiln’s
exhaust gases.

Sulfur-laden kiln gases are
bubbled through a slurry made of the
dust and water. Chemical reactions
in the slurry remove at least 90% of
the sulfur pollutants, producing
potassium sulfate whick. can be used
as a fertilizer. Additional process
steps recover solid calzium products
that can be reused in the kiln.

The result is a cement kiln that
emits virtually no waste products
other than distilled water.
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A New Coal Era

he 1990s are a period of

transition for the nation’s energy
industry, especially the electric
utilities. Coal today supplies 57% of
the nation'’s electricity, and the U.S. is
richly endowed with coal reserves.
But U.S. utilities must be able to meet
a growing demand for electricity
while responding to new environ-
mental concerns.

Clean coal technologies offer a
solution. These advanced concepts
offer options for retrofitting older
U.S. power plants, controlling pollu-
tion at lower costs and with less space
requirements than current technology.

In 1993, the nation’s investment
in clean coal technology demonstra-
tions began to pay off. The first
market sales of technologies tested in
the Clean Coal Technology Program
began occurring. A Pennsylvania
power plant became the first com-
mercial customer for an advanced
low-NO_ burner system demon-
strated in the program. An Ohio
utility made an advanced Clean Coal
Technology catalytic flue gas cleanup
system a permanent part of its Clean
Air Act compliance strategy. Circu-
lating fluidized bed combustors, with
design improvements based largely




Alr Quality—The Nation's Track Record

Passage of the Clean Air Actand its
subsequent amendments set the
U.S. on a course that has commit-
ted billions of dollars to protecting
the environment. The Environmental
Protection Agency estimates that
U.S. industry has expended well
over $250 billion to control air emis-
sions since enactment of air quallty
legislation in 1970.

Much of this has been spent by
electric utilities, particularly those
that use coal to generate power.
Since 1975the nation's utilities have
spent more than $100 billion for SO,
capture alone (either in building and
operating flue gas scrubbers, or by
incurring coal washing costs; or by
purchasing higher priced, lower sulfur
coal). An average of nearly $8
billion a year is spent by coal-burn-
ing utilities to comply with current air
quality standards.

As a result of these air quality
expenditures, SO, emissions have
declined dramatically. Since the
1970 Clean Air Act, nationwide SO,
emissions from all sources have
dropped more than 25% from their
peak in 1973. Coal-fired power
plants nationwide have reduced their
SO, emissions by nearly 12% from
their peak in 1977. This has oc-
curred even as coal use was soar-
ing. While SO, emissions were
falling, U.S. electric utilities were in-
creasing their coal consumption by
nearly 80%.

If the SO, released per ton of
coal burned in 1987 had been the
same as in 1975, with the increased

coal use by utilities, SO, emissions |

from coal-fired utilities would have
topped 30 million tons.

U.S. NO, emissions generalily
held constant from 1975 to 1987 at
about 20 million tons per year.

In terms of acid rain causing emissions, the nation's air is
becoming cleaner even as coal use has steadily
increased. Clean coal technologies can help maintain
these trends.
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on lessons learned from a Clean Coal
Technology project, began entering
the market.

These environmentally im-
proved technologies may also find
large markets overseas, particularely
in newly industrialized nations
seeking economic growth while
cleaning up old environmental
problems. The worldwide market
for clean coal technology purchases
could amount to nearly $24 billion
per year by the year 2010.

In the long run, the more lasting
impact of clean coal technologies may
extend well beyond simply reducing
pollution from older U.S. plants or
modernizing the power plants of
emerging nations.

Advanced clean coal technolo-
gies can ensure that the U.S. and
global economies continue to expand
into the 21st century, fueled by
economic, secure and abundant coal.

Economic growth creates jobs for
a growing population. It means

As global demand for coal increases,
worldwide carbon dioxide emissions
will do the same. If all power producers

Heading Off the Greenhouse Effect

were to use the most efficient clean

coal technologies, global carbon dioxide
emissions could be cut by more than
half, compared with the levels that would
be provided by existing power plant
technologies.

Earth's temperature is regulated
largely by atmospheric gases. Carbon
dioxide (CO,), methane, and other gases
allow the sun’s energy to penetrate to
the Earth but trap heat radiated from the
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lease of CO,, and
CO, constitutes only
hatfI of the “green-
house gases.”

Energy efficiency investments and
technological improvements, including
those in the Clean Coal Technology
Program, can offer aiternatives to
regulation.

Many clean coal technologies are
effective in reducing CO, because they
increase power generating efficiencies.
Inhigher efficiency systems, less CO, is
produced per unit of fuel consumed.

For example, technologies like
pressurized fluidized bed and gasifica-
tion combined cycle boost generating
efficiencies into the 40% to 45% range.
This can reduce CO, emissions by 17%
to 27%. Future technologies such as
gasifierfuel cell combinations could
lower CO, emissions by up to 40%.

Also, because a conventional scrub-
beractually addsCO, to the atmosphere
(because of its reaction chemistry and
effect in reducing plant efficiency), find-
ing alternatives to the scrubber can re-
duce atmospheric CO,




A Modular Approach to
Utility Planning

Repowering concopts allow utilities to add new
capacity in highly efficient modules. The modules
can be brought into the rate base quickly and the
most costly investment (the gasification plant)
deferred until justified by fuel economics.

Phase |
in the first phase, peak demand
is met by Instaliing combuation

JEER I}

turbines fueled by
natural gas.

Phase i
As demand for
electricity increases,
asteamcycle is
added to create a
combined cycle plant
for intermediate and
baseload service.

JLER |

Phase Il
A coal gasification
plant is added
when oll and
natural gas
prices rise.

Phase IV
Gasifier-turbine {or
fuel cell) modules are
added as warranted

Retrofit and Repowering

Beginning with Round #2 of the
Clean Coal Technology Program,
proposers were required to submit
candidate projects that couldbe used
to retrofitor repowerexisting plants.
Retrofit technologies generally
are poliution control devices that
canbeinstalied on older power plants
without making major changes in
the plant design. Some retrofit
concepts do not reduce sulfur emis-
sions by the 90% required for new
plants (uniess possibly used incom-
bination with each other) but offer a
means of reducing sulfur emissions
by 50% to 70% (called for in most
new legislation to reduce acid rain)
at far less cost than a scrubber.
Retrofit technologies include:

e Precombustion coal cleaning

¢ Limestone injection multistage
burners

e In-duct sorbent injection

e Gas reburning

e Advanced slagging combustors

e Advanced scrubbers

Repowering technologies, in
general, replace a major portion of
an existing plant (such as the boiler)
with new power generating equip-
ment while retaining other portions
of the plant (such as the steam

generating equipment). Poliution
control is inherent in the process,

but it is not the only advantage. A
repowered plant can produce more
power—sometimes twice as much
or more—than the original plant, as
well as extending a plant's lifetime
by 20 to 30 years.

Repowering comes into play
when existing coal-fired plants reach
the end of their useful lives—typi-
cally around 25 to 40 years after
they were built—and a utility must
decide whether to retire or rebulid
the facility. Repowering also be-
comes attractive when power gen-
eration needs have increasedanda
utility wants to avoid the problems
offinding and obtaining approval for
a new site. Many repowering con-
cepts alsorely onstandardized, shop-
fabricated components. This mini-
mizes the costly customized, onsite
construction typical for conventional
technologies. Several examples of

repowering technologles are:

e Atmospheric fluidized bed
combustors

o Pressurized fluidized bed
combustor combined cycle

® Integrated gasification
combined cycle

& Utility-scale fuel celis
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By the year 2000, 44% of the nation's
coal-fired power capacity will be 30 years
old or older. The aging nature of U.S.
power plants could raise reliability and
supply problems unless they can be
"repowered" with new, more efficient clean
coal technology.
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greater opportunities for an expand-
ing workforce. But a growing
economy demands more electricity.
As much as 100,000 to 150,000 mega-
watts of additional new power
beyond what is currently planned—
the equivalent of 200 to 300 moder-
ately sized (500 megawatt) power
plants—could be required in the U.S.
by shortly after the turn of the cen-
tury. Many new plants will be fired
by natural gas, but utilities will also
look to coal particularly for

baseload power.

At the same time, much of the
nation’s existing power generating
fleet is aging. By the mid-1990s,
more than half of all coal-fired boilers

in the U.S. will be 30 years old or
older, and the percentage of older
plants will rise more sharply around
the year 2000.

These trends—aging plants,
growing electricity demand and new
environmental laws—could pose
serious problems for utilities wishing
to use coal unless new technology
is available.

Many clean coal technologies,
however, offer the option of repower-
ing older power plants (see page 35),
not only reducing emissions but
boosting power output and ex-
tending useful lifetimes of existing
plants by 20 to 30 years without
requiring new sites.

U.S. Coal-Fired Power Plants 30 or More Years Oid
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Clean Coal Technologies
in the International Marketplace

The world relies on coal to supply
about 28% of its total energy. In
1987 total annual woridwide con-
sumption of coal topped 5 billion
short tons; by the year 2000 total
global consumption could exceed
6.6 billion short tons annually.

Japan's consumption of coal is
expected to increase aimost 50%
by the end of the century. Europe is
expected to increase its use of coal
by another 30% with the largest ton-
nage increases in Germany and
italy. Newly industrializing coun-
tries are expectedto have the great-
est increase in coal consumption,
almost 60% between now and the
year 2000.

The projected global increase
in coal consumption comes at a
time when many nations are expe-
riencing the same environmental
concerns as the U.S. For example,
the European Economic Commu-
nity members have agreed to cut
their SO, emissions by 30% by 1993
and their NO, emissions by a like
amount by the mid-1990s, and the
World Bank is now placing environ-
mental covenants on requirements
for loans.

This parallel growth in world-
wide energy demand and global en-
vironmental concern provides sig-
nificant new opportunities overseas
for clean coal technology. The U.S,
is currently the second largest coal
exporting country in the worid, but
for most years between World War
Il and 1983, the U.S. ranked as the
leading exporter (Australiatook over

the number one position in 1984).
If the U.S. is to retum to preem-
inence in world coal markets, it will
likely need to promote new, cleaner,
more efficient coal-burning technolo-
gles—and by demonstrating that
these new technologies run well on
U.S. coals, boost the export of
domestic coal as part of a U.S.
sales

Many oﬂhe U.S.-demonstrated
technologies may be especially ap-
plicable for certain markets over-
seas. For example, many boilers in
Europe are small in
comparison to U.S.

scales, typically less
than 50 megawatts.
Modular coaltechnolo-
gies—like fluidized
bed combustors—
which retain their high
efficlencies at small 1600 1
sizes may be ideal )
candidates. Other
technologies that lend
themselves to the co- 507
generation of usable o
heat and electricity
couldbe especiallyim-
portant for developing

|
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nations, while larger,
baseload coal-based
power concepts could attract inter-
est from larger, more developed
countries. Still other nations, such
as Poland, might look to the U.S. for
lower cost pollution control tech-
nologies toretrofitolder, dirtier plants
without adding greatly to their al-
ready substantial economicburdens.
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The same technologies will also They will be highly efficient,

form the foundation for a new genera-  extracting 45% to 50% of the available
tion of “grassroots” coal-fired power energy from coal, rather than today’s
stations. utility-wide average of 33%.

The coal-burning plants of the 21st And they will be economical,
century will be extremely clean— producing electricity for consumers at

virtually eliminating concerns over acid  costs equal to or less than today’s
rain pollutants and dramatically reduc-  technology.

ing emissions of greenhouse gases. In the 1970s, such power plants
They will be built in high-efficiency existed only in the minds of research-

modules of 200 to 300 megawatts ers. Today, due largely to the Clean

(rather than the costly 1,000-megawatt ~ Coal Technology Program, these

scales of today). This modular ap- clean, highly efficient technologies

proach will shorten construction peri- are on the horizon.

ods and allow power companies to They are the pioneers of a new

match changing demand patterns more  coal era.

quickly and precisely.

Clean Coal Technologies Commercial Status
19904‘19192A19194‘19]96A19198A20100‘2({02*20104‘2096‘2()‘08‘2(110.2({12‘2()114‘ g:lae'
Pre-Combustion
* Advanced Physical Cleaning : I ——— 9500
* Chemical Cleaning DERERAIT . 9500
Combustion
« Atmospheric Fiuidized Bed S———— 9500
* Pressurized Fluidized Bed L 8510
* Reburning (Gas or Coal) L 9700
» Slagging Combustor L] 9700
* Low NOx Burners TR 9700
« Sorbent Injection S— 9700
Post-Combution
* Advanced Scrubbers T 9700
* Selective Non-Catalytic Reduction T A 9700
* Selective Catatytic Reduction A SR 9650
Conversion
« Coal Gasification Combined Cycle A ——C—— 8250
N LI N U T T T L T T 1 L U T T L v T T
1990 1992 1994 1996 1998 2000 2002 2004 2008 2008 2010 2012 2014

Legend: First Demonstrations SEEMISER Wide spread Commercial Use (i.e. 3000 to 5000 MW installed capacity)

Source: Clean Coal Technology Coalition





