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Throughout the development of Federal
air pollution legislation, the Congress has
consistently found that the States and local
governments have the primary responsibility
for preventing and controlling air pollution
at its source. Further, the Congress has con-
sistently declared that it is the responsibility
of the Federal government to provide techni-
cal and financial assistance to State and local
governments so that they can undertake
these responsibilities.

These principles were reiterated in the
Air Quality Act of 1967. A key element of
that Act directs the Secretary of Health,
Eduecation, and Welfare to collect and make
available information on all aspects of air
pollution and its control. Under the Act, the
issuance of control techniques information is
a vital step in a program designed to assist
the States in taking responsible technologi-
cal, social, and political action to protect the
public from the adverse effects of air
pollution.

Briefly, the Act calls for the Secretary of
Health, Education, and Welfare to define the
broad atmospheric areas of the Nation in
which climate, meteorology, and topography,
all of which influence the capacity of air to
dilute and disperse pollution, are generally
homogeneous.

Further, the Act requires the Secretary to
define those geographical regions in the
country where air pollution is a problem—
whether interstate or intrastate. These air

_quality control regions are designated on the
basis of meteorological, social, and political
factors which suggest that a group of com-
munities should be treated as a unit for set-
ting limitations on concentrations of atmos-
pheric pollutants. Concurrently, the Secre-

tary is required to issue air quality criteria -

for those pollutants he believes may be harm-
ful to health or welfare, and to publish re-
lated information on the techniques which
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can be employed to control the sources of
those pollutants.

Once these steps have been taken for any
region, and for any pollutant or combination
of pollutants, then the State or States re-
sponsible for the designated region are on
notice to develop ambient air quality stand-
ards applicable to the region for the pollut-
ants involved, and to develop plans of action
for meeting the standards.

The Department of Health, Education, and
Welfare will review, evaluate, and approve
these standards and plans and, once they are
approved, the States will be expected to take
action to control pollution sources in the
manner outlined in their plans.

At the direction of the Secretary, the Na-
tional Air Pollution Control Administration
has established appropriate programs to
carry out the several Federal responsibilities
specified in the legislation.

Control Techniques for Sulfur Oxide Air
Pollutants is one of the first of a series of
documents to be produced under the program
established to carry out the responsibility for
developing and distributing control tech-
nology information. The document is the cul-
mination of intensive and dedicated effort on
the part of many persons.

In accordance with the Air Quality Act, a
National Air Pollution Control Techniques
Advisory Committee was established, having
a membership broadly representative of in-
dustry, universities, and all levels of govern-
ment. The committee, whose members are
listed following this discussion, provided in-
valuable advice in identifying the best pos-
sible methods for controlling the sources of
sulfur oxide air pollution, assisted in deter-
mining the costs involved, and gave major
assistance in drafting this document.

As further required by the Air Quality
Act, appropriate Federal departments and
agencies, also listed on the following pages,
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were consulted prior to issuance of this docu-
ument. A Federal consultation committee,
comprising members designated by the heads
of 17 departments and agencies, reviewed the
document, and met with staff personnel of
the National Air Pollution Control Adminis-
tration to discuss its contents.

During 1967, at the initiation of the Secre-
tary of Health, Education, and Welfare, sev-
eral government-industry task groups were
formed to explore mutual problems relating
to air pollution control. One of these, a task
group on control technology research and de-
velopment, looked into ways that industry
representatives could participate in the re-
view of the control techniques reports. Ac-
cordingly, several industrial representatives,
listed on the following pages, reviewed this
document and provided helpful comments
and suggestions. In addition, certain con-
sultants to the National Air Pollution Control
Administration also revised and assisted in
preparing portions of this document. (These
also are listed on the following pages.)

The Administration is pleased to acknowl-

iv

edge efforts of each of the persons specifically
named, as well as those of the many not so
listed who contributed to the publication of
this volume. In the last analysis, however,
the National Air Pollution Control Adminis-
tration is responsible for its content.

The control of air pollutant emissions is a
complex problem because of the variety of
sources and source characteristics. Technical
factors frequently make necessary the use of
different control procedures for different
types of sources. Many techniques are still in
the development stage, and prudent control
strategy may call for the use of interim
methods until these techniques are perfected.
Thus, we can expect that we will continue to
improve, refine, and periodically revise the
control techniques information so that it will
continue to reflect the most up-to-date knowl-
edge available.

John T. Middleton,
Commissioner, National Air Pollution
Control Administration.
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SUMMARY

SOURCES OF SULFUR OXIDES

Approximately three-fourths of the 28.6
million tons of sulfur oxides, largely sulfur
dioxide (S0.), emitted into the atmosphere
of the United States in 1966 resulted from
the combustion of sulfur-bearing fuels. Coal
combustion accounted for the largest part of
this total. Industrial processes, mainly smelt-
ing and petroleum refining, accounted for the
remaining sulfur oxide emissions. The quan-
tity of sulfur oxides emitted varies widely
from area to area, depending on the type and
quantity of fuel consumed and on the indus-
trial processes.

Combustion Processes

The rapid growth of the economy of this
country has been due, in part, to the ready
supply of naturally occurring fossil fuels
(coal, oil, and gas). These fuels currently
supply about 95 percent of the 57 quadrillion
(57%10%) Btu consumed in the United
States annually. Nuclear energy currently
supplies only a small fraction of total energy,
buts its contribution is expected to grow
rapidly.

One of the best existing methods for reduc-
ing sulfur oxide emissions from fuel combus-
tion sources is the use of low-sulfur fuels,
such as natural gas, low-sulfur fuel oil, and
low-sulfur coal; or by converting to another
source of power such as hydropower or
nuclear energy. Many economic and social
factors would, however, be involved in any
massive switch to low-sulfur fuels. Careful
planning which takes into consideration the
cost and availability of these fuels, as well as
the levels and effects of emitted 80., can
minimize these problems. Using low-sulfur
fuels on a short-term basis during periods of
severe air pollution may also be feasible.

Coal is by far our most abundant fossil
fuel. Low-sulfur supplies of this fuel do exist,

but they have not been fully developed nor
are they very widely distributed. It is esti-
mated that over 40 percent of the high-rank
coals found east of the Mississippi River con-
tain less than 1 percent sulfur (i.e., 95 bil-
lion tons). Approximately 50 percent of this
95 billion tons of coal should be recoverable.
A premium price is usually paid for high-
rank, low-sulfur coal. For areas not adjacent
to low-sulfur coal supplies, additional trans-
portation costs will constitute an increasing
part of the delivered price.

Coal cleaning processes are capable of re-
moving some of the pyrite sulfur in coal.
Cleaning processes that include crushing to
115 inches or less and flotation separation
tend to remove more pyrite material. Because
the degree to which a particular coal can be
cleaned varies widely and depends on the
amount and distribution of the pyrite sulfur
in the coal, quantitative statements about
coal cleanability, its cost, and the amount of
cleanable coal available cannot be made.

Though under active research, none of the
more elaborate coal processing schemes, such
as gasification and liquefaction, are presently
in full-scale operation. The current state of
development of these processes is deseribed
in the Appendix.

Approximately 600 billion barrels of resid-
ual fuel oil (grades 5 and 6) are burned
annually in the United States. More than 80
percent of this fuel contains at least 2 per-
cent sulfur. The east-coast regions burn
about 50 percent of this fuel oil, most of
which is imported from South America. Due
to the nature of petroleum refining processes,
sulfur present in crude oil tends to be con-
centrated in the residual oil fraction.

Lighter fuel oils (grades 1 and 2) are cur-
rently being consumed at a rate of about 500
million barrels per year. The lighter oils gen-
erally contain between 0.04 and 0.6 percent
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sulfur, and burning them does not produce as
much sulfur oxides as does burning residual
oil. Because of the higher cost of this fuel
it is not generally burned by large consumers
. such as utilities and large industrial plants.

Various refinery process schemes that can
produce a residual fuel oil with sulfur con-
tent of 1.0 percent or less are currently being
installed and some are in operation. These
schemes use delayed coking, solvent de-as-
phalting, and hydrogen treating processes.
Their principal product is low-sulfur distil-
late oil, which is blended with heavy oil frac-
tions to produce a low-sulfur residual fuel oil.
Desulfurizing to 1.0 percent costs about $.25
to $.75 per barrel ($.04 to $.12 per million
Btu); however, the price of 1.0-percent-sul-
fur-content residual fuel oil is influenced by
many factors, and prices to date have not in
general increased greatly. Desulfurizing to
less than 1.0 percent will become more fea-
sible as these schemes are further improved.

Natural gas is now available in all parts of
the country, and production has increased to
about 18 trillion cubic feet per year. Sulfur
compounds contained in natural gas are for
the most part removed before marketing.
This fuel, therefore, burns with negligible
sulfur oxide emissions and is widely used.
While new reserves of natural gas are being
found, the domestic supply of this fuel at cur-
rent prices will probably become limited be-
fore the turn of the century because of in-
creased production costs.

Fuel costs vary widely and depend, among
other things, on the consumer’s location and
demand. Fuel-cost data are presented in this
report for industrial users in 50 Standard
Metropolitan Statistical Areas for coal and
oil of various sulfur contents, and natural
gas. When calculating the various costs in-
volved in fuel substitution schemes and the
effect of the schemes on sulfur oxides emis-
sions, the following steps must be taken:

1. Determine heating requirements in
Btu per hour, of unit in question.
2. Select the various fuels that may be

burned and determine their costs.

. For the various fuels determine the
cost of boiler modifications and oper-
ating expense.

4, Annualize the costs.

Determine the extent of sulfur di-

oxide emissions from combustion of

the alternative fuels.

In areas where the cost of low-sulfur fuels
is high and the supply limited, fuel substitu-
tion mayv not be an economically feasible
method of reducing sulfur oxide emissions.
This is especially true in the case of large
fuel consumers, such as electrical generating
stations. Increased attention has, therefore,
been recently focused on methods for remov-
ing sulfur oxides from the flue gas before
it enters the atmosphere. No flue gas desul-
furization processes are presently in wide-
spread use, but several methods such as
alkalized alumina sorption, limestone-dolo-
mite injection, and catalytic oxidation are
currently under active investigation.

The limestone-dolomite injection process is
the simplest method currently being devel-
oped for the control of SO, emissions from
large combustion sources. In this process,
limestone injected into the furnace reacts
with the sulfur oxides to form calcium sul-
fate, a solid, which is removed by dust-collec-
ting equipment. The degree of reaction can
be increased by placing a scrubber on the
system, since the limestone, which calcines
to quicklime in the furnace, reacts fully in
the scrubber due to increased contact and
retention time. Sulfur oxide removal efficien-
cies in excess of 80 percent are obtainable
when the scrubbing system is used. The pri-
mary disadvantage of this system is the large
amount of waste material (calcium sulfate
and sulfite, unreacted limestone, and fly ash)
which must be disposed of. Flue gas reheat-
ing may be required when the scrubber is
used.

Estimated costs for an 800-megawatt, coal
fired power plant, operating at a load factor
of 90 per cent are tabulated below.

e

Ut

Operating cost, Percent SO,
Process Capital cost  cents/kw-hr removal
Limestone injection ... $3,300,000 0.029 40-60
Limestone injection followed by wet scrubbing .. $4,650,000 0.035 80-90
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Three full-scale installations of the lime-
stone-dolomite wet-scrubbing process are
presently under way on coal-burning power
plants in the 125- to 420-megawatt range, and
one of these is now in the preliminary steps
of operation. Two TVA power plants are also
currently being modified for the dry lime-
stone injection process.

The alkalized alumina process uses a dry
sodium-aluminate metal oxide to contact and
react with the sulfur dioxide in a special
reactor. The reacted sorbent is then regener-
ated with a reducing gas and the sulfur re-
claimed. This process, though more compli-
cated than the limestone injection process,
does produce a saleable byproduct in the
form of sulfur. Sulfur dioxide removal effici-
encies in excess of 90 percent have been ob-
tained on pilot-scale plants.

Because of the large amount of equipment
that must be installed for this process, it ap-
pears to be more adaptable to new installa-
tions. The cost of this system, although
speculative at present, is estimated at $8.6
million capital investment for an 200-mega-

watt plant. Operating costs vary with the
market for recovered sulfur.

Development of full-scale alkalized alumina
process installations is dependent on addi-
tional pilot-scale work.

The catalytic oxidation process converts
sulfur oxides in the flue gas to weak (75 to
80 percent) sulfuric acid by passing the gas
stream through a vanadium pentoxide cata-
lvst and a series of condensers. This process
has advanced through the pilot-plant stage
and is available from the developer.

Tor a new 800-megawatt plant the catalv-
tic oxidation system would require an invest-
ment of between $16 million and $24 million.
Operating costs would depend largely on the
price obtained for sulfuric acid in that par-
ticular area. Transportation of this weak acid
over long distances would not be economical.

Other flue-gas desulfurization processes
are also being actively studied both here and
abroad. These include the Beckwell scrubbing
system, char sorption, and scrubbing with
molten metallic salts.

The following table summarizes SO. con-
trol techniques for combustion processes.

Xix



SUMMARY OF METHODS FOR CONTROLLING SULFUR OXIDE
EMISSIONS FROM STATIONARY COMBUSTION SOURCES

Method

1. Change fuel or energy source.
a. Switch to a fuel with lower sulfur con-
tent.

b. Switch to another energy source such
as hydro-electric or nuclear energy.

2. Desulfurize fuel.
a. Coal.

b. Residual fuel oil

3. Remove sulfur oxides from flue gas
a. Limestone-dolomite injection, dry
process

Remarks

a. Fuel switching is being applied to all

sizes of combustion units. Availability,
applicability, and cost of the fuels with
lower sulfur content are critical factors
in applying this method. Sulfur oxide
emission reduction is directly propor-
tional to reduction of sulfur in fuel.

. Used currently by large electric gen-

erating stations only. Causes no sulfur
oxide emissions.

. Coal cleaning techniques, which include

crushing and flotation, are already
being used to a limited extent. Sulfur
reduction depends on the pyrite con-
tent of the coal. Approximately 30 per-
cent of the sulfur can generally be re-
moved. Cleanability and costs vary
widely depending on the type of coal.
More elaborate chemical processing of
coal will yield low-sulfur fuels, but
economically feasible techniques are
still in the development stage.

. Catalytic treating with hydrogen re-

moves sulfur from oil. Blending of low-
sulfur-content distillate oils with resi-
dual oil also yields a fuel with a sulfur
content of 1.0 percent or less. For a
typical east coast imported residual fuel
oil, a 60-percent sulfur reduction can
be readily achieved and greater reduc-
tions are possible. Costs vary widely,
but are on the order of $0.25 to $0.75
per barrel ($0.04-$0.12 per million
Btu).

. Calcined limestone reacts with sulfur

oxides and is removed by fly ash con-
trol equipment, A large-scale prototype
unit will be in operation in 1969. SO,

xxi



Method

b. Limestone-dolomite injection, wet
process

c. Alkalized alumina sorption

d. Catalytic oxidation

e. Caustic scrubbing

4. Increase combustion efficiency

Industrial Processes

Nonferrous primary smelting of sulfide-
containing metallic ores such as copper, zing,
and lead is the largest industrial-process
emitter of sulfur dioxide, and currently ac-
counts for emissions of about 3.5 million tons
per year. Large modern smelters reduce these
emissions by passing the exit gases through
a sulfuric acid plant; they recover a valuable
by-product in the form of sulfuric acid. The
sulfuric acid plants are of the contact type
and are adaptable to most smelter gases after
the entrained solid matter has been removed.
Installation of a sulfuric acid plant will usu-
ally reduce emissions by more than 90 per-

xxii

Remarks

removal efficiencies between 40 and 60
percent are expected with operating
costs on the order of 0.029 cents per
kw-hr ($0.03/10% Btu).

b. Sulfur oxides react with the calcined
limestone before entering a wet scrub-
ber where further removal is achieved.
This process is presently being installed
on a number of power plants in the
125 to 420 Mw size range. SO, removal
efficiencies between 80 and 90 percent
may be obtained with an operating cost
of about 0.035 cents per kw-hr
($0.036,/10¢ Btu) for an existing plant.

¢. Presently only in the pilot-plant stage,
this process removes sulfur oxides by
sorption on the solid metal oxide. The
metal oxide is then regenerated and
sulfur is recovered. Removal of at least
90 percent of the sulfur oxides is ex-
pected. Operating costs may be parti-
ally recovered when the sulfur is sold.

d. Sulfur dioxide is catalytically oxidized
to S0, and recovered as condensed
sulfuric acid. Removal of about 90 per-
cent of the sulfur oxides is possible.
Net operating costs will depend on the
scale of recovered sulfuric acid.

e. In operation on a few small combustion
processes, costs and removal efficiencies
vary widely depending on specific oper-

_ ating conditions.

4, Increased combustion efficiencies will re-
duce the amount of fuel burned and, there-
by, decrease sulfur oxide emissions.

cent. At times, smelter operating costs may
be offset by marketing the recovered sulfuric
acid. About half the primary smelters in
this country presently use sulfuric acid re-
covery. These smelters use 42 percent of
all the ore concentrate produced in the
country.

Petroleum refineries, because of their in-
creasing capacities and consumption of fuel,
have become major sources of sulfur oxide
emissions. Large quantities of low-grade,
sulfur-bearing gas and liquid fuels generated
in the refining processes, are used as fuel at
the refinery. Removal of sulfur compounds
from these fuels and from the petroleum



feedstock by hydrogen treating and subse-
quent recovery of raw sulfur is possible and
is practiced at many large refineries.

Recovery of hydrogen sulfide (H.S) gen-
erated in the sulfur removal processes is
readily accomplished by scrubbing the H,S
stream with ethanolamine or a similar solu-
tion. In this process, the H.S is stripped from
the recovery solution by heating. The rich
H.S gas is then converted to sulfur in a con-
ventional Claus-type process. The cost of sul-
fur produced in a two-stage Claus-type re-
covery plant varies with plant size, but is
much less than the cost of sulfur produced by
conventional methods.

Sulfuric acid plants, by the very nature of
the process, are emitters of SO. and sulfuric
acid mist. These emissions can be decreased
through improved plant design and opera-
tion. By increasing SO. to SO. conversion
efficiencies from 96 to 98 percent, emissions
are reduced from about 50 to about 25 pounds
of SO. per ton of acid produced.

The double contact sulfuric acid manu-
facturing process incorporates an intermedi-
ate absorption tower before a final fourth
catalytic conversion stage. This process can
reduce emissions to about 5 pounds of SO,

per ton of acid and increases plant yield. A
number of these plants have been built in
Europe.

The manufacture of coke, steel, and wood
pulp. in addition to some other miscellaneous
sources of sulfur oxides are not major sources
nationally, but may be large local sources.
Sulfur dioxide is not usually controlled at
these sources; however, existing control
methods such as scrubbers can be applied.
Sulfur oxide emissions resulting from various
waste disposal processes are not usually a
problem except for those associated with
burning coal waste.

Dispersion

Dispersion of sulfur oxides by tall stacks
can be a useful approach toward reducing
the frequency of high concentrations at
ground level in some areas. The usefulness
of the approach is limited by local meteoro-
logical and topographic conditions and by
other sources of sulfur oxides in the area.
Data presented on the cost of tall stacks show
expenditures in excess of $2 million would be
required for most large stacks over 900 feet
tall. An extensive bibliography on gas dis-
persion is included in this report.

xxiii



1. INTRODUCTION

Pursuant to authority delegated to the
Commissioner of the National Air Pollution
Control Administration, Control Techniques
for Sulfur Oxide Air Pollutants is issued in
accordance with Section 107¢ of the Clean
Air Act (42 U.S.C. 1857c-2bl).

Sulfur oxides in the atmosphere are known
to have many adverse effects upon health and
welfare, and reduction of emissions of this
class of pollutants is of prime importance to
any effective air pollution abatement pro-
gram. Sulfur oxide pollutants originate from
a variety of sources, and the emissions vary
widely in physical and chemical character-
istics. Similarly, the available control tech-
niques vary in type, application, effectiveness,
and cost.

The control techniques described herein
represent a broad spectrum of information
from many engineering and other technical
fields. Many of the devices, methods, and
principles have been developed and used over
many years, and much experience has been
gained in their application. They are recom-
mended as the techniques generally applica-
ble to the broad range of sulfur oxides emis-
sion control problems, A discussion of other
methods, still in various stages of research
and development, serves to provide informa-:
tion about the latest concepts under consid-
eration, even though they may not, as yet, be
available for general use.

The proper choice of a method, or combin-
ation of methods, to be applied to any speci-
fic source depends on many factors other
than the characteristics of the source itself.

While a certain percentage of control, for
example, may be acceptable for a single
source, a much higher degree may be required
for the same source when its emissions blend
with those of others. This document provides
a comprehensive review of the approaches
commonly recommended for controlling the
sources of sulfur oxides air pollution. It does
not review all possible combinations of con-
trol techniques that might bring about more
stringent control of each individual source.

The many commercial, domestic, indus-
trial, and municipal processes and activities
that generate sulfur oxide air pollutants are
described individually in this document. The
various techniques that can be applied to
control emissions of sulfur oxides from these
sources are reviewed and compared. Consid-
eration of the availability and potential use
of different fuels forms a major segment
because, at the present time, means have not
yet been perfected for effectively removing
sulfur oxides from the flue gases of fuel-
burning installations. Sections on source
evaluation, equipment costs and cost-effec-
tiveness analysis, and current research and
development also are included. The biblio-
graphy comprises important reference arti-
cles, arranged according to applicable proces-
5€e5.

While some data are presented on quanti-
ties of sulfur oxides emitted to the atmos-
phere, the subject of the effects of sulfur
oxides on health and welfare are considered
in a companion document, Air Quality
Criteria for Sulfur Oxides.



2. DEFINITIONS AND MEASUREMENTS OF SULFUR OXIDES

An oxide of sulfur is any chemical com-
bination of sulfur and oxygen. This report,
however, deals with only two such oxides,
sulfur dioxide (S0.) and sulfur trioxide
(S0.), which are the most common sulfur
oxide pollutants. Sulfur dioxide is an invis-
ible, nonflammable, acidic gas. It oxidizes
to SO, in the atmosphere at varying rates,
depending on temperature and the presence
of other substances. Sulfur trioxide is a
highly hygroscopic gas, which combines with
water in the atmosphere to form sulfuric
acid mist (H.S0,), or with other materials
in the atmesphere to form sulfate compounds.
" Atmospheric concentrations of SO. may
be determined by manual or automatic meth-
ods.!? A commonly used manual method is

the p-rosaniline or West-Gaeke technique.
Continuous monitoring instruments that
sample, analyze, and continually record
atmospheric SQO. concentrations are com-
mercially available. Sulfation of exposed
lead peroxide paste and the sulfate content
of atmospheric particulates are other indica-
tions of the presence of sulfur oxides in the
air.

REFERENCES FOR SECTION 2

1. “Methods of Measuring and Monitoring Atmos-
pheric Sulfur Dioxide” U.S. Dept. of Health,
Education, and Welfare, National Center for Air
Pollution Control, PHS-Pub-999-AP-6, Aug. 1964.

2. American Society for Testing Materials, Method
D 1355-60.



3. MAJOR SOURCES OF SULFUR OXIDES

Sulfur oxides, primarily SO., are gener-
ated during the combustion of any sulfur-
bearing fuel, and by many industrial proces-
ses that use sulfur-bearing raw materials. In
1966, about 28.6 million tons of SO, was emit-
ted in the United States. The various sources
of SO. are shown in Figure 8-1.

OTHER FUEL
COMBUSTION
9.1 MILLION TONS

INDUSTRIAL
PROCESSES
EXCLUDING FUEL
COMBUSTION 6.4

MILLION TONS

FUEL COMBUSTION BY
ELECTRICAL UTILITIES
13.1 MILLION TONS

SO; EMISSIONS, 10° tons/yr

Figure 3-1. Nationwide sources of sulfur dioxide

emissions, 196(55.1'2

The distribution of emissions by source
category in any particular city or specific
location may differ markedly from that
shown.

Figure 3-2 shows the estimated increase
in 80. &missions with the passage of time if
no air pollution controls were to be applied.
This increase is largely due to the projected
increase in fuel consumption by utility com-
panies, which, it is expected, will level off in
1990, as nuclear power stations replace more
fuel burning plants.
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Figure 3-2. Estimated SOp emissions.3
3.1 COMBUSTION SOURCES

Combustion of fuels accounts for 77 per-
cent of all SO, emitted. This is due to the
relatively high sulfur content of some bitu-
minous coals and residual fuel oils, and to the
very large amounts of these fuels consumed
in this country. Bituminous coal and residual
fuel oil usually contain from 1 to 8 percent
sulfur by weight. Combustion of these fuels
produces about 2 pounds of SO. and about
0.03 pound of SO, for each pound of sulfur in
the fuel.

2000



Table 3-1. SO. EMISSIONS FROM FUEL
COMBUSTION IN 1966 °

Table 3-2. SO. EMISSIONS FROM INDUSTRIAL
PROCESS SOURCES IN 1966°

Sources S0 emissions, tons
Utility coal ... 11,925,000
Utility oil ... ... .. 1,218,000
Other coal ... ........... 4,700,000
Other oil ................ . R 4,386,000
Natural gasa® ... I 3,500
Total ... 22 232,500

“ Not included in Reference 2.
Data on SO. emissions from fuel combus-
tion in 1966 are presented in Table 3-1.

3.2 INDUSTRIAL PROCESS SOURCES

Smelting of metallic ores and oil refinery
operations are the major industrial process
sources of SO, emissions. Increased demand
for sulfur and sulfuric acid should result in
a more profitable recovery market for these
emissions, tending to prevent any large,
future increase of SO. emissions from these
sources.

Sulfur dioxide emissions from industrial

Sources 30. emigsions, tons
Ore smelting 3,500,000
Petroleum ... ... .. 1,583,000
Sulfuric acid manufacturing ... 550,000
Coke processing 500,000
Refuse burning 200,000
Miscellaneous 2 75,000
Total industrial process ......... 6,408,000

a Includes chemical manufacturing, and pulp and
paper production.

process sources in 1966 are given in Table
3-2.

REFERENCES FOR SECTION 3

1. Hangebrauck, R. P. and Spaite, P. W. “A Status
Report on Controlling the Oxides of Sulfur.” J.
Air Pollution Control Assoc., Vol. 18, pp. 5-8, Jan.
1968.

2. Rohrman, F. A. and Ludwig, J. H. Unpublished
data, U.S. Dept. of Health, Education, and Wel-
fare, National Center for Air Pollution Confrol.

3. Rohrman, F. A. and Ludwig, J. H. “S0. Pollution:
The Next 30 Years.” Power, pp. 82-83, May 1967.



4. CONTROL TECHNIQUES FOR FUEL COMBUSTION PROCESSES

4.1 ENERGY SOURCES, CONSUMPTION,
AND USAGE TRENDS

The selection of an energy source depends
upon the projected use, the competitive abil-
ity of producers of the raw energy (including
electricity) to deliver the energy to the con-
sumer, availability of the various raw energy
forms, and preference of the consumer. An-
other factor is the effect on ambient air qual-
ity. Substitution of a low-air-pollution-poten-
tial energy source for a high-potential one is
an effective method of reducing emissions of
various air contaminants, inecluding sulfur
oxides.

As shown in the previous chapter, the
combustion of coal and petroleum products
(not including natural gas) accounted for
~ approximately 22,229,000 tons, or 77 percent,
of the emissions of SO. in the United States
in 1966. Combustion of fuel for utility power
generation is the largest source category,
accounting for 45.5 percent of the total emis-
sions of SO,. In the Washington, D.C., metro-
politan area, for example, the combustion of
fuel for utility power generation accounted
for 63 percent of the area’s total SO. emis-
sions.! In other areas, such as the Pacific
Northwest, fuel combustion may account for
little or no sulfur oxide emissions. If project-
ed fuel use trends prove valid, and no changes
in the sulfur content of fuels or in SO. con-
trol practices occur, then SO. emissions will
more than double by the year 2000.

The United States consumes more energy
than any other single nation. The annual
energy consumption has increased from 101.3
million Btu per capita in 18502 to 278 million
Btu per capita in 1965.* The corresponding
total energy consumption has increased from
2,357 »x 102 Btu per year in 18507 to 53,785
102 Btu per year in 1965.3

Table 4-1 shows the consumption of energy
by major sources and consuming sectors from

1947 through 1966. The data indicate that the
long-term consumption of coal has declined
while consumption of petroleum, natural gas,
hydropower, and nuclear power all have in-
creased. Trends in electrical generation indi-
cate that coal is the major fuel used and that
its use has continued to increase in that cate-
gory. Although electrical generation by nu-
clear power was begun in 1956, it was 1960
before it accounted for 0.1 percent of the
production.

Long-range forecasts of energy require-
ments and fuel-use patterns are approxima-
tions. The forecasts include a wide range of
assumptions and judgments regarding pop-
ulation growth, per capita consumption,
changes in technology of use, economic devel-
opments, and availability of the several fuels.

Before 1962, the projected total energy
consumption for the year 1980 ranged from
6010 to 145x 10 Btu (an average of
8210 Btu). Estimates for the year 2000
range from 105x10% to 280310 Btu?’
More recent estimates for 1980 range from
82 x 10 to slightly less than 100 x 10
Btu.5** The total annual energy consumption
per capita is predicted to increase from 278 X
10¢ Btu in 1965 to 415 10¢ Btu in 1985.¢

The data in Figure 4-1 show that consump-
tion of most energy sources will continue to
increase and that nuclear energy will have
the greatest rate of increase. In 1964, Lands-
berg™ predicted for the years 1980 and 2000
the energy requirements and fuel-use pat-
terns for commercial, residential, and indus-
trial markets in the United States. These
predictions, which now seem somewhat con-
servative, are presented in Figures 4-2
through 4-4. The electric generating capaci-
ties, by energy source for the year 1966,
projected for the vears 1980 and 2000, are
presented in Figure 4-5.6 1213

Other, more recent estimates®® predict that

5
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Figure 4-1. Trends in energy consumption by
source, 1850 - 1965.2,3
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Figure 4-3. Future fuel-use patterns for resi-

dential home heating.11
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Figure 4-5. Trends in electrical power

. 6,12,13
generation.

the 1980 nuclear capacity of electrical utili-
ties will be approximately 150,000 mega-
watts, or 25 percent of the total electrical
capacity. It is estimated that by the year
2000, the nuclear capacity will account for
more than half of the Nation’s electrical gen-
erating capacity.

4.2 ENERGY AVAILABILITY

4.2.1 Coal

In the United States, estimated recover-
able reserves of coal comprise approximately
83 percent of all fossil fuels in terms of en-
ergy equivalents.* Figure 4—6 is a map show-
ing the coal producing areas in the United
States. Figure 47 shows the estimated origi-
nal and remaining coal reserves by rank as
of January 1, 1965.

The use of the term “coal reserve’ has very
little meaning unless it is further described.
“Estimated original coal reserve” is defined
as the initial coal reserve before any was
ever produced. “Remaining coal reserve”
means the amount that is underground as of
the date of the estimate. “Recoverable coal
reserve” is the amount of coal underground,
as of the date of the estimate, that can prob-
ably be mined in the future. These estimates
include only that coal which is in seams that
are 14 inches thick or more and occurs at
depths of 3,000 feet or less. All of this re-
coverable coal may, however, not be eco-
nomically mineable. Bituminous coal is cur-
rently being recovered from active mines at
an efficiency of approximately 57 percent.*

Sulfur content of remaining coal reserves
is an important factor in air pollution con-
trol. Table 4-2 shows the remaining reserves
of coal of all ranks as of January 1, 1965, by
range of sulfur content and by State. These
estimates indicate that approximately two-
thirds of the estimated reserves consist of
low-sulfur (1.0 percent or less) coal; how-
ever, more than half is composed of low-rank
coals (subbituminous and lignite). Consider-
ing only high-rank coals (bituminous and
anthracite), the States east of the Mississippi
River contain slightly over 40 percent (95X
10° tons) of the coals containing 1.0 percent
sulfur or less. These data are based largely
on the analysis of cleaned coals.

In dealing with fuel sulful content, it is
important to note that an average sulfur
content may be quite misleading in that it
does not give any information on the range
of sulfur values actually encountered. A
range of sulfur contents or a maximum value
should, therefore, be considered in specifying
sulfur limits for fuels.

Approximately 98 percent of the total lig-
nite reserves, which are largely low in sulfur,
are located in North Dakota and Montana.
Reserves of low-sulfur subbituminous coals
are also located in the Western States, with
about 60 percent of the total occurring in
Montana and Wyoming.

Extra-high-voltage transmission of elec-
tricity and developments in the technology of
using low-rank coal as a practical and eco-
nomical fuel make it possible to have large

9
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109 bbl/yr

power generating stations burn subbitumi-
nous coal or lignite. Until recently the prob-
lems with burning low-rank lignite have kept
interest in its use low; however, better firing
technology and better equipment have
spurred lignite development.** Reserves of
peat, the first-stage alteration of vegetable
matter to coal, are approximately 14,000 mil-
lion air-dried tons with a heating value of
about 5800 to 7900 Btu per pound. Approxi-
mately 75 percent of this reserve occurs in
Minnesota, Wisconsin, and Michigan.*

Approximately two-thirds of the total bi-
tuminous reserve is located east of the Mis-
sissippi. The economy of mining these re-
serves has, however, not yet been determined
nor is the amount of coal already under con-
tract generally known. The data presented
in Table 4-2 indicate that the United States
has an abundant supply of coal for many
years. However, the availability of low-sulfur
coal of high rank is somewhat limited.

4.2.2 0Oil

4.2.2.1 Crude Oil—Over the years many esti-
mates have been made of the world’s oil re-
serves. These estimates are based on qualify-
ing assumptions, such as future recovery ef-
ficiency and the amount of oil underground
still to be found. In this report, the following
definitions are used:

1. Ultimate resources of crude oil in-
clude the sum of past discoveries and
estimated reserves that will be dis-
covered in the future.

2. Proved reserves® include estimated

quantities of crude oil that geological
and engineering data demonstrate
with reasonable certainty to be recov-
erable in the future from known oil
reservoirs under existing economic
and operating conditions.

Future recoverable oil reserves in-
clude that remaining portion of the
total recoverable reserves, not in-
cluded in the proved reserves and past
production, that present and past
production experience suggests can
actually be recovered in the future.

4. Total recoverable reserves include fu-
ture recoverable reserves, proved re-
serves, and past production.

The history of the petroleum industry
abounds with estimates of our crude oil re-
serves. Current estimates of ultimate United
States crude-oil reserves are in the range of
500 billion barrels.t At the present recovery "
efficiency, total recoverable reserves for the
United States are about 175 billion barrels.

The proved reserves of the United States
represent the working inventory of the petro-
leum industry and have been kept at approxi-
mately 31 billion barrels.’ About 3 billion
barrels of domestic crude oil is now being
produced per year.™

Future recoverable reserves are of major
importance since they are based on the pres-
ent recovery efficiency (approximately one-
third) and since they represent the amount
of crude oil potentially available in the fu-
ture. If the recoverability increases in the
future, as petroleum authorities project, fu-
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Figure 4-8. Estimate of U. S. production of crude oil as of December 31, 1967.22
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ture recoverable reserves will increase pro-
portionally.

Sinice the occurrence of oil, whatever its
magnitude, is ultimately finite, exploitation
should reach a peak—or perhaps several
peaks or an extended plateau—then subside
and terminate. Assuming that the estimate
of 175 billion barrels of recoverable crude oil
for the U.8. is reasonable, the curve in Figure
4-8 should represent the future oil produc-
tion rate. Of this 175 billion barrels, 83 bil-
lion barrels has already been produced.
Proved reserves make up another 31 billion
barrels, leaving about 61 billion barrels as
future recoverable reserves.

Relative price movements,. government
policy, and changes in the technology of pro-
duction and distribution have been the key
factors in maintaining the continuing up-
ward trend in oil production.

The projected decline in production rate
shows that in order to meet the demand, the
efficiency of recovery will have to increase,
or other sources, such as foreign imports and
synthetic crude from oil shale, tar sands, and
coal, will eventually become the principal
suppliers of crude oil in the United States.

Future additional sources of oil for the
United States which appear promising in-
clude the potential supplies in the oil shale
formations of Wyoming, Colorado, and Utah;
the tar sands in Canada and the United

States; and the liquefaction of coal® (Sec-
tion 4.4.2.4).

The oil shale formations in the western
United States occupy about 16,000 square
miles of land.?* It is estimated that 600 billion
barrels of crude oil is recoverable from de-
posits assaying more than 25 gallons per ton
of shale.?® Plans for the first large commer-
cial plant for extracting and refining this
shale into synthetic crude oil at the rate of
58,000 barrels per day have been announced.*

It has been known for many years that the
Athabasca Tar Sands of Canada are a poten-
tial source of oil, but until recently economic
extraction from the sand has not been feas-
ible. The first commercially operated plant
was dedicated by Great Canadian Qil Sands,
Ltd., on September 30, 1967, with a capacity
of approximately 45 thousand barrels of syn-
thetic crude oil per day.2® Most of this crude
oil is refined into high-grade distillate prod-
ucts. The ultimate reserves in Canada are
estimated to be about 600 billion barrels,*
300 billion barrels of which is believed to be
recoverable.s It is estimated that tar sands
recently discovered in Utah contain 46 billion
barrels of crude oil in reservoirs favorable to
thermal recovery,* but the economics of this
recovery have not yet been determined.

The distribution of the total United States
crude oil production according to sulfur con-
tent in 1966 is illustrated in Table 4-3. Al-

Table 4-3. UNITED STATES CRUDE OIL PRODUCTION BY AREA AND
SULFUR CONTENT CATEGORY—1966

Annual crude oil production, 10 bbl

Crude oil

Area» production, Sulfur, weight percent
percent of

U.s8. 0.00-0.25 0.26-0.50 0.51-1.00 1.01-2.00 2.00 Total
Alaska_ _____ . __________________ 0.47 14.3 14.3
Appalachia_______________________ 0.68 20.4 0.1 20.5
California_ _ ... ... 11.34 25.7 40.7 110.1 122.5 45.4 344 .4
Gulf Coast_ ______________________ 29 .52 568.4 328.4 0.4 897.2
Illinois, Indiana, Kentucky__ _______ 3.02 67.3 24.2 91.5
Michigan_________________________ 0.47 12.0 0.9 1.2 0.1 14.2
Mid-Continent_ _ _____.____._._.___ 23.09 215.2 227.9 145.1 79.6 33.8 701.6
Rocky Mountain____ .. ._._.._ 9.08 140.4 23.1 47.7 14.0 50.7 275.9
Southeastern U.S.__...____________ 2.14 13.8 20.0 1.5 7.1 22.5 64.9

West Texas and Southeast
New Mexico.__ . oo ___ 20.19 150.2 107.4 90.2 171.3 94.4 613.5
Totals_ oo eeee e 100.0 1227.7 T2.6 396.2 394.6 246.8 3037.9

* Bureau of Mines Report of Investigations 7059, 1967. Page 3 contains definitions of geographical areas.
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most 80 percent of the total has a sulfur con-
tent of 1 percent or less by weight.

Significant trends for the period 1956
through 1966 include the following:

1. In the Gulf Coast area a relative in-
crease in production of crude oil con-
taining 0.26 to 0.50 percent sulfur.
In the Mid-Continent area a decrease
in production of crude oil in the 0.26
to 0.50 percent sulfur category.

3. In the Rocky Mountain area an in-

crease in production of crude oil in the
0.00 to 0.25 percent sulfur category.

The distribution for 1966 of the foreign
crude oil production within the free world,
excluding the United States, is shown by
area and sulfur content in Table 4-4. The
percentage distribution in each sulfur con-
tent category is included. Note that the ma-
jority of crude oil containing less than 1.0
percent sulfur is located in Africa and
Canada.

Data on the crude oil imported into the
United States in 1966 are summarized in
Table 4-5. The average sulfur content of
these imports may be approximated on the
basis of the average sulfur contents shown
in Table 4-4. These imports account for
about 15 percent of United States production.

™

Table 4-4. FOREIGN CRUDE OIL PRODUCTION
BY AREA AND SULFUR CONTENT CATEGORY =

Area and
sulfur content range,

1966 production

weight percent 10° bbl Percent
Africa:
0.00-0.25 ... 637 63.7
0,26-0.50 ... 144 144
0.561-1.00 .................. 216 21.6
1.01-2.00 ... — —
=200 3 ’ 0.3
Canada:
0.00-0.25 .. ........... 112 35.4
0.26-0.50 5.7
0.61-1.00 33.7
1.01-2.00 12.6
=2.00 12.6
Middle East:
0.00-0.25 .. —_
0.26-0.50 ... —
0.51-1.00 .. —
1.01-2.00 ... 44.8
~2.00 55.2
South America:
0.00-0.25 ... 24 " 1.6
0.26-0.50 ... 19 1.3
0.51-1.00 ............ec 52 3.5
1.01-2.00 ...t 225 15.2
=200 1161 78.4

The President of the United States, under
Section 232 of the Trade Expansion Act of
1962, may make adjustments in the imports
of crude oil, unfinished oils, and finished
products as necessary so that such imports
do not threaten our national security. For
instance, Proclamation 3894 Federal Reg-
ister. Vol 32, No. 138, July 19, 1967, in sup-
port of Federal, State, and local rules and
regulations for air pollution control, allowed
the petroleum industry to provide additional
supplies of low-sulfur residual fuel oil to the
fuel combustion market.

All allocations or licenses to import crude
oil, unfinished oils, or finished products are
granted according to regulations of the Oil
Import Administration, Department of the
Interior, under review of the Secretary. Such
allocations may become even more important
in the future with the expected increased de-
mand for low-sulfur fuels.

Table 45, CRUDE OIL IMPORTED INTO
UNITED STATES—1966°

(10° bbl)

Area Amount

North America ........occooveeoriicvi e
South America
Middle East .............
Africa

a Sumatra crude oil imported into West Coast—
sulfur content, by weight, is 0.1 percent.®

Regulations liberalizing the importation of
low-sulfur crude oils to permit production of
low-sulfur fuel oils have already been estab-
lished for the West Coast by the Department
of the Interior, and similar changes are being
considered for the East Coast.

4.2.2.2 Residual Fuel Oil—Refining of crude
0il produces various grades of fuel oil in addi-
tion to other lighter petroleum products such
as gasoline. Due to the nature of the refining
processes, and the characteristics of the sul-
fur compounds in crude oil, the sulfur is con-
centrated in the heavier fractions, which
have higher boiling points.3®

The American Society for Testing and Ma-
terials (ASTM) in its publication “D396—




Standard Specifications for Fuel Oils,” classi-
fies fuel oils into two main categories—distil-
lates and residuals. These in turn are then
subdivided into five grades. 1. 2. 4, 5. and 6.
There are three commercial grades of re-
sidual oil marketed in the United States—
grades 4%, 5, and 6. Grades 4 and 5 are pro-
duced either as straight-run fractions, or by
blending grades 6 and 2. They are used pri-
marily for heating commercial and industrial
buildings. Grade 6 is described as a heavy
oil, and is used extensivelyv to fire large boil-
ers in public utility, industrial, and commer-
cial installations; and as a fuel for large die-
sel engines. especially marine engines.® In
marine applications, grade 6 is often referred
to as bunker fuel oil, or Bunker C. The aver-
age sulfur content of these three grades
range from 0.5 to 5.0 percent by weight with
the majority in the range of 0.75 to 2.5
percent.

Currently, about 7 percent of domestic
crude oil ends up as residual oil fractions,
compared to 14 percent in 1957.* The dis-
tribution by region and by sulfur content of
residual oil from domestic crude is shown in
Table 4-6. This fuel is substantially all com-
mitted and delivered to specific markets, such
as the metal industry. This being the present
trend, imported residual fuel oil, higher in
sulfur content, has become the principal

* Grade 4 is actually a blend of distillate and re-
sidual fuels, and is currently classified as a residual
fuel oil for import purposes.

scurce of other major consumer groups.
South American countries, due to factors
such as water transportation, have become
the chief suppliers of this product (as indi-
cated in Table 1-7), supplyving over 90 per-
cent of the residual fuel oil imported during
the period 1964 through 1966. The average
sulfur content of this South American residu-
al 0il is 2.25 percent by weight. The total 376,-
795.000 barrels of imported residual oil con-
stitutes over 61 percent of the total domestic
consumption of this fuel in 1966. The other
59 percent originated from foreign and do-
mestic crudes refined in the United States.

The total consumption of residual oil by
major consuming groups in the United States
is illustrated in Table 4~8 for the years 1963
through 1966. By 1966, the eastern States
consumed 420 million barrels, the western
States about 100 million barrels, and the gulf
ccast and inland States about 100 million
barrels.?

The sulfur oxide emissions that result from
the combustion of this tremendous volume of
high-sulfur fuel have presented a problem
for some large cities. Air pollution control
legislation now in force in some of these cities
limits the sulfur content of fuels burned, re-
sulting in an increased demand for low-sulfur
fuel.

The Secretary of the Interior, in an at-
tempt to help alleviate the problem of import-
ing high-sulfur residual oils, announced on
July 17, 1967, a modification of the oil import
program. In essence, the definition of residual

Table 4-6. RESIDUAL FUEL OIL PRODUCTION FROM DOMESTIC CRUDE OIL
IN U.S. BY SULFUR CONTENT 21965 =%

[10® bbl]
Sulfur, percent East Gulf Central DPacific Total Percent
Coast States States Coast of total
<07 3,310 8,750 1,975 14,035 7.9
0710 . 930 4,728 12,920 8,138 26,716 15.0
1.0-1. 5. e 15,472 19,250 5,186 39,908 22.5
162, 0 e 2,200 4,000 200 24,575 380,975 17.5
2.0-8.0__.___._ e e e Mo 15,650 9,360 25,518 6,600 57,128 32.0
8.0 e e __ 2,200 2,110 4,300 8,610 4.9
Regional total . _ _ _____________ .. _____ 18,780 39,070 68,748 50,774 177,372 100.0
Regional pereent_ ... . _____________________________.. 10.6 22.0 38.8 28.6 100
Average S pereent_ ... ..o . _________ e ________ 2.44 1.61 1.70 1.72 1.76

* 99 percent of the operating refineries.
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fuel oil was broadened to include grade 4 fuel
0il, which had previously been considered
distillate. This fuel usually has a sulfur con-
tent of under 1.5 percent. The definition of
residual fuel oil also was expanded to include
those low-sulfur crude oils that may be
burned directly as fuel oil without any proc-
essing. Thus, low-sulfur fuel from two new
sources now is available to users of residual
fuel oil.

4.2.2.3 Distillate Fuel Oil—Distillate fuel
oils, grades 1 and 2, are principally used for
heating homes, domestic hot water, small
apartment houses, and in certain industrial

processes where simplified burning apparatus
is required and the firing rate is usually not
movre than 20 to 25 gallons per hour.?* These
distillate oils normally have a heating value
of 5.8 to 6 million Btu per barrel. The aver-
age sulfur content of this fuel is between 0.04
and 0.35 percent by weight. Table 4-9 gives a
breakdown, by section of the country, of the
average sulfur content of grades 1 and 2, Be-
cause of the relatively low sulfur content, dis-
tillate fuel oils can be burned without creat-
ing large amounts of sulfur oxide emissions.

Quantities of distillate fuels for various
user categories have been reported and show

Table 4-7. RESIDUAL FUEL OIL IMPORTS INTO UNITED STATES 1964-1966 >

1966
Imports, 10 bbl average
Country of origin sulfur,
1964 1965 1966 = percent
Venezuela et mmmmeme————mn 142,256 180,538 194,676 2.2
Netherlands Antilles (Aruba, Curacao)____ ___ __ .. oo ______ 95,182 103,645 100,101 2.46
British West Indies (Trinidad and Tobago)____ ___ ..o _________ 36,527 387,600 44,614 1.93
MeXico_ e memmme— e 6,684 5,839 6,067 4.4
TEalY e e oo 12 422 5,264 2.8
Puerto Rico. . . e mmm e 4,787 4,371 4,749 2.2
Argentina  ___________ . 1,280 2,945 4,346 1.0
Colombia e e e e 1,485 3,090 3,515 1.55
England_______________________ e e e e A i ————— — 95 2,109 3.5
Canada____._____.__ e e e e oo e 1,826 1,964 1,880 2.65
Netherlands _ _ oo 117 41 1,285 3.00°
P AN AN o o e e m i — e 1,541 1,231 1,113 2.00®
Kuwait. | o o o e — e — — 1,093 —
OtheTS . o e immmmm e ———— 4,184 3,406 5,983 —
Totals. - _ oL e e e e 295,891 345,187 376,795 —

* Preliminary. b Estimated.

Table 4-8. TOTAL U.S. CONSUMPTION OF RESIDUAL OIL BY MAJOR CONSUMING GROUP—1963-1966*

[103 bbl]
Consuming group 1963 1964 1965 1966
Heating oils (apartments and commereial)__________ . __________ 125,248 126,215 156,254 167,471
Industrial (excluding oil company fuel)_ __.________ L Laeaoa- 149,269 157,176 140,602 141,050
0il company use (excluding heating oil)_____. ... _______________ 46,976 43,098 34,354 35,177
Electric generation utilities_ _____ . ... 91,615 97,595 114,884 140,642
Railroads_ . - e 5,342 5,350 4,001 3,792
Bunkering of vessels (exeluding military)_______ .. _______ 76,502 83,024 73,639 73,641
Military use. _ e iamuaaas 36,444 35,568 40,380 41,861
Miseellaneous  _ o o e e mmmm—m—mmoo- 7,126 8,606 10,004 10,338
Totals . e m et 538,522 556,632 574,118 613,972+

* 876,795,000 barrels were imported.
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Table 4-9. AVERAGE SULFUR CONTENT OF
DISTILLATE FUEL OILS FOR UNITED STATES
BY REGION =—1967 %

Grade
Region

No.1 No. 2
Eastern ... 0.060 0.232
Southern ... 0.040 0.184
Central ... 0.089 0.283
Rocky Mountains ... 0.105 0.321
Western ... 0.124 0.307

2 Region boundaries defined in reference 36.

that about 85 percent of all distillate fuels
other than diesel fuel and kerosene is used
for space heating. In 1966, about 506 mil-
lion barrels of distillate fuel, excluding diesel
fuel, was consumed.?*

4.2.3 Natural Gas

Natural gas is a mixture of low-molecular-
weight hydrocarbons. Methane is almost al-
ways the major constituent. It ordinarily has
a negligible sulfur content; however, if the
sulfur content is significant in its natural
form the gas must be processed to reduce the
sulfur compounds before it can be marketed.
Natural gas occurs underground either dis-
solved in oil, in reservoirs of gas above pools
of oil, or in gas fields unassociated with oil.

The allocation of this fuel and its cost
when it is shipped interstate are the respon-
sibility of the Federal Power Commission.
Such factors as potential supply, reserve-
production ratio, present and future tech-
nologies available to improve recovery and
economic factors, and improvement in meth-
ods of production of a comparable synthetic
will influence these decisions.

Most of the gas produced in the United
States has come from reservoirs without oil,
or in areas where the production of gas is
not significantly affected by the o0il.*” Figure
4-9 outlines the location of these fields
throughout the United States. Authoritative
annual estimates of proved reserves of na-
tural gas* in the United States and estimated
yearly production figures have been prepared
since 1946 by the Committee on Natural Gas
Reserves of the American Gas Association.

Natural gas reserves in the United States

will be covered under two general headings—
proved reserves and potential supply. The
potential supply is divided into three cate-
gories—probable, possible, and speculative.
(See reference 38, for definitions of these
terms). Total recoverable reserves include
the total of proved reserves and potential
supply of natural gas.

The proved recoverable reserves (at 14.73
psia and 60°F) in the United States as of
December 31, 1967, were 292.9 trillion cubic
feet, while the total potential supply was
estimated to be 690 trillion cubic feet, result-
ing in a total recoverable reserve of about
983 trillion cubic feet.?® 3 The proved re-
serves by State are shown in Table 4-10.
About 70 percent of the potential supply of
natural gas is located in the south-central
and gulf coast States.

Proved reserves have continued to increase
through 1967, although at a slightly reduced
rate. This reduction is attributed to the fact
that the rate of conmsumption has been in-
creasing over the past few years while the
rate of development of new fields has re-
mained relatively constant. Since 1946, when
the American Gas Association first initiated
its annual proved reserves study, about 146
trillion cubic feet of natural gas has been
added to the proved reserves, while the actual
annual production has increased from 4.9
trillion cubic feet in 1946 to 18.4 trillion cubic
feet in 1967.4

Within the next few years, production of
natural gas for the first time will probably
exceed the new supply developed. If past
trends continue, total proved reserves may
peak at approximately 300 trillion cubic feet
in 1971 or 1972; and, if projections are right,
reserves will decrease to about 273 trillion
cubic feet by 1980.%* It is estimated that net
production will rise from 18.4 trillion cubic
feet in 1967 to 20.5 trillion cubic feet in 1970,
24.25 trillion cubic feet in 1975, and 27.0

* Proved reserves of natural gas, as used by the
American Gas Association Committee of Natural
Gas Reserves, means the current estimated quantity
of natural gas and natural gas liquids which analysis
of geologic and engineering data demonstrates with
reasonable certainty to be recoverable in the future
from known oil and gas reservoirs under existing
economic and operating conditions.,
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Table 4-10. ESTIMATED PROVED RECOVERABLE
RESERVES OF NATURAL GAS IN
UNITED STATES**

[10° ft*-14.73 psia, at 60° F]

Asof Asof

State Dec. 31, 1966 Dec. 31, 1967
Alaska ... 2,946,862 3,635,254
Arkansas ... 2,599,629 2,811,251
California = 8,474,393 7,723,797
Colorado ..........ccoovvn... 1,651,406 1,769,263
Illinois ..... 236,493 258,604
Indiana ... 71,207 74,781
Kansas ... 15,928,275 15,283,657
Kentucky ... 1,017,007 953,983
Louisiana » 83,684,092 86,290,009
Michigan ................ 773,131 760,912
Mississippi ... 1,668,863 1,597,007
Montana 620,350 837,718
Nebraska 72,757 63,792
New Mexico ................ 14,753,142 15,092,465
New York 120,871 121,086
North Dakota .......... 1,024,509 882,132
Ohio ..., 755,215 762,731
Oklahoma ........... 20,122,191 19,403,806
Pennsylvania 1,350,576 1,392,170
Texas2 ... v —— 123,609,326 125,415,064
Utah ... 1,372,225 1,226,517
Virginia 37,686 37,798
West Virginia ............ 2,622,237 2,679,986
Wyoming ... 3,594,046 3,685,459
Miscellaneousb® ... 231,416 238,461
Total U.S. ...... 289,332,805 292,907,703

& Includes offshore reserves.
b Includes Alabama, Arizona, Florida, Iowa, Mary-
land, Missouri, Tennessee, and Washington.

trillion cubic feet in 1980. Marginal reser-
voirs of natural gas may become economical-
ly recoverable by such treatments as the use
of underground nuclear exposions.+*

There are three major classes of natural
gas consumers: residential, commercial, and
industrial. Almost without exception, re-
sidential and commercial customers are
served by publie utilities, whereas industrial
customers are served by distributors and
pipeline companies. Table 4-11 shows natur-
al gas consumption by principal use in the
United States. Industrial customers use
about two-thirds of all natural gas in the
United States, and residential customers use
about one-fourth.

Gas is supplied on either a continuous or
an interruptible basis. Continuous service
provides the consumer with gas according
to his needs; interruptible service is provided
only when the distribution system has suf-
ficient gas. Usually, residential and commer-
cial service is on a continuous basis but large
users may be served on an interruptible
basis. Thus, when there is a heavy demand
from the residential and commercial cate-
gories, it may be necessary for large indus-
tries to switch to another fuel.

4.2.8.1 Other Sources of Natural Gas—Im-
portation of natural gas at the present time
is limited to small shipments by pipeline
from Canada and Mexico. Net imports from
Canada—Iless than 3 percent of United States

Table 4-11. NUMBER OF CUSTOMERS: AND VOLUME OF NATURAL GAS
CONSUMED BY PRINCIPAL USERS IN THE UNITED STATES®

Number of customers,
in thousands

Volume of natural gas, 10° ft*

Region

Total
Residential Commercial Residential Commercial Industrial  consumption
New England ... 1,632 102 103,867 29,662 52,615 186,144
Middle Atlantic 7,490 563 721,653 214,180 600,357 1,536,190
East North Central ... 8,181 642 1,281,536 469,760 1,292,063 3,043,339
West North Central ... 3,001 334 452,154 220,794 958,174 1,631,122
South Atlantie ............ 3,005 265 281,628 111,727 676,468 1,069,823
East South Central ... 1,679 163 172,489 97,742 635,674 905,905
West South Central ... 4,081 435 382,259 174,189 5,197,153 5,753,601
Mountain ... 1,580 172 211,507 111,858 664,568 987,933
Pacific ... 5,635 444 531,166 192,828 1,353,640 2,077,634
Total United States:

1966 ... 36,084 3,120 4,138,259 1,622,740 11,430,712 17,191,711
1965 ... 35,302 2,991 3,902,802 1,443,648 10,686,739 16,033,189

& Based on number of installed meters.
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consumption—are expected fo rise rapidly,
from 482 billion cubic feet in 1967 to 1350
billion cubic feet in 1980.* Net imports from
Canada and Mexico should rise to 3.8 per-
cent of the United States demand by 1970
and to as much as 5.1 percent in 1980.*

A third promising source of imports is
shipment by tanker of natural gas in liquid
form from countries such as Venezuela. This
source is technically feasible and the eco-
nomics of importation is being studied at
the present time. The Philadelphia Gas
Works is currently constructing a liquified
natural gas plan to handie its peaking load
and plans to start importing liquified natural
gas in 3 to b years.*

4.2.3.2 Natural-Gas Liquids—Natural-gas
liquids are byproducts resulting from pro-
duction of natural gas. The ratio of natural
gas to natural-gas liquids is approximately
30,000 cubic feet of gas per barrel of liquids.
It is estimated that total proved reserves of
about 8.6 %10 barrels of natural-gas liquids
exist in the United States.*

The 1966 net production of natural-gas
liquids was approximately 588 < 10¢ barrels.3®
Of this total, liquid-petroleum gases and
ethane accounted for about 61 percent, na-
tural gasoline and isopentane for about 29
percent, other products for about 8 percent,
and finished gasoline and naphtha for 3 per-
cent.? Combustion of these fuels produces
very little sulfur oxide emission.

4.2.4 Hydroelectric Power

Hydroelectric power does not require fuel
for generation and, therefore, does not create
any sulfur oxides. Hydroelectric generation
presently accounts for 18 percent of the elec-
trical energy produced in the United States,

Table 4-12. EXISTING AND PROJECTED HYDO-
ELECTRIC CAPACITY OF UNITED STATES

TO 1980 ¢
10° kw
Existing capacity ...oocoovcviie 45.8
Capacity under construection ............................ 14.6

Subtotal 1970 ..o
Estimated additions to 1980

Total 1980 ... 78.0

22

but it is estimated that by 1980 only 13 per-
cent of the total electrical energy will be sup-
plied by this source. Figure 4-10 and Table
4-12 show the locations and trends for hydro-
electric projects.

4.2.5 Nuclear Power

The utility industry in the United States
has accepted nuclear power as a safe, reliable,
and economic means of meeting a large pro-
portion of its new requirements for generat-
ing capacity. By the end of 1968 about 90 nu-
clear plants totaling approximately 65 million
kilowatts of electrical generating capacity
were on order, under construction, or opera-
ble.#® The utility industry has committed over
11 billion dollars to nuclear plant capital in-
vestments (including initial fuel) and life-
time power costs from nuclear plants now
committed will approach 50 billion dollars.
Whereas, approximately 1% of the electrical
generating capability today is nuclear, it is
estimated that 23 to 80% will be nuclear in
1980 and about 50% in 2000,

Economies of scale prevail for all types of
steam-electric generating units, but are most
pronounced for nuclear plants, as is illustra-
ted by the fact that 22 of the nuclear plants
presently committed exceed 1 million kilo-
watts of electric generating capacity.

Present-day power reactors utilize only a
small fraction of the nuclear raw material,
In view of this and the rapid increase in the
projected requirements for uranium, some
concern has been expressed as to whether a
sufficient amount of material can be obtained
to meet these requirements, Known reserves
are sufficient to fuel the projected nuclear
capacity through the late 1970’s, and a rapid
expansion of private drilling activity is under
way.1? 37 44, 46, 52, 53 Within the next year or so
considerably more information, available as
a result of these accelerated exploratory ef-
forts, should permit better assessment of the
future prospects for the development of addi-
tional sources of uranium.22 7. 4. 50, 51

To enable more efficient use of the nuclear
raw material, intensive development of fast
breeder reactors (which create more fiission-
able material than they consume) is being
undertaken by the Atomic Energy Commis-
sion and by private industry. The energy
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that can be extracted from the low-cost ores
will thereby be extended by factors of 10 to
30. The relative insensitivity of breeder reac-
tors to ore prices will also make useable the
large amounts of uranium available from
higher cost ores.

The light water-cooled nuclear reactors
used in the commercial power plants current-
ly accepted by the utility industry operate at
a lower thermal efficiency than modern fossil
fuel plants. This results in increased waste
heat and an iIncrease in cooling water re-
quirements. The trend towards larger power
plant size coupled with an increase in demand
for cooling water is a complicating factor in
power plant siting. The advanced reactors
now under development should have efficien-
cies comparable to fossil plants.

The potential of nuclear power plants to
contaminate the environment with radio-
activity under emergency conditions is rec-
ognized and provisions must be made to as-
sure maintenance of the health and safety
of the public.** Disposal of radioactive wastes
from spent nuclear fuel is effectively accom-
plished by shipping the used fuel element
intact to remote chemical processing facili-
ties for recovery of the unused nuclear fuel
and disposal of the radioactive wastes. The
utilization of nuclear power in highly pop-
ulated areas will depend upon the accumula-
tion of nuclear power experience and the
continuing development and demonstration
of the effectiveness of engineering safe-
guards.t”

The future requirements of electrical ener-
gy and the trends in recent years with regard
to power plant sizes place greater emphasis
on the environmental problems of plant loca-
tion. The requirements with regard to air
and water quality control and aesthetics re-
sult in increased restraints on the selection
of plant sites, especially those located near
load centers.

Nuclear power offers a means of providing
access to virtually limitless sources of elec-
tricity at low cost for all areas of the country,
including those areas which have been denied
low-cost power because of distance from fos-
sil fuel sources or hydro resources. The use
of nuclear power plants will result in virtual
elimination of air pollution from electrical

power plants and provide other aesthetic and
environmental benefits by such inherent fea-
tures as reduced acreage requirements, elim-
ination of tall stacks. and areas for coal
handling storage facilities, ash disposal, and
railroad switch yards.

4.2.6 Other Energy Sources

Although it is expected that the United
States will continue to derive the major por-
tion of its energy from fossil fuels, nuclear
energy, and hydroelectric power, there are
several other energy sources worth mention-
ing because they produce no SO. emissions.

Solar energy is a continuous and in-
exhaustible source of power. The total
amount of power that the earth receives as
radiation from the sun is approximately
53107 Btu per hour, which far exceeds
the amount of power that can be generated
from fossil fuels. The application of solar
power in the United States has been very
limited, due largely to technical and eco-
nomic problems of conversion. This trend is
not expected to change in the near future.s

Reserviors of geothermal heat underlie the
volcanic regions of the- earth. The heat can
be withdrawn and used either in the form of
hot water or steam under pressure. In the
United States, the Pacific Gas and Electric
Company has had geothermal plants in opera-
tion since 1959 and they will soon build a 55-
megawatt unit.’® The availability of geother-
mal heat in the United States is limited to
the western part.

Heat-reclaim systems utilize the excess
heat generated in one area to heat another
area which is deficient in heat. This type of
system has been utilized in some large build-
ings for several years. A recent announce-
ment says that school buildings will be heated
by the excess heat generated by the 1300
students (450 Btu per hour each) and by
lighting, cooking, and other incidental interi-
or sources.”” The absence of additional fuel
combustion for heating purposes results in a
net reduction on emissions of sulfur dioxide
from this source.

Fuel cells are electrochemical devices that
produce electricity through direct conversion
of chemical energy. Fuel cells differ from bat-
teries in two major respects: they operate
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continuously as long as fuel and oxidizer are
supplied from an external source, and the
electrolyte remains chemically unchanged,
that is, it need not be recharged.

The application of fuel cells has to date
been limited to space research and military
uses because of the high initial cost. Provid-
ing energy to transportation vehicles is a
possible future application. Widespread ap-
plication will, however, depend on technolog-
ical advances sufficient to reduce initial cost
and permit the use of low-cost fuels. Some
experts feel that sufficient information is
already available to design a large-scale
power plant using a high-temperature cell
with coal as a fuel.”®

Although heat produced during the in-
cineration of refuse is usually wasted, it
could be used to produce steam, which would
have many applications. The heating value of
mixed refuse today averages about 4500 fo
5000 Btu per pound. This value can be ex-
pected to increase because the trend is toward
less garbage and more paper and plastics.
The sulfur content of refuse is approximately
0.1 percent, therefore, the emission of sulfur
dioxide from refuse incineration is of minor
importance.®

4.3 ENERGY SOURCE SUBSTITUTION

4.3.1 Introduction

Substitution of energy sources with little
or no potential sulfur oxide emissions for
high-sulfur sources is one of the best methods
presently available for reducing sulfur oxide
emissions. Thus, conversion to nuclear fuel
or hydropower for electrical generation, or
substituting fuels low in sulfur such as gas,
or low-sulfur coal or oil for high-sulfur fuels
can greatly reduce sulfur oxide emissions.
Reduction of particulate emissions is an-
other benefit to be derived from using some
low-sulfur fuels. Simultaneous reduction of
two pollutants (sulfur oxides and particu-
lates) is a very desirable and important fea-
ture of fuel substitution.

The major arguments against this means
of control are that adequate quantities of low-
sulfur fuel are not available at an economical
price and changing the fuel-use patterns
would disrupt the fuel market. A drastic
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change in fuel-use patterns could result in
a shortage of low-sulfur fuels.

The fuel and transportation price structure
in the United States is very complex and
there are many factors involved in deter-
mining the ultimate price of a fuel. Fuel rates
vary widely, depending on factors such as
geographical location, user category, and
quantity required.

Costs, in 1967, of fossil fuels in various
parts of the country are presented in Tables
4-13, 4-14, and 4-15. These are prices of
fuels delivered to industrial consumers with
heat input requirements greater than 5 bil-
lion Btu per hour. These consumers receive
fuel in bulk quantity, their fuel costs reflect-
ing bulk quantity delivery. Fuel costs for
public utility steam-generating plants are
contracted separately at each installation;
these costs have been well documented and
are, therefore, not included in this tabula-
tion.s*

The prices in Table 4-13 are for coal from
the nearest producing district (f.o.b. mine
price). In addition, prices of District 7 and 8
coals for each Standard Metropolitan Statis-
tical Area (SMSA) are determined. Coals
from Districts 7 and 8 are low-sulfur fuels,
in the 0 to 0.7 percent and 0.8 to 1.4 percent
sulfur range. Table 4-16 shows the producing
districts and mine prices.

4.3.2 Methodology and Economics of Fuel
Substitution

A number of alternatives are available for
switching from high-sulfur fuel to a low-
sulfur fuel. Typical examples include switch-
ing from:

1. High-sulfur coal to low-sulfur coal.

2. High-sulfur coal to low-sulfur residu-
al oil.

3. High-sulfur residual oil to low-sulfur
residual oil.

4. Sulfur-bearing fuel to gas.

All the logical possibilities of fuel substitu-
tion to reduce sulfur emissions are shown in
Figure 4-12. Electric heating, although con-
sidered a substitute energy in some circum-
stances, is generally only a relocation of the
sulfur oxide emissions and is not considered
here. In some cases, however, the electricity



Table 4-13. INDUSTRIAL CONSUMER PRICES OF COAL—1967

[Centzs/10% Btu]

Sulfur ranges, weight percent

Destination
<0.7 0.8-0.9 1.8-2.0 2.9-3.7
Hartford, Conn.___._ ... . 45-48 41-49 35-43 (*)
Boston, Mass. . __ ... 48-49 44-50 36-45 —
Providence-Pawtucket-Warwick, R.I.—Mass... . ___________.____________ 45-48 41-49 36-45 —
Buffalo, N.Y. L. 41-43 34-49 30-36 —
New York, N. Y. el 40-42 38-46 34-41 —
Syracuse, N.Y. e — 39-47 32-30 —
Allentown-Bethlehem-Easton, Pa.—N.J.____._____.____________________ 41-43 37-43 32-40 —
Philadelphia, Pa.___________ ... 41-43 37-43 32-38 —
Pittsburgh, Pa._ o 39-41  34-40 2739 —
Wilmington, Del -N.J.—Md.____________________.___________._____ ... 41-43 37-45 32-39 —
Washington, D.C.-Md.—Va.________ .. .. ___ - 38-47 3441 32-39 —
Jacksonville, Fla.______ . _______________ .. _____.___ 42-45 3743 — 39-41
Miami, Fla,____ ... 47-50 41-49 —_ 44-47
Atlanta, Ga.____ ... 41-44 36-39 —_ 32-34
Baltimore, Md.__ ___________ .. 40-43 35-42 31-38 —
Norfolk-Portsmouth, Va.___________ . _._____ . 37-39 33-39 — —
Charleston, W. Va.__ ... . 30-31 24-25 — —
Huntington, W. Va.___.__ ... ... 32-33 27-27  — —
Chicago, TI. .. o 40-43  84-41 — 27-34
Gary-Hammond-E, Chicago, Ind.. . _____________________.__.__________ 4043 34-41 — 31-32
Indianapolis, Ind._ ________. .. . ________ . 38-40 32-38 — 26-29
Detroit, Mich._ ______ el _.__. 38-41 32-39 — 30-35
Flint, Mich, __ ___ . - 39-42 3340 _ 32-37
Akron, Ohio____________ L _______.__ - 38-40 31-38 — —
Cincinnati, Ohio-Ky.~—Ind.___________ . ____________________.__. 33-36 27-33 37-45 28-30
Cleveland, Ohio_ .. _______ . . _____ ... [, - 38-40 31-38 —_ 2629
Steubenville-Wierton, Ohio—W. Va._______________ _________ . __ 3840 31-38 — 26-29
Toledo, Ohic—Mich.__________ .. ___________________ e . 38-38 31-35 — 27-31
Milwaukee, Wise._ . ___ ..o 42-45 36-44 — 33-3%
Birmingham, Ala.. ________._______ e illili_. 40-41 3440 — 32-34
Louisville, Ky.—Ind..____._____________ e ael___ e __ 35-37 29-33 — 21-22
Chattanooga, Tenn.—Ga._______________.__________.____ e _ 38-39 33-38 2 — 31-33
Memphis, Tenn.—Ark. _________________________ e cmmmm—eee - 41-44 36-43 — 28-28
Davenport-Rock Island-Moline, Iowa—TIN.__________ . __________ . - 42-68 37-45 — 32-37
Kansas City, Mo.—Kan._____________.___________________ .. _ 48-51 42-51 — 37-43
Minneapolis-St. Paul, Minn._______________ . ____________________ 42-63 42-51 — 33-39
8t. Louis, Mo.—Ill.___ 4043 34-41 — 25-30
Omaha, Nebr—Towa_.__..___.____________ 4263 42-51 _— 38-46
Oklahoma City, Okla._________________ ________ - — 46-46 —
Denver, Colo.__... .. o 30-60 —_ — -
Salt Lake City, Utah_ ... 40-69 38-72 — —
Los Angeles-Long Beach, Calif._______.____________________________ 55-74 5577 — —_
San Francisco-Osakland, Calif. _____________ . __________________________ 57-74 55-77T — —
Portland, Ore.—Wash.. __.__________ .. ... 52-74 51-717 — —
Seattle, Wash.. _____________.___ e e e e 53-74 52-T7 — —

* Dash (—) indicates data on coal prices not available.

may be produced by a noncombustion process, stitute. While not considered in the following
thus eliminating emissions. cost analysis because of their variability,
A study of the economics of energy source plant down-time and loss of capacity during
substitution includes the incremental fuel boiler modification may be added cost items.
costs and capital investment requirements Capital investment is the cost of modifying
for boiler modification to accept a fuel sub- a boiler unit to facilitate the combustion of
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Table 4-14. INDUSTRIAL CONSUMER PRICES OF FUEL OILS—1967

[Cents/10 ¢ Btu]

Fuel oil category

Standard Metropolitan Statistical Area No.5 No.5 No.6 No. 6
SMSA No.1l No.2 No.4 No& 1per NoS8 1 per
guar cent 8 guar cent S
guar guar
Hartford, Conn _________________________________ (2 — —_ — — 43 —
Boston, Mass _______________________._________ 95 84 58 52— 37 —
Providence-Pawtucket-Warwick, R.I.—Mass ______ 95 84 55 532 — 38 —
Buffalo, N.Y . _ ... .. e maemma—o — 87T — - 59 50 54
New York, N.Y _ ________ . _______ 94 83 53 45 — 37 48
Syracuse, N.Y_____ i — _ _ — _ _ _
Allentown-Bethlehem-Easton, Pa.-N.J __________.__ — — — — - 45 56
Philadelphia, Pa __ _ __ . 93 82 58 53 — 37 49
Pittsburgh, Pa _ . _______ e e e — — —_ — — — _
Wilmington, Del -N.J.-Md ______. ______________ _. — — _ — — _ —_
Washington, D.C.-Md.-Va ____ . ____________._.. . 94 83 — — — 27 —
Jacksonville, Fla __________________________._.._. 92 81 — — — 7 —
Miami, Fla _ _ . _ . e.. o 103 92  — — — 37T —
Atlanta, Ga ________ __________________._._ - 90 80 — — — — —
Baltimore, Md _ _ _ ___ e 93 82 56 50 — [: 1 A—
Norfolk-Portsmouth, Va ____ ... .. o ______ 94 83 54 46 — [ L A—
Charleston, W. Va ___ L ___ — — — -— — — 58
Huntington, W, Va.-Ashland, Ky . _____________._ - _— — —_ —_ - 51
Chicago, Il _ .. ________________________._ s 86 2 — 59 63 49 53
Gary-E. Chicago-Hammond, Ind . _______________. — — — — — _ —_
Indianagpolis, Ind _ _ ... .o ____ a5 76 — — _ — —
Detroit, Mich __ .. .. ________________ . .. 85 v — 58 60 53 66
Flint, Mich _ o eea-- — — - — _ - _
Akron, Obhio_ . . e oo 101 90 — — — — —_
Cincinnati, Ohio-Ky.-Ind . __._________ . __________ — — — — — . —
Cleveland, Ohio._. .. _._.. 101 90 — — —_ . _
Steubenville-Wierton, Ohio-W._. Va ________________ — — — - — _ 54
Toledo, Ohio-Mich _______________________.__ . 101 90 — 61 — 56 —
Milwaukee, Wise _ _ _____________________._._ el 88 80 — — — - —
Birmingham, Ala ____________.______._._ e 90 80 — — — - —
Louisville, Ky.-Ind ___________________ . _._.._ . - — — — — _ -
Chattanooga, Tenn.-Ga _______ ... . ___.____ 87 76— - — — -
Memphis, Tenn.-Ark .. ________._ — 72 — 40 — 37 —
Davenport-Rock Island-Moline, Iowa-Ill ___________ — — — — — — —
Kansas City, Mo.-Kan _________________________. 87 76 — -— — 84 —
Minneapolis-St. Paul, Minn _____________________. 89 80 — 63 — 56 —
St. Louis, Mo.-IN ______ . 85 4 — — — 44 45
Omaha, Nebr.-lowa______ . ___.__________ 87 f- J— —_ — — —_—
New Orleans, La _________ ... ________.. 88 7 — 45 — 37 —
Oklahoma City, Okla ____ . ________________._ I 84 78 — — — 84 —
El Paso, Texas___ _ _ . ameoooo- - — — — — —_ —
Houston, Texas_ _ __ o iieeeooooo - — — — — 4 —
Phoenix, Ariz — - _ e aea- — — — — —_ — —
Denver, Colo _____ _ e~ — — —_ — — — —_
Salt Lake City, Utah_ ________ . ______ - —_ — — — 42 —
Los Angeles-Long Beach, Calif ________________._. 75 67 — 38 — 27—
San- Francisco-Oakland, Calif ... _______._.__ — —_ — — — — —_
Portland, Ore.-Wash _ ... _______ ... ______ — — — 58 — 45 —
Seattle-Everett, Wash _____________ . _______.. - — — 54 — 45 —
Honolulu, Hawaii_ . . ... o _____ — — — — — 4 —

* Dash (—) indicates data on oil prices not available.
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Table 4-15. INDUSTRIAL CONSUMER PRICES
OF NATURAL GAS—1967*

[cents/10° Btu]

Standard Metropolitan Natural gas

Statistical Area Continuous * Interruptible ¢
Hartford, Conn. ......... © 143 54
Boston, Mass. ............. 175 36
Providence-Pawtucket 114 —
Buffalo, N.Y. ... 97 —
New York, N.Y. ... 130 44
Syracuse, N.Y. ... 102 68
Allentown, Pa, ... 88 48
Philadelphia, Pa. ... 100 33
Pittsburgh, Pa. ........ 52 —
Wilmington, Del. ........ 76 37
Washington, D. C. ... 90 60
Jacksonville, Fla, ........ 90 40
Miami, Fla. ............... 103 41
Atlanta, Ga. ... 60 30
Baltimore, Md. ... 83 50
Norfolk, Va., ............... 79 45
Charleston, W. Va. ... 65 42
Huntington, W. Va. ... 65 43
Chicago, IIL. ............. 56 28
Gary, Ind. ... 43 29
Indianapolis, Ind. ... 60 40
Detroit, Mich. ... 55 43
Flint, Mich. ... 57 41
Akron, Ohio ... 54 —
Cincinnati, Qhio .......... 55 42
Cleveland, Ohio ... 54 —
Steubenville, Ohio ... 49 —
Toledo, Ohio ................ 55 —
Milwaukee, Wise, ... 87 49
Birmingham, Ala. ... 35 31
Louisville, Ky. .......... 60 46
Chattanooga, Tenn. ... 64 37
Memphis, Tenn. ... i 33 23
Davenport, T ... 54 26
Kansas City, Kans. ... —_ 24
Minneapolis, Minn. .... 75 37
8t. Louis, Mo. .............. 5b 33
Omaha, Nebr. ... 48 28
New Orleans, La. ....... 23 —
Oklahoma City, Okla. 18 15
El Paso, Texas ... 14 —_
Houston, Texas ........ 25 —_
Phoenix, Ariz. ... 49 —
Denver, Colo. ............ — 24
Salt Lake City, Utah 37 26
Los Angeles, Calif, ... 54 32
S8an Franecisco, Calif. 55 38
Portland, Ore. ... 62 . 36
Seattle, Wash. ... 100 35
Honolulu, Hawaii ... 210 —

a Prices are estimated from one of the following:
A.G.A_ Rate Service. Vols. I and II. American Gas

another fuel, These costs include replacement
of burners, fuel handling changes, and com-
bustion chamber changes. Capital charges in
the following example were assumed to be 8
percent per vear with straightline deprecia-
tion over a 25-vear period. A longer deprecia-
tion period would, of course, decrease the an-
nual charges. Any credits associated with
scrapping of storage and handling equipment
for the discontinued fuel are not included in
these evaluations, but could at times be val-
uable. Annualized costs are calculated and
determined on an equivalent energy input
basis. These annualized costs include capital
charges, operation, maintenance, and fuel
costs.

The following procedure may be used to
determine fuel substitution costs in a specific
area.

1. Select a source of sulfur dioxide emis-
sion, an industrial boiler of given out-
put rating in pounds steam per hour.
(Example: a boiler with a capacity of
100,000 pounds of steam per hour,
burning 3.3-percent sulfur coal).

2. Select the possible fuel alternatives
and from given boiler efficiencies de-
termine energy input requirements
in Btu per hour. (1000 pounds of
steam requires approximately one
million Btu of heat output).

3. Obtain fuel costs (by sulfur content)
for the area of interest. Compute the
required fuel cost per year. A sample
analysis for Chicago, Ill., is shown
in Table 4-17. Fuel costs and sulfur
contents are taken from Tables 4-13,
4-14, and 4-15.

4. For the corresponding fuel alterna-
tives, determine the capital invest-
ments for boiler modifications and

Association, Inc., New York, March, 1968.

Brown's Directory of North American Gas Com-
panies, 81st edition, Moore Publishing Co., Duluth,
Minnesota, 1967.

b A guaranteed supply 100 percent of the time.
Prices represent an estimated rate based on a de-
cending scale rate for higher volume usage.

¢ Gas supplied during times of off-peak demand.
Prices and schedules of supply are sometimes ne-
gotiated; at other times the rates are already estab-
lished. Practice is dependent on the local gas utility.
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Table 4-16. SULFUR CONTENTS AND PRICES OF COALS IN 1966 BY PRODUCTING DISTRICTS ™ %

Sulfur (dry basis), Average coal
weight percent price per ton

District No. and Name
Low Average High F.Q.B. mine,

dollars

1. Eastern Pennsylvania__. - ___ L .oo-. 1.0 1.8 3.6 4.33

2. Western Pennsylvania. . _ o ceccecaen 1.1 1.8 4.1 5.97

3 & 6. West Virginia .. enaeaoo- 0.6 2.4 3.8 4.65 & 4.28

4. Ohio_ o mmmmme—mem—oo_ 1.6 3.5 5.0 3.79

5. Michigan__ e ___ — — — —

7. Southern No. 1 (South W. Va. and Western Va.)______.__._____. 0.5 0.7 1.1 6.14

8. Southern No. 2 (Eastern Kentueky)_ ___ .o ________ 0.5 1.1 4.3 4.44

9. Western Kentucky _ _ _ _ _ .. 2.0 2.9 4.0 3.45
10. IMinois_ .o e imemee—an 1.1 2.7 4.1 3.85
11. Indiana_ e iamm— e 1.1 3.3 5.3 3.92
12, TOWa . o e mmm e e 4.2 4.7 5.7 3.69
13, Southeastern (Alabama)_____ .. ali_a_._ 0.7 1.1 1.7 6.76
14. Arkansas-Oklahoma_ _ _ __ __ . eaeao_- NA NA NA 7.30
156. Southwestern (Mo., Kansas, Texas).______________ . ..o___. 3.0 3.9 6.0 4.29
16. Northern Colorado_ - _ .o 0.3 0.5 0.7 4.20
17. Southern Colorado__ .. . 0.5 0.7 0.9 5.36
18. New Mexico (also Arizona, Calif.)_ ___ ... ___________._._ NA 1.0 NA 2.562
19. Wyoming ..o oo oo e al 0.6 0.9 1.0 3.23
20. Utah e mae 0.6 0.7 0.8 5.77
21. North-South Dakota____ __ o iiceccaacan- 0.7 0.8 1.0 1.98»
22, Montana._ _ . . o meemmmmmme——m— e 0.6 0.7 0.7 3.08
23. Washington (also Oregon)__ ... ... _____________ NA NA NA 7.57

« Lignite, 7,000 Btu/Ib as received. NA =not available.
HIGH-5ULFUR HIGH-SULFUR LOW-SULFUR DISTILLATE OIL
COAL RESIDUAL QIL RESIDUAL QIL
Eoas LOW-SULFUR COAL B Em—

Foed {_ OW-SULFUR RESIDUAL  jumst——

A

F DISTILLATE QIL

NATURAL GAS et ———

Figure 4-12. Fuel substitution schemes for reduction of sulfur oxide emissions.
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operation costs. The boiler modifica-
tion cost may be obtained from the
manufacturers or from local fuel sup-
plier.

5. Annualize fuel costs, capital charges,
and operating and maintenance costs.

6. For the fuels selected, determine the
potential SO. emissions for the re-
quired equal energy output from the
heat and sulfur content of the fuels.

7. Using the original fuel (3.3-percent-
sulfur coal )as a baseline for evaluat-
ing effectiveness, calculate the emis-
sions for alternative fuels as illus-
trated in Table 4-18.

In this example, an SO. reduction using
one alternative, a switch to interruptible gas
service was accomplished for very little ad-
ditional cost. Costs will vary widely from
area to area, and from one combustion unit to
another.

4.3.3 Fuel Conversion Problems

The National Petroleum Council conducted
a study of the extent to which equipment
designed to burn various types of fossil fuels
could be converted from one type of fuel to
another.®> The Council limited the scope of

the study to physical facilities only, without
regard to economics or the availability of
alternate sources of fuel. Tables 4-19, 4-20,
and 4-21 show the convertibility of domestic,
commercial, and industrial heating equip-
ment.

The substitution of one type of fuel for
another can be an expensive step if the fuel
burning equipment cannot be easily con-
verted. In some cases, furnaces are designed
to burn solid, liquid, or gaseous fuels; how-
ever, most are designed for only one type.
Changing from high-sulfur to low-sulfur coal
may present problems with ash fusion in wet-
bottom furnaces, and may affect the fly ash
collection efficiency of electrostatic precipi-
tators.

Changing from a solid to a liquid fuel re-
quires entirely different storage and handling
equipment; however, changing from a solid
or liquid to a gaseous fuel would not present
any storage problems since gas is not stored
in large quantities. Eliminating the storage
problems by switching to a gaseous fuel
would actually reduce overall fuel handling
costs. Additional cost benefits may also be
realized when factors such as ash handling
and elimination of fly ash collectors are taken
into account.

Table 4-17. COST AND ENGINEERING DATA FOR TYPICAL FUEL

SUBSTITUTION PROBLEM ANALYSIS

[Based on 7000 operating houra per year for 100,000-Ib/hr steam boeiler]

Boiler Steam Energy Fuel Annual charges Total
Fuel Cost efficiency, output, input, costs for boiler conversion, annual
$/10¢ Btu percent 1,0001b/hr  10¢ per year, operation, maintenance, costs,
Btu/hr  $1,000 $1,000 $1,000
Coal:
3.3 percentsulfur_. 0.31+ 87 100 115 250 — 2560
1.0 percentsulfur__  0.38 87 100 115 306 — 306
No. 6 oil:
No 8. Guar ______ 0.49% 86 100 116 399 4 403
1percent 8, Guar .  0.53 86 100 116 431 4 435
No. 5 oil: No 8. Guar . 0.59 86 100 116 480 4 484
No.2oil_____.___._.. 0.72 86 100 116 586 4 590
Natural gas:
Interruptible d_ ___ 0.28¢ 82 100 122 273 3 276
Firm_____ . _.___._ 0.56 82 100 122 478 3 481

= Coal prices for Chicago, Ill., from Table 4-13.

b Oil prices fer Chicago from Table 4-14.

¢ (Gas prices for Chicago from Table 4-15.

4 Agsume 90 percent gas (during off-peak demand) and 10 percent distillate (No. 2) oil.
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4.4 FUEL DESULFURIZATION
4.4.1

Fuel desulfurization, whether partial or
complete, offers another way of reducing SO.
emissions. The economic and technical feasi-
bility of fuel desulfurization, however, varies

Introduction

always be examined before developing an SO.
control program for a specific area.
Desulfurization of fuels is not new. Re-
search into ways of removing sulfur from
coal, oil, and gas has been going on for many
years, and actual commercial desulfurization
operations exist. These installations, how-

widely, but this aspect of SO. control should ever, operate only to increase profit or

Table 4-19. CONVERTIBILITY OF INDUSTRIAL HEATING EQUIPMENT

Designed to burn Can be converted to burn

Type of equipment

Coal 0Oil Gas Coal Oil Gas

InCInerators . .« o o o e o e e e e e xX=® No NA&b Yes
X No Yes NA

Boilers___ ___ _______ o __________ X X NA NA Yes
X X NA Yes NA

X X No NA NA

NA Yes Yes

X Perhaps NA Yes

X Perhaps Yes NA

Process heating. . . .o oe e e ___ X X NA NA Yes
X X NA Yes NA

X X No NA NA

X Perhaps Yes NA

Heat treating _ _ _ _ e e X X No NA NA
X No NA Yes

X No Yes NA

» Designates the fuel that the equipment was designed to burn.
b Not applicable.

Table 4-20. CONVERTIBILITY OF COMMERCIAL HEATING EQUIPMENT

Designed to burn Can be converted to burn

Type of equipment

Coal 0il Gas " Coal 0il Gas

Unit heaters. _ .. L xX® No NA®b® Yes
No No NA

Incinerators_ _ _______ ____ o ___________ X No NA Yes
No Yes "NA

Portable unvented heaters (salamanders)_________________ X NA No No
X No NA No

X No No NA

Water heaters_ ___ . e X NA Yes Yes
X No NA Yes

: X No Perhaps NA
Warm-air furnaees____.__ __ _ ______________ oo ____ X NA Yes Yes
X No NA Yes

X No Perhaps NA

Boilers—steam or hot water. _ ______________________..__. X NA Yes Yes
No NA Yes

X No Perhaps NA

X No NA NA

s Designates the fuel that the equipment was designed to burn,
b Not applicable.
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marketability of the fuel. For example, some
pyrite sulfur is removed in normal coal pre-
paration operations that are performed to re-
move clay, shale, and rocks from the coal,
and pyrite has been reduced in metallurgical-
grade coals for many years. Research efforts
to transform coal into liquids and gases in-
volve removal of sulfur, but their primary
purpose is the upgrading of coal to more
valuable products. In refining crude oils,
hydrogen treatment is widely practiced on
the distillate oils to meet certain sulfur speci-
fications. Natural gas containing sulfur com-
pounds is desulfurized to increase its market-
ability and meet specifications.

The impetus given this work by the con-
cern over air pollution is a new aspect. In
effect, air pollution regulations that set strin-
gent sulfur levels have created a new mar-
ket, which has led to greatly increased efforts
to develop low-sulfur fuels.

Sulfur can be partially removed from coal
by means of coal preparation techniques now
available. Much coal is currently being
cleaned, to improve its marketability; how-
ever, relatively few coals are cleaned exten-
sively. Capability for sulfur reduction varies
widely according to the specific coal type.

Liquefaction and gasification of coal may

be practiced on a limited scale in 5 to 10
vears. However, even then, because of eco-
nomic considerations, these methods will ac-
count for only a small portion of coal used.
Processes for producing residual fuel oil
with a sulfur content of 1.0 percent or less
are in operation, and numerous additional in-
stallations employing processes of this type
are in the construction or planning stage.

4.4.2 Coal

4.4.2.1 Introduction—Sulfur exists in coal in
three forms; pyrites (FeS:), organic com-
pounds, and sulfates. The total sulfur con-
tent of coal ranges from negligible amounts
to about 7 percent by weight.

Sulfates, usually present only in very small
guantities, are not considered a problem.
Organic sulfur is bound molecularly into coal
and cannot be removed without chemically
changing the nature of the fuel by liquefac-
tion or gasification. Pyritic sulfur present as
particles is removable by physical techniques
except when intimately mixed in the coal. The
degree of sulfur removal depends on the types
of sulfur present in the coal and on the
amount of each type present.

This discussion considers only bituminous
coal because anthracite coal, which is inher-

Table 4-21. CONVERTIBILITY OF DOMESTIC HEATING EQUIPMENT

Type of equipment

Designed to burn Can be converted to burn

Coal 0Qil Gas Coal 0il Gas
Ineinerators_ _ _ oo oo o mmmmmmms X*® No NA® Yes
X No Perhaps NA
Unvented space heaters. _.__._._ e iman X No NA No
No No NA
Vented space heaters_ _ _ _ __ __ _ .. ____________ X NA Difficult Difficult
No NA No
No No NA
Recessed wall heaters_ _______________ oo No NA Perhaps
No No NA
Water heaters__ ..o e X NA Probably Probably
X No NA Perhaps
X No No NA
Warm-air furnaces_____ oo eeeoao-o X NA Yes Yes
X No NA Yes
X No No NA
Boilers—steam or hot water_ ______________________..__ X NA Yes Yes
X No NA Yes
X No Perhaps NA

» Designates the fuel that the equipment was designed to burn.

b Not applicable.

34



ently low in sulfur (0.7 percent average),
makes up less than 4 percent of coal con-
sumed annually and is steadily decreasing in
use.

4.4.2.2 Pyrite Removal: Coal Preparation—
Coal preparation or cleaning is the mechani-
cal removal of impurities from coal. The ex-
tent and type of cleaning depend on the
nature of the coal and on its projected use.
Coal for steam generation must meet specifi-
cations different from those for coal for met-
allurgical coke production.

Mechanical cleaning of coal is possible be-
cause of the differences in physical properties
between coal and its impurities. Specific
gravity is the property most often exploited,
normally by a water-washing process. Table
4-22 lists the chief cleaning methods utilized
in the coal industry.

A typical coal preparation operation is dia-
grammed in Figure 4-13.

- Selective mining is the first step in produc-
tion of coal of a consistent desired quality.
Mechanically mined coal containg consider-

RUN-OF-MINE COAL

CRUSHER COARSE
COARSE
REJECTS
SCREENS -
FINE
COAL
FLOAT COAL

SPECIFIC GRAVITY TYPE
CLEANING SYSTEM

SINK
COAL

HIGH-PYRITE
REJECTS

LOWER-SULFUR
COAL PRODUCT

Figure 4-13. Coal preparation (simplified flow
chart).

ably more rock, shale, and fine coal particles
than manually mined coal, and may require
additional cleaning. This cleaning usually
lowers the sulfur content by removing the
larger particles of heavy pyrite. The Brook-
dale, Pa., plant of the Bethlehem Steel Cor-
poration for some time has been reducing sul-
fur content of coal from 3.4 percent to 1.0
percent at a total product vield of 85 percent.
An existing, fairly sophisticated, 500-ton-per-
hour coal-preparation plant is diagrammed
in Figure 4-14 in order to show the complex-
ity of such an operation. Costs of this opera-
tion are detailed in Table 4-23.

In 1964, the Paul Weir Company reported
on a study entitled “The Economic Feasibil-
ity of Coal Desulfurization.” Sulfur reduc-
tion data from that study are summarized in
Table 4-24. Total sulfur, organic sulfur, and
cleaned-coal sulfur percentages vary widely
within the individual States and coal beds.
Because of a lack of data on type and levels
of sulfur in coal beds, on the washability of
the pyritic sulfur, and on capability of avail-
able cleaning methods for pyrite separation,
the study did not produce definitive results.
In 1965, the Public Health Service funded a
study by the Bureau of Mines to determine
the washability of pyritic sulfur in the major
sources of fuel coals. In 1966, to accelerate
this study, a contract was let to Commercial
Testing and Engineering Company to de-
termine washability of pyritic sulfur in se-
lected areas believed to have washable coals.
In this same year, a study was funded with
the Illinois Geological Survey to determine
the important chemiecal and physical proper-
ties of all coal beds actively mined in Illinois.

Figure 4-15 shows organic, pyritic, and
total sulfur levels of coal based on the cumu-
lative data obtained in these studies to date.
The small sulfate fraction of the sulfur is
included in the organic portion. This figure
shows the technical feasibility of reducing
pyrite sulfur by presently employed washing
(float and sink) techniques. The upper por-
tion of the pyrite sulfur in Figure 4-15 may
be removed if the coal is crushed to 34 inch
and floated in a liquid of specific gravity 1.60,
but the lower portion of the pyrite is too
intimately mixed to be removed by this treat-
ment. Of the mines sampled, about 20 percent
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Table 4-22. EXISTING MECHANICAL METHODS OF CLEANING COAL

Physical property Method

Percent of cleaned coal

Size treated utilizing method

Crushability and size_ ___

Specific gravity. __

Surface effect_ __________

6 in. and up Initial step in most clean-

ing operations

6 mesh—3in__________ 47.8
6 mesh—8in._________ 27.2
100 mesh—1{ in_______ 13.2
Uptol{in___________ 6.9
Yein—11sin_.________ 2.9
4 mesh—3-in_________. 1.9

produced coal that was washable to 1 percent
sulfur or less, and 45 percent produced coal
that was washable to 2 percent sulfur or less
by erushing to 34 inch and floating in a liquid
of specific gravity 1.60. These percentages
represent a total of about 13.5 million and
29.6 million tons of coal annually.

The economic aspects of coal cleaning, by
the best available techniques, were explored
by the Paul Weir Company under its 1964
contract. Cost data were computed on the
basis of a hypothetical 1000-ton-per-hour
plant. This proposed plant, diagrammed in
Figure 4-16, reduces the coal to a final maxi-
mum size of 34 inch. The dried product is
about 78 percent of the input mine coal; the

6.0
[ I l
DATA FROM 113 MINES, ANNUAL
PRODUCTION OF 127.5 MILLION
TONS OF COAL.
5.0 |-
40—
&2
=
o
s
¥ 3.0 3
& \ INTIMATELY
= MIXED PYRITE
w
-
=
vy

0 20 40 60 80 100

NUMBER OF MINES SAMPLED, %

Figure 4-15. Maximum sulfur content versus percent of

mines sampled, 8

other 22 percent, rejected at various process
points, is considered nonrecoverable. Esti-
mated costs per ton for products of this plant
are shown in Table 4-25. Sulfur contents are
not given since this would depend on the
specific type of coal.

The economic feasibility study points out
many knowledge gaps, such as insufficient
data on sulfur distribution and characteris-
tics in a given coal seam, the washability of
a given coal seam, and the capabilities of
present cleaning operations.

Table 4-23. COST DATA FOR 500-TON-PER-HOUR
COAL PREPARATION OPERATION ¢

Greene County, Pennsylvania—Pitésburgh bed:
Coal crushed to 1% in.®
Coal washed by 1.60 specific gravity separating

medium
Costs:
Mining costs per ton ... . $3.60
at 90 percent yield ........... 4.00
(10% list in cleaning process)
Process costs (per ton of
product) :
Operating ... $0.415
Depreciation (20 year) ... 0.11%
Mining ... 4.000
Total ... $4.532 per ton
Cost per 10" Btu $0.169
(at 13,400 Btu/1b.)
Total cleaning cost ... $0.932 per ton

Sulfur content, percent:
Raw coal sulfur, 2.66
Post-wash sulfur, 2.03
Organie sulfur, 0.95

= Crushing to 38/8 inch would increase operating
costs and decrease yield; however, the post-wash sul-
fur level would be lower.
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Table 4-24. TYPICAL SULFUR REDUCTIONS ACHIEVED IN VARIOUS HIGH-SULFUR COAL BEDS

8 range of
Coal Total 8, Organic S, float coal at top sizes, percent
State districts percent percent
a
TAnEE range 114 in. 3% in. 14 mesh
Pennsylvania-Maryland________________ land 2 0.50-6.30 0.18-1.77 0.65-2.70 0.58-2.48 0.69-2.04
West Virginia. ________________________ 3and 6 0.50-5.00 0.30-2.06 0.72-3.90 0.71-3.72 0.72-2.57
Ohio_ e e —an 4 1.50-6.40 0.44-2.89 0.80-4.72 0.68-4.28 1.00-3.67
Kentucky . o oo 9 1.10-4.70 0.69-1.12 0.83-3.20 0.72-1.55 0.63-1.61
Tennessee_ __ o ___ 8 0.50-4.40 0.26-2.00 0.84-2.58 0.90-2.30 1.01-2.22
Tlinods___ .- 10 1.00-6.50 0.60-3.00 1.02-4.68
Indiana____ .. .- 11 0.80-7.60 0.60-2.40 0.90-3.72
Towa._ oo e 12 3.00-5.60 1.27-2.15 8.57-4.40
Alabama_____________________________ 13 0.50-3.00 0.33-1.24 0.69-2.03
Arkansas-Oklahoma___________________ 14 0.70-3.00 0.55-1.10 0.90-2.00
RAW COAL
CRUSHING, SCREENING: WASHING
IN BAUM-TYPE )G AT 1.60 sp. gr.
FLOAT
COAL
j 3/8 in.
HIGH-PYRITE
REJECTS
(DENSER FRACTION)
+ FINES AND COARSE SEPARATION
WASHING AT 1.35 sp. gr.
DISPOSAL OR
FURTHER
PROCESSING ALL FINES AND FLOAT
SINK FRACTION (COARSE)
CYCLONES, CENTRIFUGAL
FROTH FLOATATION DRYING
FROTH CONCENTRATION, .
HIGH-PYRITE
REJECTS VACUUM FILLTRATION
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MIXING AND
HEAT DRYING

'

FINISHED DRY
COAL 3/8-in. SIZE

66
Figure 4-16. Proposed coal cleaning plant (simplified flow chart).




Table 4-25. ESTIMATED PRODUCT COST
UTILIZING PROPOSED 1000-TON-PER-HOUR
COAL PREPARATION PLANT ™

per ton product

" Capital costs (20-yr. retirement) . . $0.117
Direct operating costs ... 0.370
(2,400,000 tons/yr.)e
Coal costs; at 789 yield ..................... 3.141
Total . ..o $3.628
Total cost per 10° Btu
at 12,000 Btu/lbb . $0.151

2 Do not include taxes.
b Final sulfur content will depend on type of raw
coal.

The current fuel research program being
funded by the Nationl Air Pollution Control
Administration is to determine:

1. Efficiency and applicability of avail-
able coal cleaning methods for pyrite
separation.

2. Available sources of high-sulfur coals
capable of being desulfurized.

3. Costs and technical limitations of
proven technology for converting the
refuse from coal cleaning into useful
products.

A logical way to decrease the cost of de-
sulfurization is to find suitable uses for high-
pyrite refuse material. Both iron oxides and
sulfur can currently be recovered, but the
cost of this recovery is too high. At present,
fiuidized-bed roasting of pyrite and subse-
quent sulfuric acid manufacture are in the
advanced stages of technological develop-
ment. Design of prototype pyrite-use proc-
esses will be initiated early in 1970, depend-
ing on performance of the prototype coal-
cleaning plant and on the results of pyrite-
use studies.

4.4.2.8 Pyrite Removal: Dry Processes—Dry
processes for the removal of pyrites from
coal are attractive because they can use fine
coal and they do not require water. These
processes include air classification and elec-
trostatic and magnetic separation, none of
which has reached the commercial stage. For
each of these processes, coal must be pulver-
ized below 200-mesh size to liberate the finely
disseminated pyrite particles for removal.
The most advanced of these processes is the

two-stage air classification method used by
Bituminous Coal Research, _Inc. (BCR).

BCR, in cooperation with a group of in-
terested utilities, has installed a pilot plant
at the Seward, Pennsylvania, power station
of the Pennsylvania Electric Company to
study the process. The 3- to 4-ton-per-hour
plant will supply pulverized coal to one
burner of a boiler. Coarse pyrite will be re-
moved by the tramp iron chute on the pulver-
izer; 20 to 30 percent of the pyrite can be
removed in this manner. Fine pyrite will be
removed by an efficient air classifier. Rejects
from both the tramp iron chute and the class-
ifier will be further cleaned on a concentrat-
ing table. The table will produce clean pyrite,
mixed refuse, and clean coal. The clean coal
will be returned to the pulverizer, the refuse
discarded, and the pyrite sold. Pyrite reduc-
tion in the pulverized coal delivered to the
consumer is expected to be 60 to 70 percent
based on the raw coal. Initially, central Penn-
sylvania coals, which are low in organic sul-
fur and high in pyrite, will be used. Losses in
the processes are expected to be between 10
and 15 percent since rejects are reprocessed.
No by-product credit is assumed.

‘Magnetic separation of pyrite from coal is

 being studied at the T.S. Bureau of Mines

and at West Virginia University. The work
at the Bureau is aimed at enhancing the weak
magnetism of pyrite by means of microwave
radiation. West Virginia University is exam-
ining the use of superconducting magnets to
provide higher field intensities for pyrite
separation. Both processes are in the basic
research stage, as is electrostatic separation
of pyrite from coal, which is being studied by
the U.S. Bureau of Mines.

4424 Liquefaction—Liquefaction is the con-
version of coal into products of which the
major useful fraction is liquid. Some gaseous
products always result, and the major prod-
uct (up to 50 to 60 percent of yield) is rela-
tively high-sulfur char. Almost all liquefac-
tion processes involve hydrogenation and aim
for maximum gasoline production; therefore
very little heavy fuel is produced. An excep-
tion is the solvent refining (Pemco) process,
the end-product of which is a low-ash, low-
sulfur liquid or solid fuel.
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Liquefaction is not a desulfurization proc-
ess per se, because the sulfur is not simply
removed, but appears.in the various end-
products. Of major interest in air pollution
control is production of a low-sulfur fuel,
either as a primary product of the process or
by desulfurization of the char.

Coal liquefaction has been a technical re-
ality for decades. The economics of this
process in this country, however, have been
unfavorable up to now. Coal desulfurization
by liquefaction is a possible long-term ap-
proach to providing low-sulfur fuels.®®

Four major liquefaction processes are de-
scribed in the Appendix 1.

4.4.2.5 Gasification—Gasification is the proc-
ess in which coal reacts with oxygen, steam,
hydrogen, carbon dioxide, or a mixture of
these, to produce a gaseous product suitable
for pipeline transmission and subsequent use
as a fuel. Gasification is an effective method
of desulfurization because sulfur iz readily
removed and recovered as H.S. Coal gasifica-
tion is not a new development. Carbonization
(pyrolysis) of coal to coke yields a gas that
was used as early as 1792 for street lighting
in cities throughout the world. This gas is low
in heat content because it contains only 15 to
30 percent of the input coal’s Btu content. In
hydrogasification, the methane is directly
produced from coal and contains 57 to 71 pex-
cent of the coal’s Btu content. The most prom-
ising approach is gasification followed by
methane shift reaction, which produces a gas
having as much as 75 percent of the Btu con-
tent of the input coal.

The four major processes for obtaining
from coal a gas with heat contents of 900 to
1000 Btu per cubic foot use variations of gas-
ification-methanation. These processes are
hydrogasification, CO. accepter, molten salt,
and two-stage superpressure. Much develop-
‘ment is necessary if any of these four proc-
esses is to become commercially feasible in
the next decade. These methods are also de-
scribed in the Appendix 1.

The cost of obtaining pipeline-quality gas
by these coal gasification techniques is esti-
mated at from $.44 to $.54 per 10¢ Btu, which
is within the cost range of higher-cost natural
gas. The future of gasification appears to lie
in providing not a replacement for natural
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gas, but a supplement, as the cost of finding
and using natural gas reserves increases. As
a long-range, supplementary source of low-
sulfur fuel, this method has promise for the
future. Pipeline transmission of gas is gener-
ally more economical than transmitting elec-
tricity, and the production of this sulfur-free
fuel will allow generation of electricity closer
to the highly populated areas.

4.4.3 Oil

4.4.3.1 Introduction—All crude oil contains
some sulfur. Refining processes—including
distillation and cracking, which separate the
crude oil into various petroleum products—
cause the sulfur to become more concentrated
in the heavier fractions, which have higher
boiling temperatures. It is the heaviest frac-
tion, petroleum residuum, from which re-
gidual fuel oils (primarily Grade 6) are
obtained.

Production of residual fuel oil with a sul-
fur content of 1.0 percent or less is currently
receiving much attention. Low-sulfur resid-
ual fuel oil can be obtained by direct desul-
furization of the high-sulfur residual oil, or
indirectly by blending heavy oil fractions
with low-sulfur distillate oils. This latter
scheme is currently being used to produce
most of the imported residual fuel oil with a
sulfur content of 1.0 percent or less.

Direct desulfurization by hydrogen treat-
ment of the lighter petroleum products such
as distillate fuel oils has been practiced for
many years as part of the normal refining
process. The application of these methods
directly to heavy fuel oils is, however, rela-
tively new. The petroleum industry has
further developed and applied these desul-
furization schemes successfully as evidenced
by some of the new processes being installed,
as shown in Table 4-26. A 30,000-barrel-per-
day desulfurizing unit has been in operation
at Shell 0il Company’s refinery at Curacao,
Netherlands Antilles, since late 1967. An ad-
ditional unit costing $35.5 million is planned
by Shell for Punta Cardon, Venezuela. Stand-
ard Oil of New Jersey is planning to invest
about $200 million in desulfurizing processes
at refineries in western Venezuela and in
Aruba, Netherlands Antilles. The installation
at Amuay, Venezuela, will consist of three



desulfurization units with a total capacity of
159,000 barrels per day of low-sulfur fuel
olls.

Many of these schemes upgrade the feed
stream to low-sulfur distillate products. These
products may be marketed, or blended with
heavy oil fractions to yield a fuel oil meeting
Grade 6 fuel specifications with a sulfur con-
tent of 1.0 percent or less. Under certain
operating conditions, however, some of thege
processes will directly vield a low-sulfur re-
sidual fuel oil.

Cost estimates for direct desulfurization of
residual fuel oil may be made if the sulfur
and metallic content of the crude oil, the cost
of hydrogen, the plant size, desired sulfur
level, and related factors are known. Costs of
reducing sulfur content of residual oil to 1.0
percent range from $.25 to $.75 per barrel.*
Data obtained by the Bechtel Corporation for
a typical Caribbean crude oil show an addi-
tional cost of $.60 per barrel ($.10 per 10¢
Btu) for desulfurizing residual fuel oil from
2.6 to about 1.0 percent, when a 5-year pay-
out was assumed.”> " Another recent cost
estimate by Arthur G. McKee and Company
was based on domestic crude oils, and showed

a breakeven or slightly profitable operation

‘for producing residual fuel oil with a sulfur

content of 0.5 percent.™

The price of a barrel of residual fuel oil
with a sulfur content of 1.0 percent or less,
however, cannot be so easily estimated since
this price depends on demand, investment
payouts. desired profits, import duties, cost
of crude oil, value of other refinery products,
and quantity purchased.

4.4.3.2 Major Processes for Desulfurization—
Several schemes are available for desulfur-
izing petroleum products. The particular
scheme to be used in a given situation will
depend on such things as desired sulfur con-
tent, type of feed stream and its metals con-
tent, and the desired product.

Hydrodesulfurization—Direct residual oil
desulfurization processes use a form of hy-
drocracking for sulfur removal (Section 5.2.-
2.3). Hydrocracking processes were origi-
nally developed to reduce the yield of residual
fuel oil; however, by selecting the proper cat-
alyst and operating conditions, residual fuel
oil yields can be maintained and sulfur re-
moval achieved. In deep desulfurization (to

Table 4-26. TYPICAL RECENT PETROLEUM DESULFURIZATION ACTIVITY ®

Company Location Process Feed
Cities Service ... Lake Charles, La. ............ H-011 ... Residual oil =
Idemitsu Kosan ............... RE—. Chiba, Japan ... ... Isomax ... Residual oil »
Shell ... Curacao, N. Ant, ... Shell HDS Vacuum gas oil =
Humble ... Bayonne, N. J, ... Blending » —_—
Humble Linden, N. J. .................. H-0il ... Residual oil
Creole Amuay, Venezuela ..., Esso HDS .. . Vacuum gas oil
Lago ... Aruba, N: Ant, ... .. Esso HDS ... ... Vacuum gas oil
Shell ... Cardon, Venezuela ..., Shell HDS ... Vacuum gas oil
Aminoil ... Kuwait Isomax ... Atmos. residuum
Kuwait National Petroleum ..... Kuwait .. H-Oil ... . Residuum
Idemitsu Kosan ... Japan Isomax ... ... Residuum
Dikyo 0il Gulfining ... ETTTR Vacuum gas oil
Nippon Petroleum ... .. . Japan Isomax ... Vacuum gas oil
Toa Nenryo ... Japan Esso Hydrofining v ... Vacuum gas oil
Japan Isomax ... Vacuum gas oil
Atlantic Richfield ... .. .. Wilmington, Calif. ... . Coker Expansion ...,
Phillips Petroleum ... Woods Cross, Utah ... De-asphalting Asphalt
Standard of California ... El Segundo, Calif. ... Coker ...
Texaco ..o Wilmington, Calif. ... Cokerec ... -

2 Plants in operation; others are under construction or planned.

b Two units.

¢ Texaco also is using their partial-oxidation synthesis process to make hydrogen, using residual oil as feed.
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below 0.5 percent), however, the yield of
residual fuel oil decreases, since the severe
operating conditions that must be used tend
to upgrade part of the feed to lighter petro-
leum products.

The three most commercially advanced hy-
drocracking processes are the H-Oil, ISO-
MAX, and Gulf-HDS processes. Developed
by Hydrocarbon Research, Inc., and Cities
Service 0il Company, the H-Oil process has
been in commercial operation since late 1962
with a 2500-barrel-per-day installation at
Lake Charles, Louisiana, which converts re-
sidual oil to lighter products. This process
uses an ebullating catalyst system in which
the reactor feed (gas and liquid) passes up-
ward through a bed of catalyst maintained
in continuous random motion by the upflow.
A flow chart for this desulfurization process
is shown in Figure 4-17.

The ISOMAX hydrocracking process, de-
veloped by Chevron Research Company and
Universal Qil Produects, Inc., has long been

used for distillate-gas oil conversion. Upgrad-
ing of low-value residual fractions and de-
sulfurizing of fuel oil are relatively new uses
for this process. By controlling the severity
of hydrocracking, a heavy, low-sulfur fuel-oil
blend stock, as well as minimal yields of
synthetic naphtha and saleable gas, are pro-
duced. Minimizing the cracking of low-boil-
ing products saves hydrogen and produces a
maximum yield of finished fuel oil. Hydro-
carbon flows through the reactor once, and
hydrogen is recycled from the high-pressure
separator. A product stripper is used to re-
move H.S. This process is used in a new in-
stallation in Chiba, Japan.

The Gulf-HDS process, developed by Gulf
Research and Development Company, is also
a fixed-catalyst-bed process used to upgrade
or desulfurize petroleum residues by catalytic
hydrogenation. It produces refined heavy fuel
oil and high-quality catalytic-cracker charge
stock.

Hydrogen treating—Hydrogen treating is

HYDROGEN HYDROGEN SULFUR-BEARING

MAKE-UP RE GAS TO SULFUR

A CYCLE RECOVE?Y PLANT
- SEPARATOR CEEEEEE— SEPARATOR
=
CATALYTIC
REACTOR STABILIZER

RESIDUAL ' STEAM

oIL
————®=1 HEATER

LOW-SULFUR NAPHTHA
FUEL OIL

Figure 4-17. H-Oil desulfurization process (simplified flow chart).
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an important adjunct to all direct desulfur-
ization operations and is essentially a mild
form of hydrocracking. Hydrogen treating is
used for hydrogen saturation of olefins and/
or aromatics and for removal of sulfur, nitro-
gen, and other impurities (Section 5.2.2.6).
It is widely used in reformer and catalvtic
cracker feedstock preparation, product up-
grading, yield improvement, and sulfur
recovery.

The general process flow is shown in Fig-
ure 4-18. Feedstock is mixed with hydrogen,
heated, and charged to a fixed-bed reactor
containing a nickel or cobalt-molybdate-alu-
mina catalyst. The reactor effluent is cooled,
separated from recycle gas, and stripped of
H.S and light ends. Operating costs are $.10
to $.20 per barrel.™ Capacity for hydrogen
treating in the United States is currently
over 3.5 million barrels per day.

Distillation—For a relatively small sulfur
reduction (2.6 to 2.0 percent), distillation
followed by hydrodesulfurization of the over-

head stream may be used. Usually, vacuum
distillation is used, but in some cases atmos-
pheric distillation may be satisfactory. The
advantage of distillation is that it is rela-
tively inexpensive and makes use of well
known technology and existing equipment.
Vacuum distillation of the heavy fraction
from an atmospheric distillation unit will in-
crease the recovery of the lighter fractions
suitable for hydrodesulfurization.

Delayed Coking—Coking is a thermal proc-
ess for decomposing, rearranging, or combin-
ing hydrocarbon molecules by applyving heat
without catalysts. Delayed coking is a semi-
continuous process for the conversion of
heavy low-grade oils such as reduced crude
and tars into solid coke and lighter products
that can be used as catalytic cracking feed-
stock. This process is important from a fuel
desulfurization standpoint since the sulfur is
concentrated in the petroleum coke. Disposal
of this high-sulfur coke is a problem and may
be an economic debit.

SULFUR-BEARING
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Figure 4-18. Hydrogen treating (simplified flow chart).
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Figure 4-19 is a flow chart of the delayed-
coking process. Heated charge is introduced
into the fractionating tower. Heavy liquids
from the tower bottom are pumped through
a heater to a coke drum. Vapor from the
drum is returned to the fractionating tower
for separation into coke gas, gasoline, and
gas oil. When a coke drum is full, it is re-
moved from the line and dumped while the
process flow is diverted to a clean drum.

In 1964, the capacity of delayed-coking
processes in the United States and Canada
was about 700,000 barrels per day. For a
15,000-barrel-per-day plant, operating costs
in 1962 were estimated at $.30 per barrel.™

Solvent De-Asphalting—=Solvent de-as-
phalting is a physical process in which a
solvent is used to separate the various con-
stituents of a petroleum charge. In this proc-

ess, sulfur and heavy metals are removed,
color is improved, and carbon residue and the
tendency toward coke formation are reduced.
Solvent de-asphalting is an alternate method
for preparing feedstock for catalytic crack-
ing. It competes with vacuum distillation,
coking, and visbreaking.

The process flow is shown in Figure 4-20.
The solvent, liquid propane, is contacted
counter-currently with descending heavy oil
in the de-asphalting (contacting) tower. The
normal charge stock is vacuum-reduced crude
of various boiling ranges. The de-asphalted
oil is separated from propane by evaporation
and steam stripping. The heavy asphalt-pro-
pane mixture is heated, flashed, and stripped.
Propane is recovered and compressed for re-
use. Residual fuel oil with a sulfur content of
1 percent or less can be achieved by this
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Figure 4-19. Delayed coking (simplified flow chart).




technique if the de-asphalted gas oil is hy-
drocracked and blended with high-sulfur,
bottom fractions. The process is licensed by
M. W. Kellogg Company, among others, Di-
rect operating cost at a 5000-barrel-per-day
plant is about $.25 per barrel.™t

44.8.8 Cost Studies—Cost estimates of fuel
o0il desulfurization were prepared by Bechtel
Corporation in 1964 for California crude?
and in 1967 for Venezuelan crude, and by
Arthur G. McKee and Company in early
1968, for crudes processed in refineries in the
United States.™ The 1964 study, now largely
outdated, is not discussed here.

In all processes involving hydrogen, a
major cost item is the hydrogen. Low-cost

PROPANE RECYCLE

sources and maximum use of hydrogen are of
utmost economic importance. A cost estimate
published in 1966 for a 50,000-barrel-per-
day refinery processing Venezuelan crude
and desulfurizing from 2.0 to 0.5 percent
gave an operating cost of $.284 per barrel.”
This was increased to %$.424 per barrel when
a d-vear payout affer taxes was used.

1967 Bechtel Study—The specifications for
the selected base case Caribbean refinery
using Venezuelan crudes are given in Table
4-27,

A major assumption of the 1967 Bechtel
report ig that the produet stream obtained
from the refinery is fixed. Although in actual
practice a refinery turns out those products

- PROPANE - oIL
- EVAPORATOR ¥ Bl STRIPPER
CHARGE
STOCK™*
GAS OIL TO
' CONTRACTING HYDRODESULFURIZATION PLANT
TOWER
FPROPANE
STORAGE ‘
PROPANE
PROPANE RECYCLE
*USUALLY VACUUM - el
REDUCED CRUDE OIL
FUR - FLASH = ASPHALT
URNACE DRUM STRIPFPER
———— T

SULFUR-BEARING ASPHALT

Figure 4-20. Propane solvent de-asphalting (simplified flow chart).
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Table 4-27. PROCESS SIZES AND YIELDS FOR
1967 BECHTEL STUDY =

Process Size, barrels per stream day

Crude distillation ... ... ... 300,000 @ 23.6° API

Vacuum distillation ... . 48,000
Catalytic cracking . ... ... 23,000
Visbreaking ... 72,000
Alkylation 2,000
Lube plant 2,000

Product yield Volume, percent of crude

_ Regular gasoline ... 8.1
Premium gasoline ... 4.1
JP4 1.5
Jet A-1 1.5
Kerosene 4.2
No. 2 distillate fuel oil ... ... 11.3
Automotive diesel ... 2.6
Marine diesel ... 3.3
No. 6 fuel oil ... 574
Lube ... 0.7
Naptha ... .. 3.0
Fuel and Loss ......................... 2.3

100.0

that have maximum economic value, the
Bechtel study, as one of its constraints, main-
tained a fixed volume of lighter products.
The value of low-sulfur residual fuel oil will
depend on the quantity and value of other
products produced. These points should be

noted in any consideration of the results of
this study. Table 4-28 is a summary of re-
sidual-fuel-oil quality and cost data for dif-
ferent processes at a typical Caribbean
refinery.

Certain comments are in order regarding
product and process capabilities. When the
sulfur content is reduced to about 1.0 percent,
the viscosity of the oil is reduced to the low-
est limit of ASTM specifications for No. 6
fuel o0il {45 SSF at 122°F), When the sulfur
content is reduced to 0.5 percent, the vis-
cosity reaches the lowest limit allowed by
import regulations (145 SSU at 100°F). Re-
sidual fuel oils of relatively low sulfur con-
tent, down to about 0.87 percent, may be at-
tained without charging the oil directly to a
desulfurizer or having coke as a product for
disposal. Fuels with a sulfur content of about
0.5 percent may be produced by direct resid-
nal desulfurization or by delayed coking and
solvent de-asphalting followed by blending.
Because of the high metal content of this
crude oil, process capabilities and costs are
less reliable for desulfurization below 0.87
percent.

The volumetric value of fuel oil decreases
with desulfurization. This is illustrated in
Figure 4-21, where degree of desulfurization
is related to costs, calculated on 5-year-pay-
out hasis.

1968 McKee Study °~—Ags the basis of the

Table 4-28. HEAVY FUEL OIL PRODUCT QUALITY AND INCREMENTAL COST ™

Incremental
: Incremental
Sgg";:rxt Viscosity ® I\%e;::}s, operating cost © . facility
: 5-yr payout Break-even ¢ Investment
Basecase ________._______.. 2.6 170 SSF 500 $120,000,000 (1967
. replacement cost)
Process: »
Distillation..____________ 1.96 88 SSF 478  $0.24/bbl  $0.15/bbl 44,000,000
Delayed coking__ .. _____ 1.14 145 88U 265 0.58 0.40 88,000,000
Solvent de-asphalting_. ___ 0.87 220 8SSU 275 0.61 00.40 100,000,000
Solvent de-asphalting
and coking._ _ ___.______ 0.5 145 S8U 189 0.73 0.49 118,000,000
Solvent de-asphalting and
residual desulfurization_ 0.52 145 S8U 23 1.02 0.65 154,000,000
Residual desulfurization_. 0.87 210 SSU 342 0.79 0.54 117,000,000

® All processes include optimized hydrogen treating.
b 3SF at 122° F: 88U at 100° F.

« Value of undesulfurized residual fuel oil is $2.00 per barrel.

4 Full depreciation over a 10-year period.
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INCREMENTAL COST, dollars

McKee study, an “average” refinery was se-
lected for each of the five petroleum districts
established in the United States by the Bur-
eau of Mines. The crude used in each refinery
was typical for its district, as reported by
the Bureau of Mines. In the determination
of size for the average refinery, the many
small refineries in that district were ne-
glected if they contributed only a small por-
portion of the production.,

1.0 T T T I |
1.00

|

0.90 1= COST PER 6,300,000 Bru
080
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0.601—
0.50

A0
3'30 L COST PER BARREL”
020
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0.60 1

0.0 0.5 1.0 1.5 2.0 2.5
% SULFUR IN FUEL OIL

Figure 4-21.

value.”3

incremental desulfurization costs -
per barrel versus constant heating

This study assumes that hydrodesulfuriza-
tion will lead to an upgrading of products and
that residual fuel oil will be partly upgraded
to distillate fuel which can be sold. The major
results when desulfurizing to 1.0 percent and
to 0.5 percent are shown in Tables 429 and
4-30.

These data show the production of No. 6
fuel oil for the typical refinery without hy-
drodesulfurization in each district. A de-
creased amount of this fuel is produced when
hydrodesulfurization is used, but some No. 2
fuel oil is also produced. In addition, sulfur
is produced in the sulfur recovery plant.
Operating costs include hydrogen production,
H.S and sulfur removal, and operation of the
hydrodesulfurization unit itself. They do not
include depreciation or charges on the capital
investment. The decreased amount of No. 6
fuel oil produced is shown as a debit while the
increased production of No. 2 fuel oil is
credited to the operation as is the sulfur
recovered.

The major conclusion to be drawn from
this study is that, for a refinery of reasonable
size, production of low-sulfur residual fuel oil
may yield a net income on operation. The net
profit, of course, would be larger if higher
prices for low-sulfur residual oil were as-
sumed. Disposal of the large amount of dis-

Table 4-29. PRODUCTION AND COST DATA FOR PRODUCING 1 PERCENT SULFUR RESIDUAL
FUEL OIL FROM CRUDE OIL IN SPECIFIED DISTRICTS AT AN AVERAGE REFINERY ™

Petroleum distriet
3

1 5

Existing No. 6 fuel oil pro-,

duction for average refinery,

bbl/day___________________ 11,340 —_ — 2,810 18,631
No. 6 fuel oil production after

process changes, bbl/day____ 9,350 — — 2,250 16,470
Additional No. 2 fuel oil pro-

duction after process changes,

bbl/day_ . _____ 2,670 — — 730 4,100
Additional sulfur produced,

long tons/day______________ 16.4 —_ — 5.05 25.9
Capital investment, $106_____. 4.85 —_ — 2.085 6.865
Operating cost, per day =______ § 4,327 - — $2,625 $ 5,627
No. 6 fuel oil debit___________ 4,580 — —_ 1,178 7,120
No. 2 fuel ol eredit___________ 10,800 — — 2,760 14,620
Sulfur eredit. ________________ 533 - — 164 844
Total operating cost per day___ +§ 2,381 — — —$% 879 +3 2,714

* Does not include depreciation or other capital charges.
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tillate fuei oil may be a problem in some dis-
tricts, and this fuel may have to be upgraded
to meet specific requirements. This would af-
fect the cost.

4.4.4 Gas

Many natural gases, as found, contain ele-
mental sulfur and sulfur compounds. The
sulfurous constituents may range in concen-
tration from undetectable amounts to over 10
percent.

It is usually necessary to remove the sul-
furous materials when they occur in other
than trace concentrations. Elemental sulfur
causes plugging of equipment. Hydrogen sul-
fide is a highly toxic material, even in very
low concentrations. It causes rapid corrosion
in steel when moisture is present or at ele-
vated temperatures, and is very reactive with
copper or copper-bearing materials under all
conditions. Organic sulfur compounds (mer-
captans, disulfides, carbonyl sulfide, thi-
ophenes) are malodorous, corrosive, and gen-
erally undesirable in significant concentra-
tions. Specifications for saleable natural gas
generally call for the concentration of hydro-
gen sulfide to be below 14 grain per 100 stand-
ard cubic feet of gas and total sulfur to be no
more than 10 grains per 100 standard cubic
feet.

Literally scores of methods are employed
industrially to remove the sulfur-bearing ma-
terials from natural gas. The economical
choice of process depends on factors such as
quantity, temperature, pressure, and relative
humidity of the gas; quantity and composi-
tion of sulfur; nature of other contaminants
present; and desirability of recovering sulfur
in elemental form as a by-product of treating.

Wet scrubbing methods are categorized
as to whether theyv depend on chemical reac-
tion of the treating agent with sulfur com-
pounds or on selective solubility of the sulfur
compounds.”™ Treating with dry materials
can be categorized as methods that depend
on chemical reaction and methods that de-
pend on selective physical absorption.

Cost of desulfurizing natural gas depends
on the many factors outlined above in dis-
cussion of methods. In general, the cost will
range from a fraction of a cent to several
cents per thousand standard cubic feet of
gas.

4.5 FLUE GAS DESULFURIZATION

4.5.1 Introduction

Removing SO. from the flue gases is an
obvious way of reducing SO. emissions. Flue-
gas-desulfurization processes may provide

Table 4-30. PRODUCTION AND COST DATA FOR PRODUCING 0.5 PERCENT SULFUR
RESIDUAL FUEL OIL FROM CRUDE OIL IN SPECIFIED DISTRICTS AT AN AVERAGE REFINERY ®

Petroleum district
3

1 b

Existing No. 6 fuel oil pro-

duction for average refinery,

bbl/day__. . ______________. 11,340 4,630 5,600 2,810 18,631
No. 6 fuel oil production after .

process changes, bbl/day____ 7,940 3,710 4,480 1,910 13,220
Additional No. 2 fuel oil pro-

duction after process changes,

bbl/day. .. _____________ 4,310 1,200 1,455 1,152 6,890
Additional sulfur produced,

long tons/day___ . __________ 24 .6 4.05 4.92 T.117 39.1
Capital investment, $106______ 5.78 3.40 3.74 2,50 7.45
Operating cost, per day=______ 5,527 3,565 3,860 3,435 6,610
No. 6 fuel oil debit___________ 7,825 1,485 2,240 1,890 12,150
No. 2 fuel oil eredit___________ 18,140 4,710 5,800 4,370 24,590
Sulfur recovery credit_________ 800 130 160 234 1,295
Total operating cost/day______ +$ 5,588 —% 210 —§ 140 -3$ 721 +8§ 7,225

s Does not include depreciation or other capital charges.
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an alternative method for large fuel con-
sumers where a switch to a low-sulfur fuel
may present technical and ecomomic prob-
bems.

It has been estimated that 28.6 million tons
of S0, was emitted into the atmosphere in
the continental United States in 1966. QOf this
total, about 13.1 million tons (45.5 percent)
was the result of combustion of oil and coal
in electric power generating plants.”” Qther
combustion processes accounted for approxi-
mately 9.1 million tons (31.5 percent). Be-
cause of the predominance of fuel combustion
as an S0, source, primary research and de-
velopment emphasis has been placed on the
development of processes and equipment for
controlling this source. Many flue gas de-
sulfurization processes have been proposed,
and a number of them are currently being
actively developed. One of these processes,
the limestone injection-wet scrubbing proc-
ess, 1s in full-scale preliminary operation, and
other large-scale prototypes will be in opera-
tion within the next 3 years.

Progress in developing suitable flue-gas-
desulfurization processes has been slow be-
cause of the magnitude and complexity of
the problem. A modern power plant of 1000-
megawatt capacity, burning coal with a sul-
fur content between 2.5 and 3 perecnt, will
emit 1.7 million to 2 million cubic feet per
minute of flue gas with an SO, concentration
of between 0.2 and 0.3 percent by volume. De-
sulfurization of flue gas is further compli-
cated by a wide variation in the size of power
plants.

The technical and economic feasibility of
most processes is closely related to plant size.

It is unlikely that a single flue-gas-desul-
furization method will be developed that is
capable of controlling efluents from all types
of sources. Each of the several techniques
now being studied demonstrates varying
capabilities for controlling different aspects
of the problem. The control technique to be
used will depend on factors such as boiler
size and configuration, age, load pattern,
characteristics of the fuel, by-products, and
geographical area (particularly with respect
to ability to consume by-products).

The most promising SO, removal processes
currently under investigation in the United

States are limestone-dolomite injection, cat-
alytic oxidation, and alkalized-alumina sorp-
tion. A potassium sulfite scrubbing system
also is receiving increased attention. The
limestone injection process, which appears to
have potential for controlling emissions from
both small and large sources, is, with certain
variations, currently being installed on a
number of boilers in the 125- to 700-mega-
watt range. The alkalized alumina and cat-
alytic oxidation processes seem to be more
applicable to large new units, since their
integration into the power plant is required.
Other “second generation” processes that
show potential for improved economics and
control capabilities also are being actively de-
veloped for installation during the years be-
tween 1975 and 1980. These systems may
find application in the future as replacement
processes for those now being developed, or
In special circumstances where the economics
of a particular system are justified.

4.5.2 Alkalized Alumina Process

4.6.2.1 Introduction—The alkalized alumina
brocess is one of a number of flue-gas-de-
sulfurization schemes that use a dry metal
oxide to contact and absorb the S0, in a gas
stream. Because the activated sodium alu-
minate sorbent is expensive, a regenerative
process is employed and the sorbent is re-
cycled. Sulfur is recovered in the regenerat-
ing process. Developers claim 90 percent
recovery of SO. from the gas stream.

The process, which was developed with
financial assistance from the Public Health
Service, is patented by the Bureau of Mines,
Department of the Interior. Their studies
have progressed from a 92-cfm-at-625°F
pilot plant erected in 1961 at the Pittsburgh
Coal Research Center, Bruceton, Pennsyl-
vania, to a recently installed plant rated at
0.2 megawatt or 920 c¢fm at 625°F. Both in-
stallations have transport reactors and use
furnaces fired with pulverized coal to supply
S0.-bearing gas streams. To fill in gap areas
where further fundamental data were needed
for design studies, the National Air Pollution
Control Administration (NAPCA) con-
tracted with AVCO Space Systems Division
to do kinetics work on sorption and regenera-
tion and incorporate these data in mathemat-
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ical process models for use in determining
process costs as a function of design. W.R.
Grace Company was given a contract to do
extensive work to test the life of alkalized
alumina, improve its physical and chemical
properties, and determine the optimum
means for producing a low-cost sorbent. QOth-
er studies were funded by the Bureau of
Mines to do sorbent development and kinetic
studies on regeneration.

The British have advanced the process de-
velopment under the auspices of the Central
Electricity Generating Board (CEGB).™ A
fluidized, large-diameter absorber-contactor
is the foremost innovation of their “sodium
aluminate” process. CEGB is ready to design,
construct, and evaluate a 50-megawatt proto-
type plant.

The M.W. Kellogg Company has been se-
lected by NAPCA as the prime contractor for
process design and development, and will help
determine whether a large, advanced-proto-
type plant is necessary to achieve optimum
process efficiency and economics prior to in-
corporation of the process into a full-scale
plant.

4.5.2.2 Process Description-—The raw sorbent
solid in the form of 1/16-inch spheres of
dawsonite, NaAl(CO;) (OH.), is activated
at 1200°F to form high-porosity, high-sur-

SORBENT MAKEUP

[

face-area sodium aluminate, which reacts
with 80, in the flue gas at 300° to 650°F.
The sodium aluminate reacts with SO, to
form sodium sulfate, which is then regen-
erated in the presence of a reducing gas at
1200°F.

The basic steps in the process are shown in
Figure 4-22. After leaving the boiler, the
gases enter a dust collector and then a reac-
tor, which removes the SQ. from the flue gas
at 600°F. Gas from the absorber then passes
through an air preheater, a high-efficiency
dust collector, and the stack. The spent sor-
bent is heated to between 1200° and 1300°F
and enters the regenerator where it contacts
a reducing gas (primarily H., CO, and CQ.),
which is in the form of producer gas (gas
from reforming of fuel oil or natural gas).

The sulfate-bearing pellet is regenerated to
sodium aluminate and recycled. Hydrogen
sulfide is the primary desorbed sulfur com-
pound formed under reducing conditions in
the regenerator. A conventional Claus unit
(see Section'5.2) will be used to convert H.S
in the regenerator effluent gas stream to
elemental sulfur.

The advantages of this process are:

1. It produces a highly desirable and
valuable by-product, i.e, sulfur,
which can be sold to offset process
operating costs.

PURIFIED FLUE
GAS TO AIR PREHEATER

< JrinES AND STACK o

SEPARATOR o

+

SORBENT
STORAGE
HOPPER
DUST
COLLECTOR I
FLUE GAS
FROM BOILER FLUE GAS

[}

GAS TO SULFUR

o
i

RECOVERY PLANT

REACTO
R REGEN-

ERATOR
REDUCING GAS

i

'

L

DUST
REMOVAL

Figure 4-22. Alkalized alumina process.




2. The stack gases are released at a high
enough temperature (250° to 300°F)
to maintain buoyancy of the stack
effluent.

Some of the disadvantages associated with
this process are:

1. Sorbent make-up costs are high be-
cause of attrition.”™ Present sorbent
cost is also high, but considerable
progress being made in preparation
techniques should reduce this cost.
W.R. Grace’s preliminary sorbent
preparation work for NAPCA indi-
cates that the CO.-sodium aluminate
process may be capable of producing
sorbent for $.20 per pound versus the
$.25 per pound projected earlier by
the Bureau of Mines. Attrition is,
however, a critical problem that must
be overcome, perhaps by improving
the sorbent or the design of the re-
generating process.

2. The process is most applicable to new
power stations.®® To keep process
costs at a reasonable level, lower SO.
removal efficiency may have to be ac-
cepted for installations in existing
power plants.

3. The overall process is large and com-
plex, involving circulation of large
amounts of sorbent at high tempera-
ture through the sorption and regen-
eration steps, production of reducing
gas, and recovery of sulfur in a Claus
unit.®* This results in high ecapital
charges for this SO. removal equip-
ment,

4.5.2.8 Cost—Costs for the alkalized alumina
process are difficult to estimate and are based
on the assumption that a suitable sorbent
will be available. It has, however, been esti-
mated that for an 800-megawatt coal-fired
plant incorporating a transport-dispersed-
solids reactor, a capital cost of $10.64 per
kilowatt is required. The operating cost of
such a unit would be about $1.54 per ton of
coal (60 mills per million Btu). These figures
are based on the assumption that coal with a
sulfur content of 3 percent and a 90-percent
operating load factor will be used.?2 No al-
lowance is made for revenue from by-product

sale. If credit is taken for by-product sulfur,
the operating costs would be decreased. These
figures are also based on 0.1-percent attrition
of the sorbent per cycle, which is consider-
ably lower than the rates now experienced in
a transport-type, dispersed-solids reactor;
thus in all probability the actual operating
costs would be higher.

On the other hand, use of a fluid-bed reac-
tor may result in substantially lower sorbent
make-up costs. An economic compromise for
application to existing power plants might
require acceptance of SO, removal efficiencies
in the 50 to 80 percent range. Advances in
regenerator design would result in lower
process costs.

4.5.3 Limestone-Based Injection Process

4.5.3.1 Introduction—Oxides of sulfur pro-
duced by burning coal and oil can be reacted
with the calcined products of limestone or
dolomite to produce removable calecium-sulfur
salts. Two basic limestone injection proc-
esses are currently being investigated, (1)
limestone injected directly into the high-
temperature zone of the boiler is calcined
to lime and allowed to react with SO,
in the flue gas and (2) limestone injected
into the boiler is calcined to lime and sub-
sequently becomes part of an aqueous SO,
scrubbing solution in the scrubber. In the
second process, the alkaline, milk-of-lime
scrubbing solution reacts with SO, to form
calcium and magnesium sulfites and sulfates,
which can be collected for disposal. Both
processes are of major interest because of
their relatively low capital cost and because
of their potential for being adapted to large
and small, existing and new power plants.
Their application will require little alteration
of existing power plants. Because of these
characteristics, the limestone-based processes
are regarded as among the most promising
S0, control methods.

4.6.3.2 Process Description—Dry Process—
The first active program in the United States
for the development of a dry limestone-in-
Jection process to control SO. from flue gas
was initiated in 1964 by the Process Control
Engineering Program of the NAPCA. Ear-
lier work in Germany and Japan was incon-
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clusive, A series of in-house and contract
research projects to identify the important
kinetic and process variables affecting the
use of reactants and sulfur oxide removal
efficiency was started. Results from these
studies were incorporated into a concep-
tual design study of the dry-injection pro-
cess conducted by the Tennessee Valley Au-
thority as part of the NAPCA program for
development of a large-scale prototype pro-
cess. The flow chart for this prototype pro-
cess, which will be operational in the summer
of 1969, is shown in Figure 4-23. In this pro-
cess limestone and/or dolomite is pulverized
and fed into the high-temperature combus-
tion zone of the furnace where it is calcined
to the active oxide forms CaQ and MgO.*
The reaction of the additive with SO, and
oxygen at temperatures above 1200°F forms
gypsum (CaS0,). Sulfates, unreacted lime,

and fly ash are removed by conventional par-
ticulate collection equipment. Additional elec-
trostatic precipitator capacity may, however,
be required to maintain a given collection
efficiency.

Wet Process—The principle of lime scrub-
bing was thoroughly studied in three sepa-
rate but related programs in England in the
1930’s. The first of these involved a 26,000-
scfm-pilot-scale study. This work led to the
construction of the still active Battersea SO.
wet-serubbing process in London. Sulfur
oxide removal efficiencies of over 90 percent
were obtained. A second pilot study was con-
ducted at the Tir John Power Plant at Swan-
sea, Wales. This process was reported to have
demonstrated high SO, removal efficiency.
This work led to the full-scale, cyclic lime
process that was installed in the late 1930’s
on the Fulham power plant, where it operated
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Figure 4-23. Limestone injection - dry process.

52




successfully until it was closed during World
War II. These installations demonstrated the
capability of the lime scrubbing process for
removing SO. from flue gas. However, they
also spotlighted specific process problems
such as high maintenance and operating
costs, low-temperature corrosion, solid wastes
disposal, and loss of plume buoyance result-
ing in high localized ground-level concentra-
tions of SO, and other emissions, '

Unlike the earlier work done in England,
the current limestone-injection lime-scrub-
bing process for SO. control is actually a
combination of the two individual processes,
(1) dry limestone injection directly into the
furnace where it is calcined to lime and (2)
scrubbing of the combustion flue gas by lime
slurry for removal of SO,. Figure 4-24 is a
conceptual design for this process.

In the limestone scrubbing process, lime-
stone is injected into the combustion zone of
a boiler, where it is calcined to reactive lime.
The lime and fly ash are collected by the
scrubber, where the calcined limestone forms

a slurry of reactive milk-of-lime, which reacts
with the SO, in the flue gas to form sulfite
and sulfate salts. The spent scrubber liquor
and reaction products are allowed to settle.
Ash and reacted lime are removed for dis-
posal. Scrubber liquor is recycled to reduce
water requirements and avoid water pollu-
tion.

The limestone-injection wet-scrubbing pro-
cess for SO. control was first researched in
the United States by Wisconsin Electric Com-
pany and Universal Oil Products Company in
1963 and 1964.** The Combustion Engineer-
ing Company in cooperation with Detroit
Edison Company recently conducted research
on a similar process, which involved injection
of limestone and dolomite into a full-scale
170-megawatt boiler followed by a 2500-¢cfm
scrubber processing about 1.0 percent of the
total boiler flue gas. This work resulted in the
purchase of the limestone-injection wet-
scrubbing process for use on three full-scale
power plant boilers in the 125- to 420-mega-
watt range. These installations have been sold
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Figure 4-24. Limestone injection - wet scrubbing process.
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with a guaranteed removal efficiency of more
than 80 percent of SO. and 98 percent of par-
ticulates. One of these systems is currently in
preliminary operation at the Union Electric
Company’s Meramec Plant in St. Louis.

4.5.3.8 Process Cost—Conceptual design and
economic studies conducted by TVA under
NAPCA contract indicate that the capital in-
vestment for the dryv limestone injection proc-
ess for an 800-megawatt power plant would
be about $3 million and that the net operating
cost when removing 40 to 60 percent of the
SO, would be about $0.73 per ton.*® These
figures assume limestone delivered at $2.00
per ton, and 200 percent stoichiometric addi-
tion of limestone. Similar estimates of the
capital and operating costs of the limestone-
scrubbing process indicate that capital costs
would be $4 million and operating costs
would be $0.94 per ton of coal fired.** Operat-
ing cost estimates by the vendor (Combus-
tion Engineering Co.) range from $0.35 to
$0.50 per ton of coal ($0.015 to $0.02 per
million Btu).®

4.5.3.4 Future Plans—A full-scale boiler
(240-Mw) of the TVA power generating
system is being equipped for direct injection
of limestone and dolomite. This unit, at the
Shawnee power plant, is expected to be
placed on line in mid-1969. It is the purpose
of these prototype studies to demonstrate
process feasibility and generate economic and
design data on the dry injection process.
Three large-scale limestone-scrubbing dem-
onstration units have been sold by Combus-
tion Engineering Company for installation on
full-scale boilers. These units have been sold
as guaranteed processes and are based on
extrapolation of data gathered from small-
scale pilot studies conducted jointly by Com-
bustion Engineering and Detroit Edison.
An intermediate-scale applied research
program will be initiated by NAPCA to pro-
vide the needed intermediate-scale data on
prototype equipment to study engineering,
kinetics, and economic problems associated
with wet-serubbing processes. Three scrub-
bers, each capable of scrubbing approxi-
mately 100,000 acfm, will be evaluated, and
studies will be made of reaction and process
kinetics, and factors such as high- and low-
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temperature corrosion, solid waste disposal,
water pollution potential, and plume re-
heating.**

4.5.4 Catalytic Oxidation Process

4.5.4.1 Introduction—This process converts
sulfur oxides to sulfuric acid by passing the
flue gases over a vanadium pentoxide cata-
lyst. which oxidizes the SO, to SO;. The SO,
then combines with water vapor in the flue
gas to form sulfuric acid. Subsequent cooling
condenses the acid.

In 1961, Bituminous Coal Research Incor-
porated (BCR) and Penelec (composed of
Pennsylvania Electric Company, Monsanto
Chemical Company, Research-Cottrell In-
corporated, and Air Preheater Company)
proceeded, independent of each other, to show
the feasibility of sulfuric acid production on
pilot-plant scales using similar methods. The
BCR investigations were carried out at Mon-
roeville, Pennsylvania, and the Penelec group
worked at the Seward, Pennsylvania, power
plant. The Penelec group’s investigations
have now advanced to an operating 12-mega~-
watt prototype plant at Portland, Pennsyl-
vania, which appears to be the most promis-
ing system using this process. This work has
proved successful, and Monsanto has an-
nounced plans to market the process.

In Japan the Kiyoura-TIT process, another
variation of the catalytic oxidation process,
is being used; and a pilot-plant installation is
operating in Omuta, Japan. This process in-
volves the injection of gaseous ammonia to
form the hy-product, ammonium sulfate,
(NH,).S0,. While TVA conceptual design
studies considered using ammonium sulfate
as an intermediate substance from which a
phosphate fertilizer could be produced, cur-
rent demand for (NH,).S0, from this source
is limited in this country because ample quan-
tities are generated by the coke industry.”

4.5.4.2 Process Description—The catalytic
oxidation process, as shown in Figure 4-25,
is an adaptation of the contact catalytic proc-
ess used in the manufacture of sulfuric acid.
Many of the details of the process are not
available because of the proprietary nature
of this process.

A high-efficiency electrostatic precipitator




(99.5%¢) is employed to remove particulate
matter before the gas enters the catalyst bed
at elevated temperatures of 800° to 850°F.
Sulfur trioxide formed in the catalyst bed
reacts with water vapor in the flue gas to
form sulfuric acid. In the BCR method, vapor
condensation was carried out by two air-
cooled tubular heat exchangers, which pre-
heated the boiler combustion air and pre-
heated boiler feed water, BCR reported that
through careful temperature control of this
arrangement higher acid concentrations are
possible.”? Monsanto achieved a reported 78
percent sulfuric acid strength by using a
rotary air preheater. Condensation occurred
both in the acid condenser and mist elimin-
ator sections. Over 99 percent of the sulfuric
acid formed is collected in these sections. The
gas is exhausted through the stack at ap-
proximately 220°F.

A fixed-bed catalyst achieved 90 percent
conversion of SO, to SO; on the first pilot
plant; however, a means for cleaning the bed
must be provided for use in a large plant to
preserve the life of the catalyst and maintain
high conversion efficiencies.’” Even minute
amounts of certain particulates, such as se-
lenium, arsenic, or chlorides, deactivate vana-
dium pentoxide. '

Corrosion properties of sulfuric acid are

CATALYST BED

HIGH-EFFICIENCY
PARTICULATE

minimized when the concentration is above
93 percent; however, the weak acid vapors
are extremely corrosive below their dew
point, and special materials of construction
are required on the cooler portions (below
500°F) of the equipment.

The advantages of this process are:

1. The 80, removal system is simple.
Recycling of catalyst is not required.
Effluent-stack-gas buoyancy is main-
tained.

4. The by-product acid may prove profit-

able in some areas,

5. All raw materials are contained in the

flue gas.
Some of the disadvantages of the catalytic
oxidation process are:

1. The need for expensive corrosion-
resistant materials of construction in
the cooler section.

2. Rearrangement of the gas stream
through the boiler’s economizer sec-
tion is necessary in order to supply
the converter with 850°F flue gas.
Provision must be made to route the
gases back to the economizer or place
the economizer after the converter.

3. Marketability of 75 to 80 percent acid
is questionable unless such markets
as the steel or fertilizer industries are
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reasonably close to the supply of acid.
4. The process is difficult to apply to
older plants because of the problems
of tapping existing flue gas streams
at a point where required tempera-
tures exist.
4.5.4.4 Cost—Estimated installation cost for
this process is $20 to §30 per kilowatt above
that of a new conventional power station.
The operating costs for an R00-megawatt
plant have been estimated to be $1.75 per ton
of coal burned, without credit for the acid
produced (0.613 mill/kw-hr or 68.4 mill/
million Btu).*: If credit is taken for 78 per-
cent acid by-product from a 3-percent coal,
using a 90-percent recovery factor, $1.06 per
ton of coal fired might be realized ($10 per
ton is the estimated market value of the
acid). The overall costs (or credits) associ-
ated with this process are dependent upon the
sales value of the acid.

4.5.5 Beckwell SO, Recovery Process
4.5.5.1 Introduction—The Beckwell Process
has been developed by the Wellman-Lord Co.,
a division of the Bechtel Corp. This process
uses a potassium sulfite scrubbing solution
and has been evaluated at the Gannon Station
of the Tampa Electric Co. This pilot-study
has led to the construction of a 56,500-cfm
pilot plant scheduled for operation in April
1969 at the Crane Station of the Baltimore
Gas & Electric Co.

4.5.5.2 Process Description—S0. 18 removed
from the flue gas by scrubbing with a solu-
tion of potassium sulfite. The absorbed SO.
forms potassium bisulfite, which precipitates
out of solution as potassium pyrosulfite. Heat-
ing this potassium pyrosulfite converts it
back to potassium sulfite, and a concentrated
stream of S0. is recovered.*® This SO. may be
recovered in the anhydrous form.

4.5.5.3. Process Cost—For a 500-megawatt
coal-fired power plant, it is estimated that in-
stalled costs will be in the range of $5 to $6
million. Net operating costs will depend
largely on the price received for the recov-
ered SO.; however, a breakeven cost is
envisioned.®

4,5.6 Other Processes

4.5.6.1 Introduction—The four processes pre-
viously mentioned (alkalized-alumina sorp-
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tion. wet or dry limestone-dolomite injection,
potassium sulfite serubbing, and catalytic ox-
jdation) are the main processes developed to
the large pilot-plant stage, prototype scale-
up. or full-scale plant installation in the
United States. There are between 60 and 70
other 80. removal systems that are in various
stages of development.

1.5.6.2 Process Descriptions—In inorganic-
solids sorption systems (excluding metal
oxides), the dry system approach is typified
by the Reinluft process.™ A small-scale pilot
plant is being operated in Warren Spring,
England, by the Central Electricity Research
Laboratory. Two larger-scale coal-fired pilot
plants (10 megawatt) are operating in the
2uhr Valley, Germany. Available informa-
tion indicates that carbon catalyst oxidation
is igniting char in the absorber. Evaluations
must be held in abeyance, however, because
the owners of these German units have made
process details inaccessible.

Basically, flue gas containing SO is passed
through a bed of activated char at tempera-
tures of 200° to 300°F. During adsorption,
S0. is oxidized to SO, which reacts with flue
gas moisture, yielding H.SO.. The char ad-
sorbent is removed to a regenerator and
heated to T50°F, liberating SO. and CO.. A
conventional acid plant converts S0. into
concentrated acid. An efficiency rate of 95
percent is claimed. It is estimated that, for
the comparable 800-megawatt power plant
burning 3-percent-sulfur coal, a $14,217,000
capital investment is required. Operating
cost, including 14 percent capital charge of
total investment for 90-percent load factor,
is $5,431,000 per year (0.857 mill per kilo-
watt-hour, or $2.45 per ton of coal).*

Some advantages of this system are: (1)
production of a desirable concentrated acid,
(2) adequate buoyancy of discharged stack
gasses, and (3) the regenerator’s self-activa-
tion of the charcoal. At present, however, the
disadvantages seriously impair the system’s
promise. The disadvantages are: (1) suscep-
tibility to fires in the absorber, due in part to
the fact that the char becomes activated to a
higher degree with each subsequent desorp-
tion; (2) mnecessity for large amounts of
char; and (3) high cost of materials and
recirculation.




The Lurgi process is a wet-char system
that first cools the boiler gas by contact with
a weak solution of sulfuric acid.”® After ad-
sorption of converted SO, by the char, water
is intermittently sprayed into the gas stream
to remove acid. Some of the disadvantages
of this process are: weak recovered acid, cool
effluent gases, and the need for corrosion-re-
sistant materials of construction. The proc-
ess has been tested in conjunction with chem-
ical plant operations. Plans call for testing
on a coal-fired power plant,

A similar wet-char process (removal of
acid with wash water) is the pilot-plant op-
eration of Hitachi, Ltd., of Tokyo.”™ A 2-kilo-
watt plant has operated at the Goi Power
Plant, and a 50-kilowatt installation is being
planned. The Japanesge government subsi-
dizes this work. Gas contact with carbon is
done in a cyclic system employing six towers
with alternating schedules for 30-hour un-
cooled gas adsorption, 10-hour washing, and
20-hour stackgas drying periods. The product
acid of 10 to 15 percent is obtained by suec-
cessively weaker washes of adsorption tower
carbon. Increase in cost due to a required
damper system to change the flow from tower
to tower is a disadvantage.

Metal-oxide sorption systems—Besides al-
kalized-alumina and dolomite-injection sys-
tems, sorption with metal oxides is also being
investigated.

The Grillo Process uses a slurry of man-
ganese and magnesium oxide as an absor-
bent.” There are two series reactors, the first
at a temperature of 248° to 802°F and the
second ranging from 104° to 176°F. The gas
stream is cooled by evaporation of absorbent
slurry. After absorption, the regeneration of
the absorbent is carried out by heating a mix-

-ture of MgS0, and coke in a Herreshoff-type
furnace at 1470° to 1560°F. Concentrated
SO; is evolved for sulfuric acid production.
The ash and regenerated oxide are separated,
the oxide suspended, and the slurry recycled.

The advantages are the use of carbon steel
construction, non-attrition of absorbent, and
and rapid absorption. The disadvantages are
some fly ash generation, cooling of discharged
gases, and pressure drops through the reac-
tors. A small-scale pilot plant is operating.
Costs have been estimated at $0.75 to $1.20

per ton of fuel for a 300-megawatt plant.

The Carl Still Process was developed by
the Firma Carl Still and is being currently
tested on a 10-megawatt unit at the Herne
Power Station, Recklinghausen, Germany.™
A brown coal ( lignite) ash is reacted at
300°F after the SO,-laden flue gas leaves the
air preheater and before it reaches the con-
trol precipitator. The lime content of the lig-
nite ash is 40 to 50 percent. After reaction
with the flue gases, the spent absorbent can
be discarded or the calcium sulfite can be
heated to evolve a rich S0, stream for sul-
furic acid production.

Three series reactors are used and the feed
is reecycled. The recycle-to-feed ratio is
about 2 or 8 to 1. The major obstacles to this
process appear to be that a suitable lignite is
not widely available and formation of cal-
cium sulfate would interfere with the activ-
ity of the basic ash in recycle. Costs for the
process have not yet been determined.

Inorganic-liguid sorption systems—A mol-
ten-carbonate process is being developed to
scrub SO. from the flue gas, using a eutectic
mixture of LiCO,, Na,CO,, and K.CO; (with
a melting point of 746°F) at about 800°F,
The mass transfer of a liquid-gas system
should be excellent; and, with the high temp-
eratures obtained before the economizer, high
reaction rates are possible. Elemental sulfur
is the by-product. Bench-scale studies have
shown that the carbonates are corrosive and
that corrosion-resistant materials of con-
struction are required. Regeneration appears
diffieult since reduction rates of sulfite and
sulfate to sulfide are slow until temperatures
of about 1150°F are reached. This accentu-
ates the corrosion problem. In existing plants,
access to the flue gas at 800°F is often com-
plicated,

This system requires much less liquid com-
pared to aqueous systems. The process does
not cool the gas stream or add water to it.
There is also some indication that the molten
salt can control nitrogen oxides.

Aqueous-solution sorption systems—Be-
sides the alkali-solids injection system with
wet scrubbing, which wag previously dis-
cussed, numerous processes have been de-
vised to remove SO, from flue gases by scrub-
bing with water solutions, Prior to 1940, non-
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recovery-type lime-water scrubbers were in-
stalled in England.

In the Battersea-Bankside power plants,
flue gases were scrubbed with a solution
formed by adding chalk to the alkaline
Thames River water.® This process was de-
veloped in the 1930’s by the British Electri-
cal Authority. The operating cost to attain
90 percent removal of SO: was $1.15 per ton
of coal, or 12 percent of the delivered coal
cost. Capital costs of up to $3 million for this
system were estimated for a 120-megawatt
power plant.

Also in the 1930°s the Howden-ICI Process
used lime or chalk in water to scrub flue
gases.® Holdup tanks caused the calcium sul-
fate to accumulate before the liguid was re-
cycled. Operating costs were estimated in
1956 by U.S. Bureau of Mines to be $1.25 to
$1.93 per ton of coal. One plant in England
and one in Wales had generating capacities
of 120 megawatts each.

Chemico is also studying a variety of
water-based alkali scrubbing solutions for re-
moving SO.. Pilot-scale tests are currently
under way with SO. removal efficiencies in
excess of 90 percent. A pressure drop of 5
to 6 inches of water occurs across the
scrubber,

Miscellaneous processes—Many other wet
processes are being investigated. Among the
names and systems encountered are Mitsu-
bishi Shipbuilding Engineering Company,
U. S. Stoneware Incorporated, the Cominco
Ammonia Processes, and the Ionics/Stone &
Webster Caustic Scrubbing Process. Despite
the long history of wet scrubbing programs,
many basic questions remain unanswered,
and modern technology is being applied to
solve them. The economics of these processes
are being evaluated to determine by-product
and plume-reheating costs.

Reduction of SO, to sulfur (the most
marketable by-product) is another desulfur-
jzation process under active investigation.
Princeton Chemical Research, Inc., is per-
forming bench-scale studies on the catalyzed
reduction of SO, by H.S produced from sul-
fur and methane. The use of organic sor-
bents, both liquid and solid, is also under ac-
tive investigation. Uniroyal is studying fibers,
which may be developed to the extent that
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they could be used in processes capable of
controlling SO, and particulates. Physical
methods of separation are also under active
investigation.

4.5.7 Systems for Small Sources

In a recent preliminary study a 600-gallon-
per-minute recycling scrubber system was
used to remove SO. from the flue gases of a
200,000-pound-per-hour industrial boiler.®®
The installation cost for such a system was
estimated at $125,000. The scrubber’s adsorb-
ent slurry might be composed of sea water,
limestone, soda ash, or any combination of
these. Efficiencies for SO. removal could
range from 70 to 99 percent. If such a system
were adopted, the suggestion has been made
that perhaps as much as 25 percent of the flue
gas stream should bypass the scrubber and be
added to the treated gases after SO, removal.
This would elevate the stack gas exhaust
temperature to about 50°F above the dew
point to provide the buoyancy needed for dis-
persal and prevention of steam plume forma-
tion.

An installed cost of $750,000 and an op-
erating cost of 0.3 mill/kw-hr were recently
estimated for the limestone/dolomite wet
process for an existing 250,000-pounds-of-
steam-per-hour boiler.®

Scrubbers attached to small municipal and
industrial boilers in the past have been used
primarily to remove particulate matter. They
have also been used on boiler gases for the
recovery of CO, for making liquid CO; and
dry ice.

4.6 COMBUSTION PROCESS
MODIFICATIONS

4.6.1 Heat Recovery

One important means of reducing SO,
emissions from fuel combustion systems is to
increase the efficiency of the systems so that
they use less fuel to produce a given amount
of energy. Process improvements usually re-
sult in relatively small increases in efficiency;
but when such improvements are applied to a
large plant, fuel savings become immediately
apparent. Since fuel combustion in power
plants is the largest source of SO, emissions,
this discussion is restricted to power plants.

Over the years, generation of electricity in
large central stations has become steadily




more efficient. Large modern steam-electric
plants use approximately 8500 Btu to produce
one kilowatt-hour of electricity. Many older,
smaller plants still in operation require over
10,000 Btu to produce a single kilowatt-hour
of electricity.

Improvements in the operation of power
plant components can reduce the heat rate, or
Btu/kilowatt-hour ratio, and thus save fuel
and reduce SO. emissions. Small heat-rate
reductions may result from:

1. Washing turbine blades.

2. Adjusting turbine control valves to
Insure proper lift.

3. Adjusting for maximum turbine
throttle pressure.

4. Adjusting preheater seals and feed-
water heaters.

5. Periodic cleaning of condensers.

6. Periodic cleaning of secondary and re-
heat superheaters.

In a recently cited case, the net result of
these operations was a reduction in heat rate
of about 45 Btu per kilowatt-hour.®

Another consideration in process efficiency
is the steam generator itself. A reduction in
heat rate results from increased boiler steam
pressure and temperature. The effect on ef-
ficiency can be gauged from the rule of
thumb that doubling the steam drum pres-
sure produces a 7-percent decrease in heat
rate. At present, a maximum steam pressure
of 5000 pounds per square inch (gauge) is
being achieved. Net heat rate has improved
by 3 to 3.5 percent as main steam tempera-
tures have risen from 900° to over 1000°F.
Further gains should accompany advances in
the design and fabrication of critical heat-
absorbing surfaces such as firebox walls and
convection zones. Modern fuel-feed systems,
which provide proper fuel size and distribu-
tion, also contribute to overall efficiency.

Efficient boiler operation requires that the
optimum air-to-fuel ratio be maintained. Con-
trol of fuel and air is automatic on all large
modern boilers. Plant efficiency also improves
with increasing unit size, as shown in Figure
4-26.* Heat rates below 8,000 Btu per
kilowatt-hour have, however, not yvet been
sustained.

4.6.2 Improving Generating System
Efficiency

Uniform electrical demand would be ideal
for power plant operations; however, varying
power demands call for flexibility in power
generation. Flexible electrical produetion Sys-
tems minimize the inefficient fuel use associ-
ated with startup, low-load, and cyclic opera-
tions of large boilers and thereby decrease
50. emissions.

Diesel and gas turbine generators are being
installed at many generating stations to meet
peak demands. These units, available in many
sizes up to about 25 megawatts each, can
reach full load very rapidly from a cold start.
They are especially useful in systems with
rapid load fluctuations since they can take up
these fluctuations and allow the larger boilers
to run at a constant, efficient rate. Because
such units burn light fuel oils or natural gas,
they do not emit large quantities of S0..

Another means of attaining system flexibil-
ity is the pumped-storage technique, During
periods of low power demand, excess gener-
ating capacity is used to pump water to an
elevated reservoir. Then, during peak de-
mand periods, the potential energy of the
water can be converted to electricity by a
conventional hydroelectric plant. By this
method, stored energy can be put on line in
a few minutes. This method is practical only
where terrain, water supply, and market con-
ditions are suitable. In addition, considerable
energy is lost in the pumping operation, In
order to provide an overall SO, reduction, the
10,000
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electricity used to pump water to the elevated
reservoir must be provided by a nuclear
plant, or a thermal plant burning a low-sulfur
fuel,

Extra-high-voltage transmission networks
also provide system flexibility by allowing
utilities in one area to provide power to citles
hundreds of miles away.

4.6.3 Newer Coneepts of Central Station
Power Generation

Greater process efficiency also can be
achieved by changes in the basic techniques
used to generate electricity. The following al-
ternative methods of power generation repre-
sent techniques that are still in the develop-
mental stage, but offer considerable potential
efficiency would be about 1 percent, which
advantages over present methods in that they
use less fuel for a given electrical output and
thus emit less S0;.

4.6.3.1 High-Pressure Combustion® *—The
design of a pressurized coal-fired furnace
requires a new method of fuel burning, such
as a fluidized-bed technique. In addition to
providing for easier effluent removal, fluid-
ized-bed carbonization is a potentially low-
cost method of processing coal to obtain a
gas stream capable of powering a high-tem-
perature gas turbine. This high temperature
offers a modest but significant increase in
overall efficiency, which would produce a
proportional reduction in SO. emissions. As
shown in Table 4-31, for a 500-megawatt
plant of this design, the expected increase in

efficiency would be about 1 percent, which
would result in a reduction in SO, emissions
of 6.0 tons per day. This 1 percent efficiency
increase could save about $196,000 per year
in fuel costs. Although there are still many
technical problems, the feasibility of flu-
idized-bed carbonization over a wide range of
coal banks has been demonstrated.

4.6.3.2 Tawo-Step Combustion—This approach
uses a two-stage process in which a first gasi-
fication stage vields concentrated fuel gas
containing H.S. The H.S can be easily re-
moved and converted into elemental sulfur,
and the resulting sulfur-free fuel gas burned
in a second combustion step.

The object is to balance the higher capital
cost of this station against the lower operat-
ing cost which results from sulfur revenue
and fuel savings. As shown in Table 4-31,
the probable capital cost for a 500-megawatt
clean power plant is about 20 percent more
than for a conventional plant, or approxi-
mately $135 per kilowatt.®s The expected 2-
percent efficiency increase would mean an
annual fuel savings of about $393,000. Sulfur
dioxide emissions would be reduced by about
12.5 tons per day.

4.6.3.83 Magnetohydrodynamics **—Another

new concept involves the use of a magneto-
hydrodynamic (MHD) generator as the
first step in power generation, or an MHD
“topping plant” combined with a conventional
steam “bottoming plant.” Basically, MHD is a
technique in which the thermal energy of a
hot gas is converted first to kinetic energy

Table 4-31. ESTIMATED EFFECT OF INCREASED GENERATING EFFICIENCY ON S0. EMISSIONS
AND FUEL COST FOR 500-MEGAWATT PLANT

Potential SO,

. Initial Overall reduction,® Fuel savings,
Combustion concept capital cost, efficiency, dollars/yr ®
dollars/kw percent Tons/ Percent
day

Conventional . __ _ __ oo .. 112 39 — —_ —
One-step pressurized________________ . _______ NA - 40 6.0 2.5 196,600
TWO-80@D - oo o oo 135 ¢ 41 12.5 5.0 393,000
MHD e mmm oo 130 4 50 55.0 22.0 1,730,000
EGD _ e 91 d 45 33.5 13.0 1,050,000

s Based on use rate of 4200 tons of coal per day, 3 percent sulfur content, 12,500 Btu per pound.
b Based on coal cost of $0.25 per 106 Btu and 300 days of operation per year.

¢ NA—not available.

4 Cost presently speculative.
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and then directly to electricity by the mass
interaction of an electromagnetic field with
the hot, rapidly moving, electrically conduc-
tive gas.

It is foreseeable that the thermodynamic
efficiency of MHD conversion of fuel to elec-
trical energy will ultimately reach 50 percent
or even higher. This relatively high efficiency
will allow much more effective use of fuel
and, therefore, reduce S0. emissions as
shown in Table 4-31.

Assessment of the capital costs of MHD
steam power plants is difficult. Present indi-
cations are that capital costs for an MHD
plant will be about $130 per kilowatt. Fur-
ther intensive development, however, may
lead to reduced capital costs.

Although direct conversion of thermal en-
ergy to electrical energy by MHD is appeal-
ing, the physical problems are formidable.
One must cope with gas temperatures in the
range of 4500° to 5500°F and with the slag-
ging, corrosive, and erosive effects of mineral
matter in the fuel. If existing problems are
overcome, the MHD system, with its higher
efficiencies, promises more effective use of
resources and an opportunity for better con-
trol of the effluent-gas SO..

The first practical application of the MHD
generator is being tested at the Air Force’s
Arnold Engineering Development Center in
Tennessee. This device, using a treated coal
at present, has a maximum operating time of
only 120 seconds. It also has a potential for
high nitrogen oxide emissions.

4.6.3.4 Electrogasdynamics—Electrogasdy-
namics (EGD),like MHD, is a direct energy
conversion technique in which the kinetic
energy of a flowing gas is directly converted
into low-amperage, high-voltage electricity.
In this process, positive ions are formed on
the particles in the coal combustion gases by
means of a corona discharge. These charged
dust particles are carried downstream to the
collector electrodes, where they build up an
electrical charge, which flows through an ex-
ternal load. Current is forced through the
load resistance as the gas does work in push-
ing the charged electric field in the gen-
erator.?s

The primary advantages of an EGD coal-

fired station are that it can operate at high
efficiency and can be built at a low capital
cost. These advantages result from the sim-
plicity of the EGD system compared to con-
ventional stations.

Preliminary studies, while rather specula-
tive. indicate, as shown in Table 4-31, that
EGD svstems (approximately 500-Mw) can
be built at a capital cost of $91 per kilowatt
and can operate at an efficiency of 45 percent
or higher.®” A substantial decrease in air pol-
lution would be obtained because the amount
of effluent gas is reduced in direct proportion
to the efficiency increase. For a 500-megawatt
plant, an increase in efficiency of 6 percent
(39 percent for a conventional plant—pro-
jected 45 percent for an EGD plant) will re-
sult in an emission reduction of approximate-
ly 33.5 tons of SO, per day and in fuel sav-
ings of about $1,050,000 per year, as shown
in Table 4-31.

So far, no fundamental arguments against
the feasibility of EGD coal-fired plants have
been raised. However, there still remain
many difficult engineering problems such as
better ion sources, a better understand-
ing of the mobility of charged particles, and
new ways to match load impedances of the
generator and the load. If all technical diffi-
culties can be overcome, this process will
have the potential of generating cheaper
electricity at a smaller capital cost, and with
some  reduction in SO, emissions.
At present, experiments are being
conducted under contract with the Office of
Coal Research of the Department of the In-
terior. A pilot-plant EGD power station is
planned for 1972 or 1973. As with the MHD
technique, the EGD has a potential for high
nitrogen oxide emissions.
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5. INDUSTRIAL PROCESS SOURCES

5.1 NONFERROUS PRIMARY
SMELTERS

5.1.1 Introduction

Several important metallic ores are found
as sulfides, and the smelting of these ores
produces SO.. These ores include the sulfides
of copper, lead, zinec, nickel, mercury, and
molybdenum. In the United States, only the
sulfide ores of copper, lead, and zinc are
mined in appreciable quantity. Molybdenum
also occurs as the disulfide, but current pri-
mary production of this metal in the United
States is less than 50,000 tons per year, most-
ly from Colorado.

In 1966, nonferrous smelters emitted about
12 percent of the total estimated SO. emis-
sions in the United States. Production and
80, emissions data for that year are shown
in Table 5-1.

Table 5-1. NONFERROUS SMELTER PRODUCTION
AND S0. EMISSIONS IN 1966%°

(TONS)
Concen- Metal S80: 80.
Metal trate production recovered emitted
Copper 6,008,000 1,581,000 996,000 2,830,000
Lead 790,000 441,000 11,700 146,000
Zince 2,062,000 1,025,000 817,400 509,000
1,825,100 3,485,000

Metal ores, as they occur in nature, are
usually mixed with large amounts of worth-
less rock, which must be removed from the
desired minerals. The nature of this precon-
centration operation is defined by the char-
acteristics of each particular ore. Among the
principles of separation commonly employed
are gravity separation, preferential wetting,
flotation, and tabling, These methods depend
upon such factors as relative density and
wettability of mineral and rock. Because con-

centration produces a feed material of rela-
tively high sulfur content, SO, concentrations
from smelting operations are relatively high
compared with those from fuel combustion.
Smelter gases containing more than 3 per-
cent SO. by volume can usually be fed to sul-
furic acid manufacturing plants for conver-
sion of the sulfur oxides into sulfuric acid.
Of the 35 sulfide ore smelters in the United
States, 17 plants (handling about 42 percent
of the concentrate processed) are currently
recovering some sulfur as SO. or sulfuric
acid.?

The costs of controlling SO, emission from
smelters is partly offset by the value of the
sulfuric acid produced.

5.1.2 Copper Smelter Emissions Control

An important sulfide ore of copper is chal-
copyrite (CuFeS.). Such an ore is concen-
trated by suitable mechancial operations.
Typically, the ore is crushed, ground, and
thickened. The thickener underflow is then
sent to water flotation cells, where frothing
agents are added to produce foam and where
“collector” materials such as xanthates are
added to aid in the separation of chalcopyrite
from rock. The copper mineral, along with
water and other materials, forms a froth,
which is drawn off and filtered.

The copper concentrate is then fed into a
reverberatory furnance (Figure 5-1). The
furnace is also charged with slag from the
copper converter and with limestone and
silicious fluxes. Hot combustion gases from
the firing of gas, oil, or powdered coal pass
directly over the charge. Some oxides of sul-
fur are emitted, but the principal products
are copper matte: mainly cuprous sulfide
(Cu8.), ferrous sulfide (FeS), and small
amounts of other sulfides.

The purpose of the reverberatory furnace
is to make copper matte and to form a slag to
remove part of the iron.
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An alternative procedure is to roast the
copper concentrates in a vertical, multiple-
hearth furnace before charging to the smelt-
ing furnaces. Sulfur dioxide constitutes 12 to
14 percent by volume of the gaseous emis-
silons. The purpose of sulfur removal by
roasting is to reduce the amount of sulfur to
that required for subsequent operations.
Many smelters omit roasting now. but it may
return to general use as an air pollution re-
duction measure because high SO. concentra-
tions favor the recovery of sulfur.

In addition to copper, the concentrate usu-
ally contains various other minerals and met-
als. Slag formed in the reverberatory fur-
nace removes part of the iron. The matte dis-
solves precious metals and other metals such
as bismuth and nickel, most of which are re-
covered later in the refining process. Part of

GAS
TO
SULFURIC

ACID
PLANT

the sulfur is driven off, Gases from the rever-
beratory furnace contain 1 to 2 percent SO,
by volume and represent 25 to 40 percent of
the sulfur present in the raw ore.®

The product of the reverberatory furnace
1s charged as a liquid to a copper converter,
which is a cylindrical, refractory-lined vessel
(Figure 5-1) containing numerous tuveres.
Air is blown through these tuyeres into the
copper matte, forming blister copper and
liberating the sulfur as S0O..

Cu.5+0,— = 2Cu-+80,
FeS+3/20, ——= FeO +80.

A silicious flux is added to combine with the
FeO to form a slag; this slag contains so
much copper that it is returned to the rever-
beratory furnace. The converter operations
arenot continuous, but consist of at least three
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Figure 5-1. Copper smelting with sulfur oxides recovery system.




blows with interspersed additions and adjust-
ments. The first and second blows are for the
purpose of slag formation and elimination of
iron: the final blow completes the reduction of
copper to an impure blister copper. which
is refined elsewhere. Converter gases contain
up to 6 percent SO, and are often fed to con-
tact sulfuric acid plants.” Sulfuric-acid-plant
feeds from nonmetallurgical sources normal-
lIv range from 7 to 14 percent S0.." The metal-
Jurgical gases from smelters are moxre costly
to treat because of the dilute nature of the
gas stream and the presence of such impuri-
ties as dust and acid mist. These impurities
must be removed with electrostatic precipi-
tators, cvelones, or scrubbers before the gas
enters a contact sulfuric acid plant. Each acid
plant must be designed for the particular
smelter-gas feed used. Because of the dilute
nature of smelter-plant feed gases, 80 percent
removal of S0, is considered a reasonable
rate of recovery;* therefore, exit concentra-
tions may still be as high as 0.8 percent, or
8000 ppm. More than 90 percent recovery of
SO, and exit concentrations as low as 3000
ppm are obtained in some cases.
Reverberatory smelting usually dilutes the
SO. in the gas stream so much that economic
recovery as sulfuric acid is not feasible. Flash
smelting processes would avoid such dilution
and allow a high degree of sulfur recovery.®
There are three fundamental pyrometallurgi-
cal copper operations: roasting, smelting, and
converting. Flash smelting is a combination
of roasting and smelting. Ore concentrate and
preheated air are mixed and burned by being
blown into the top of a vertical cylindrical
furnace—the flash smelting furnace. Beneath
this furnace is a settler, which is similar to a
reverberatory furnace and is well insulated
to retain matte in a molten condition. Com-
bustion gas and roast blow down into the
smelter from the flash furnace. The gas
stream turns 90 degrees, and the roast falls
into the molten pool of copper matte. The hot
gases traverse the settler, move along the
surface of the matte, and then are cooled
from about 2300° to 1600°F in a waste heat
boiler.® The gases are then further cooled by
heat exchange against incoming smelting air
and sent to a sulfuric acid plant. This process
saves fuel and operates continuously. An SO,

feed of constant concentration as high as 12
to 14 percent SO. can be sent to the sulfuric
acid plant.

Flazh smelting is possible when there is a
substantial amount of sulfur in the concen-
trate above that actually required to form
the copper matte.

Smelting with oxvgen-enriched air is now
practical because of the availability of bulk
exyvgen at reasonable prices.® This process
reduces the amount of nitrogen involved in
smelting, but has little effect on SO. emissions
because it is used only in converting or flash
smelting, both of which already produce rela-
tively concentrated SO, gas streams. Oxygen-
enriched air is not used in the reverberatory
furnace. which produces dilute SO. gas and
is the major source of SO. emissions from
copper smelters.

The range of SO. emissions from individ-
ual smelters in the United States during 1968
was 11,000 to 536,000 tons per year.” The
smaller amounts were emitted from smelters
handling weathered copper.ores (such as
basie copper carbonates) or native copper;
the larger amounts were caused by roasting
ores high in sulfides or pyrites.

5.1.3 Lead Smelter Emissions Control

The most important ore of lead is galena
(PbS). The lead ore concentrate is converted
to oxide before reduction to- metal. This is
commonly done by sintering, wherein the fol-
lowing reaction takes place:

2 PbS+3 0. (air) —— 2 Pb0+2 80,

Lead concentrates and lead-bearing residues
and fluxes are spread over a continuous belt
of grated pallets and ignited as the mass
moves over a windbox. Oxidation of the sul-
fide furnishes the required- roasting heat.
Most of the sulfur is removed. The thickness
and composition of the charge must be con-
trolled so that it can be handled properly by
the machine and will produce a roast with the
required physical characteristics. The oxide
is reduced to crude lead in a blast furnace, to
which the sinter, together with coke, is
charged. The crude lead from this furnace
requires extensive further refining and silver,
bismuth, and antimony are often important
by-products.
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Sintering steps produce appreciable sulfur
oxide, The air aspirated through the burning
bed of galena concentrate hasg an exit SO.
content in the range of 1.5 to 5 percent by
volume.” These gases can be fed to a contact
sulfuric acid plant. after preliminary removal
of dust and mists. If the S0O. feed concentra-
tion is too low, it can be raised by burning
pyrites or sulfur.

Emissions from individual lead smelters in
the United States during 1968 ranged from
2000 to 82,000 tons of SO, per year.” No con-
trol cost data were found in the published
literature.

5.1.4 Zinc Smelter Emissions Control

The metallurgy of zinc is unique among
tonnage metals in that the boiling point of
zine (907°C) is lower than the temperature
of reduction to metal (1100° to 1200°C) .
The product of the reduction is a metal vapor.

Zine oceurs in the United States mainly as
sulfide ores, the most common one being
sphalerite (ZnS). This ore must be roasted
and converted to an oxide before reduction to
metallic zinc.

ZnS+3/2 0, (air) ——=Zn0 + SO,

The roasted and/or sintered charge is re-
duced with coke to zinc metal. The metal is
then purified in a high-temperature distilling
tower, In this way, cadmium with its lower
boiling point, lead with its higher boiling
point, and other impurities are removed from
the zinc. The reduction of sinter to metal can
be done in several ways, but little if any SO.
is emitted in the reducing step. Electrolysis
is an alternative to distillation for purifying
zine.

Roasting is done in various furnaces, in-
cluding: multiple-hearth (Herreshoff) fur-
naces, fluid-bed roasters, flash roasters, and
sintering furnaces. Typical analyses of gases
leaving these roasters are shown in Table
5272 The 80. concentrations shown in the
table are suitable for feed to a sulfuric acid
plant. Pretreatment equipment to remove
dust and metals is required.

A large new plant, which processes zinc ore
concentrates containing about 32 percent sul-
fur, has recently begun operation.'® Fluid-bed
roasters operate autogenously at about
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Table 5-2. SULFUR DIOXIDE CONCENTRATIONS
FROM ZINC ROASTERS

S0, in exit gas,
volume percent

Roasting furnace

T

o

Multiple hearth

Fluid bed ... . .. . 6-12
Flash o TR 6-8
Sintering . .. . .. L 4.5-7

1900°F, generating a roaster gas containing
10 to 12 percent 8Q.. The associated sulfuric
acid plant can operate on this gas, on sulfur
burner gas, or with combinations of these
gases. Dust the roaster gas amounts to about
15 percent of the roaster feed and is removed
by a cyclone, an electrostatic precipitator,
and a scrubbing tower, followed by an elec-
trostatic mist precipitator and a sulfuric acid
drving tower. All this equipment is required
to make the roaster gas suitable for feeding
to the contact sulfuric acid plant. The dust
removed from the roaster gas is returned to
the zinc-ore-concentrate pelletizing system.
The gaseous effluent from the sulfuric acid
plant contains less than 2000 parts per mil-
lion of S0O. by volume.

The capital cost of a 200-ton-per-day sul-
furic acid plant handling gases from a zinc
roaster plant,’! adjusted to 1968 costs, is over
$1.8 million. If the SO. is assigned no value,
the total cost of the acid would be about
$10.70 per ton. A comparison of total sulfuric
acid costs from this zinc roaster gas plant
and a 200-ton-per-day, sulfur-burning
acid plant ! suggests an advantage of over
$10 per ton for acid from the roaster gas
plant, based on 1968 sulfur price levels.

These rough estimates are based on costs
given in the reference and cannot be used to
generalize.

5.2 PETROLEUM REFINERIES

5.2.1 Introduction

As of January 1968, there were 269 operat-
ing petroleum refineries in the United States
with capacities ranging from a few thousand
to 430,000 barrels per day.** In some urban
areas of the United States there are several
refineries with a combined crude processing
rate of over 800,000 barrels per day. Refinery



processing during 1966 resulted in SO. emis-
sions estmiated at 1,583,000 tons, or approxi-
mately 5.5 percent of total SO. emissions in
the United States.’®

In some areas, considerable effort has been
made to control S0O. emissions. In many in-
sances, modern refinery processes have, of
necessity, integrated air pollution control into
their operations.

Sulfur removal from some refinery streams
is a part of refining. It would be desirable to
remove all sulfur compounds before any proc-
essing of the crude begins, but since this is
impractical, sulfur is removed in subsequent
steps throughout refinery processing. There
are several reasons, other than air pollution
control, for removing sulfur from inter-
mediate fractions and products of crude oil.
Sulfur removal reduces corrosion, odor, num-
ber of breakdowns, catalyst poisoning, and
gum formation and improves octane rating,
color, and lube oil life.1*

5.2.2 Petroleum Refining Processes

Most oil refinery processing units are made
up of at least five main types of equipment:
heaters, reactors, vessels, heat exchangers,
and pumps. The arrangement, type, and
quantity of this equipment are set up to fit
the particular function desired, such as sep-
aration, conversion, treating, or blending.:s
Separation is accomplished by distillation;
conversion by cracking and reforming; and
treating by various methods, the most popu-
lar of which is hydrogen treating.

5.2.2.1 Distillation—Separation of a mixture
of light and heavy hydrocarbons into various
fractions is usually done by distillation. The
first step in refining crude oil to gasoline is
atmospheric distillation, whereby crude oil
is separated into gas, naphtha, diesel oil, gas
oil, and topped crude. Further refining of
fractions will again entail the use of distilla-
tion equipment. Almost every major process-
ing unit in the refinery has, as a part of its
unit, a distillation section.

5.2.2.2 Cracking or Pyrolysis—Conversion,
by cracking large hydrocarbon molecules into
smaller ones, is done by the application of
heat and/or catalysis. At the same time some
of the cracked molecules recombine (poly-

merize) to form larger molecules; thus, a
synthetic crude that can be separated into
gaseous hydrocarbons, gasoline, gas oil, and
fuel is formed. A large selection of materials
ranging from ethane to heavy crude resid-
iums can be cracked.

The two kinds of cracking are thermal and
catalytic. Thermal cracking, using high tem-
perature and pressure, is generally applied to
the cracking of distillates heavier than gaso-
line. Delayed coking, fluid coking, and vis-
breaking are examples of thermal cracking
processes. Catalytic cracking uses high tem-
peratures and chemical catalysts to crack
the molecules into synthetic crude. The re-
sult is a faster and more complete breakdown
of heavy feed stock than is accomplished by
thermal cracking, There are only two meth-
ods of catalytic cracking in general use: the
more popular, fluidized-bed method typified
by a Fluid Catalytic Cracking unit (F.C.C.)
and the less commonly used moving-bed
method, as used by Thermofor Catalytic
Cracking units (T.C.C.).

5.2.2.83 Hydricracking—The hydrocracker
uses a fixed-bed catalytic reactor, wherein
cracking occurs in the presence of hydrogen,
under substantial pressure. The principal
functions of the hydrogen are to suppress the
formation of heavy residual material and to
increase the yield of gasoline by reacting
with the cracked products.’¢ High-molecular-
weight, sulfur-bearing hydorcarbons are also
cracked, and the sulfur combines with the
hydrogen to form hydrogen sulfide (H.S).
Therefore, waste gas from the hydrocracker
contains large amounts of H.S, which can be
processed for removal of sulfur.

5.2.2.4 Reforming—Catalytic reforming units
are used to produce higher octane gasoline
by rearranging the molecular structure of
straight run and light naphtha feedstock. The
reaction is achieved in a fixed-bed catalytic
reactor by reactions of the feedstock in the
presence of hydrogen over a platinum cata-
lyst. Hydrogen, produced as a by-product, is
partly recycled to the reactor, with the excess
used in hydrogen treating units for sulfur
removal and product improvement.

5.2.2.5 Polymerization and Alkylation—Gas-
oline is produced in polymerization and alky-
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lation units by combining gaseous hydrocar-
bons. Gaseous olefins will combine to poly-
merize into high-octane gasoline. Alkylation
combines olefins with isobutanes, These proc-
esses operate as closed systems and do not
cause a significant air pollution problem
under normal operating conditions.

5.2.2.6 Hydrogen Treating—The hydrogen
treating process consists of bringing oil
charge stock and hydrogen into a fixed-bed,
catalytic reactor at an elevated temperature
and pressure. Under the influence of the cat-
alyst, hydrogen reacts with sulfur, nitrogen,
oxygen, and olefinic hydrocarbons to form
removable H.S, ammonia, saturated hydro-
carbons, and water.’s In addition, metals are
reduced to elemental form. Large quantities
of hydrogen are required if any extensive use
of hydrotreating and hydrocracking is done.

The process gas from this unit is rich in
hydrogen, hydrocarbons, and H,S. Hydrogen
sulfide can be extracted from this stream and
converted to elemental sulfur or sulfuric
acid.

5.2.2.7 Hydrogen Production—Hydrogen is
now of extreme importance in refining. For
example, Kuwait National Petroleum ig build-
ing what is considered the first “all-hydro-
gen” refinery in the world.'” It includes resid-
uum hydrogenation and hydrotreating. Table
5-3 shows the components of this 95,000-
barrel-per-day refinery.

The hydrogen manufactured by the hydro-
gen plant, plus whatever byproduet hydro-
gen is produced by the catalytic reformer, is
used in the two hydrocrackers, four desul-
furizers, and the catalytic reformer, for the
purpose of product upgrading and feedstock
preparation. In doing this, large amounts of
organic sulfur compounds are hydrogenated
to H.S and contained in the sour gas stream
coming from these units. This H.S is removed
from the gas stream in an extraction system
and then converted to elemental sulfur in the
sulfur recovery facility. Therefore, the im-
portance of the extensive use of hydrogen is
not only reflected in product upgrading and
feedstock preparation but also in the produc-
tion of a large amount of recovered sulfur
from processing a sour crude.
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Table 5-3. CAPACITY OF THE COMPONENTS
OF A 95,000-BARREL-PER-DAY REFINERY

Component Capacity
Crude unit ... .. 95,000 bbl/day
Catalytic reformer ... ... ... . .. 15,820 bbl/day
H-0il unit (hydroeracker) ... 23,460 bbl/day
Isomax unit (hydrocracker) ... 14,400 bbl/day
Four unifiners (desulfurizers) ... . 80,000 bbl/day
Hydrogen plant ... .. .. ... .. . 140 million ¢f/day
Sulfur recovery unit ... 570 1t/day

5.2.3 Sulfur Dioxide Emissions

If controls are not applied, emissions of
S0, from refinery operations can be appreci-
able. For example, it has been shown that if
all H:S produced in Los Angeles County from
processing approximately 650,000 barrels of
crude per day were burned instead of being
controlled, 800 tons of SO. would be dis-
charged into the atmosphere per day. Fur-
thermore, 200 to 300 tons of SO. would be
emitted per day by burning acid sludge that
comes from sulfuric acid treating.

5.2.3.1 Heaters and Boilers—In many instan-
ces refinery SO. emissions come from burning
organic sulfur compounds contained in the
fuel used as energy sources for process heat-
ers and refinery boilers. Almost every major
processing unit in an oil refinery includes one
or more process heaters. Such fuels as refin-
ery gas, natural gas, heavy residual fuel oil,
and coke are used. Sulfur-dioxide flue-gas
concentrations, ranging from 700 to 1000
parts per million, resulting from burning
heavy residual fuel oil have been measured.!®
The 80. flue-gas concentration varies, de-
pending mainly upon the sulfur content of
the fuel and, to a lesser extent, the operating
conditions.

5.2.3.2 Catalytic Regeneration—A catalyst,
after extended use, loses some of its activity
and requires regeneration. Regeneration is
accomplished by applying a controlled vol-
ume of air to burn off coke deposits at a con-
trolled temperature, which in turn creates an
effluent gas containing dust, carbon mon-
oxide, and S0O..

Catalyst can be regenerated continuously
as in the Fluid Catalytic Cracker (F.C.C.) or
the Thermofor Catalytic Cracker (T.C.C.),




where the catalyst is continuously removed
from the reactor, generated in a large vessel,
and recycled to the reactor. The F.C.C. re-
generator is one of the larger single sources
of 80. emissions in an oil refinery. Tests
made in Los Angeles County on six F.C.C.
units with a combined fresh feed rate of 156,-
000 barrels per day and nine T.C.C. units
with a combined fresh feed rate of 69,000
barrels per day showed emissions of 42 tons
per day and 2 tons per day, respectively. The
S0, concentration of the F.C.C. flue gas
ranged from 308 to 2190 parts per million.*
The SO. concentration of the catalytic crack-
ing unit regenerator flue gases can vary over
wide limits, depending on the amount of sul-
fur in the feed stock and on operating con-
ditions. _

In a fixed-bed system, such as a reformer
or hydrotreater, the reactor is periodically
taken off stream fo regenerate the catalyst.
The S0, emission from regeneration of a
fixed-bed catalyst is not signifieant.

5238 Treating—The quantity of sulfur
emitted from treating operations depends
primarily on the methods used for handling
spent acid and acid sludge, and on recovery
or disposal of H.S. Settling tank vents, surge
tanks, water treatment units, waste-water
drains, valves, and pump seals in the treat-
ment area may be sources of trace quantities
of malodorous substances such as H.S and
mercaptans.

Hydrogen treatment generates large quan-
tities of H,S8. Unless available methods are
used to remove the H.S, it is used as part of
the fuel feed to heaters or boilers, which re-
sults in the emission of large quantities of
S0..

5.2.8.4 Acid Sludge Disposal—Sludge con-
tains from 25 to 70 percent acid, the remain-
ing portion being mostly heavy hydrocar-
bons, alkyl sulfides, and thiophenes.®* This
sludge may be disposed of by burning it as a
fuel, and thus creating large quantities of SO,
emissions. There are other methods of dis-
posal, such as making by-products, process-

ing for acid recovery, and dumping in the .

ground or at sea.

5.2.3.5 Flares—Waste gas produced by a re-
finery can be handled by one or more flare

svstems. The sulfur content of the waste gas
to each flare system depends on its source,
since it can come from one or more refinery
operating units. The combustible composi-
tion of waste gas and the temperature in the
combustion zone determine whether sulfur
compounds are sufficiently burned to SO. ox
released in a more odoriferous form. Sulfur
dioxide and other injurious substances in
hydrocarbon waste gases should be removed
by some type of absorption system before
going to a flare. Examples of flare preabsorp-
tion systems would be SO, removal from an
Edeleanu treating unit, HF from an alkyla-
tion unit, and HC from an isomerization unit.

3.2.3.6 Vacuum Jet Exhausters—Vacuum jets
are used to operate a process vessel at less
than atmospheric pressure, to remove hydro-
carbon gases from equipment during shut-
downs, and to evacuate the gases from fixed-
bed reactors before regeneration. The steam
jet exhauster on the crude-unit vacuum
tower, for example, continuously draws a
vacuum on the tower in which the tempera-
ture of the heavy residuum may be high
enough to cause some cracking of the organic
sulfur constituents into H,S. The H.S, in
turn, is exhausted by the steam jet exhauster
and discharged with the uncondensed gases.
The volume of gas is not great, but it may
contain as much as 25 percent H,S, by
volume.

5.2.8.7 Air Blowing of Asphalt — Asphalt
from the crude unit can be made into roofing
asphalt by subjecting it to air blowing at ele-
vated temperatures. Air is passed through
the charge in the steam-blanketed still at an
approximate rate of 40 cubic feet per minute
per ton of charge until the desired hardness
is achieved.’™ In addition to sulfur com-
pounds, the effluent gases contain hydrocar-
bons and aerosols.

5.2.3.8 Miscellaneous Sources—There are
several other refinery sources of S0, emis-
sions, such as decoking, air blowing for
brightening petroleum distillates, and waste-
water treatment,

5.2.4 Control of Sulfur Oxides

Table 5—4 is a compilation of typical re-
finery sources of sulfur compound emissions.
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The specific unit, process gas source, waste
gas source, usual method of disposal, and
recommended method of control are shown.
Process gas is defined as that gas produced in
a processing unit. It comes from such units
as catalytic cracking units and reformers.
Waste gas is the gas emitted from processing
units that cannot be used further. For in-
stance, crude vacuum tower exhaust gas,
which has an insufficient heating value to be
used as a fuel, and emergency relief gas,
which is beyond the normal capacity of
vapor recovery systems, are waste gases.

5.2.4.1 Heaters and Boilers—The concentra-
tion of SO, emitted from heaters and boilers
can be lowered by burning low-sulfur fuel
o0il, low-sulfur process gas, or natural gas.

Since the demand is now becoming greater
for low-sulfur fuel oil, U.S. refineries may
have difficulty selling high-sulfur fuel oil.
Consequently, refineries that make high-
sulfur fuel oil in areas of the United States
where there are no restrictions limiting the
amount of sulfur in the fuel oil will probably
use it in their process heaters and boilers, as
a supplement to burning process gas and
natural gas. Some refineries, particularly on
the West Coast, make no heavy fuel oils. The
general trend in refinery processing in this
country is toward more conversion of feed
stock to distillate oils.

5.2.4.2 Catalytic Regeneration Gases—The
removal of SO, from the regeneration gases
of F.C.C. and T.C.C. units is not practiced
at this time; however, current studies being
made on systems for the removal of SO. from
combustion gases in power plants may find
that, in the future, these systems can be used
on F.C.C. units because the S0O. concentra-
tions in the F.C.C. effluent gas are compar-
able to those of some power plants. An al-
ternative method would be to desulfurize the
feedstock.

The removal of SO, from the regeneration
gases of a fixed-bed catalytic reactor can be
accomplished by caustic scrubbing. Since the
volume of gas during regeneration is limited,
and regeneration is required infrequently (in
some instances once and other instances a
few times per year, depending on the type of
unit and operations performed), the cost of

T4

sulfur removal would not be high.

5.2.4.3 Treating—Table 5-5 shows 12 of the
many methods of desulfurizing petroleum
products and feedstocks.* Method 1 shows
one way of removing H.S; however, in order
to prevent sulfurous emissions when the gas
is later burned, the H.S in the stabilizer off-
gas should be separated from the gaseous
hydrocarbon. This can be done by method &,
provided the elemental sulfur recovery is de-
sired, or by a caustic-wash scrubber. Simil-
arly, H.S should be removed from the stabil-
izer off-gas resulting from the use of the hot
clay treating process (method 10). Sulfuric
acid treatment (method 2) removes most sul-
fur compounds, plus some hydrocarbons, to
form an acid sludge. This method is gradually
being replaced by other methods. An acid re-
covery system, replacing the burning of acid
sludge, is one way to alleviate the problem of
large quantities of SO. emissions. Sweeten-
ing processes used for light distillates (meth-
ods 3, 4, and 5), remove very little if any
sulfur or sulfurous compounds from the
liquid product, but will convert them to a less
deleterious form. Caustic scrubbing, used
alone (method 7) or with promoters (method
8), removes mercaptans by chemical reac-
tion. Some of these caustic treating processes
are regenerative. Spent caustic is sometimes
sold to chemical plants for conversion to
chemicals. Because of excessive costs and dis-
posal problems, the use of caustic has been
largely replaced by other methods, except in
the removal of trace amounts of acid gases.
Hydrogen sulfide generated in hydrogen
treating operations (method 11) should be
removed from the process gas by amine
scrubbing or some similar operations. The
cleaned gas can then be used for refinery fuel
and the removed H.S can be further proc-
essed into elemental sulfuror sulfuric acid. If
the quantity of H,S is too small to economie-
ally justify recovery, it should be caustic
scrubbed, with the residual gas going to an
elevated flare or boiler firebox. Considering
the added cost of caustic scrubbing, sulfur
recovery seems to be the better choice.

5.2.4.4 Air Blowing of Asphalt—The effluent
gas stream from an asphalt still, containing
sulfur compounds, hydrocarbons, odors, and
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aerosols, is objectionable if discharged di-
rectly into the atmosphere. The effluent
stream may first be water scrubbed to re-
move some of the hydrocarbons and then
incinerated in a boiler, a heater firebox, or a
specially built incinerator. The combustion of
sulfur-bearing gases yvields SO..

5.2.4.5 Sulfur Recovery Facilities—Sulfur
plants and sulfuric acid plants associated
with o0il refineries are of considerable im-
portance in the control of S0O. emissions.
Modern dry refinery methods have greatly in-
creased the removal of sulfur from crude oil
derivatives. Up to 85 percent of the sulfur in
crude oil can be converted to H.S by using
modern refinery methods.

For example, in a 100,000-barrel-per-day
refinery processing a 31.2° API* crude oil
with 2.5 percent sulfur content, the total
amount of sulfur in the crude used each day
is approximately 330 long tons. The use of
modern processes in such a refinery could
result in the production of a fuel oil contain-
ing 1.5 percent sulfur, and the recovery of
250 long tons of sulfur per day. If a fuel oil
of 0.5 percent sulfur were produced, the po-
tential sulfur production would be 285 long
tons per day.*®

It can be seen by referring to Table 5-5
that only a few of the methods will remove
H.S. However, if sulfur is to be made from
H.S, a regenerative type of H.S removal
process should first be used to remove the
H..S from the sour gas stream. One of these,
as shown in the table, is ethanolamine ab-
sorption of H.S. In addition to ethanolamine,
there are several other regenerative absorb-
ents in use. The criteria for the selection of
the H.S removal process and the absorbent
are: (1) type of impurities in the gas stream
such as H,S, CO., RSH, COS, and CS., (2)
impurity concentration, (3) amount of im-
purity removal desired, (4) acid-gas selectiv-

ity required, (5) feed gas volume, and (6)

temperature-pressure of feed gas.?

In addition to the ethanolamine process,
the following processes can remove H.S from
gaseous hydrocarbons by a liquid absorption/
desorption method: (1) hot potassium earbo-

*o API—specific gravity scale established by the
American Petroleum Institute.
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nate, (2) water washing, (3) seaboard and
vacuum carbonate process, (4) tripotassium
phosphate, (5) sodium phenolate, (6) Giam-
marco-Vetrocoke process, (7) Catacarb proc-
ess, (&) Shell Sulfinol process, (9) Fluor
solvent process. and (10) vacuum carbonate.®

The use of ethanolamines is an established
method for removing H.S. Figure 5-2 is a
flow chart for such a process. Either mono-
ethanolamine or diethanolamine in aqueous
solution can be used as the absorbent. Hydro-
gen sulfide reacts with the amine to form a
compound that can be decomposed by heat.

The hydrocarbon gas (sour gas), rich in
H.S, enters the bottom of the absorber. The
lean amine solution contacts the gas counter-
currently and absorbs the H.S. The desul-
furized gas leaves the top of the column, and
the rich amine solution leaves the bottom of
the column and goes through the heat ex-
changer into the regenerator column. In the
regenerator, H.S is stripped from the rich
amine solution by heat and passes out of the
tower as a concentrated acid gas. The acid
gas from the regenerator column is cooled
and then sent to the sulfur plant. The lean
amine solution leaving the regenerator re-
boiler is cooled and sent to the amine storage
tank, from which it will be pumped back to
the absorber to repeat the cycle.

Upset conditions of this unit could result in
releases of hydrocarbons and H.S. The usual
procedure in this case is to connect relief
valves to a flare system, allowing any release
of hydrocarbons and H.S to be incinerated
by the flare. Also, during malfunction of the
sulfur plant the acid gas flow can be diverted
to the flare system. A well designed and prop-
erly maintained sulfur plant will help to pre-
vent frequent emergency releases of gas to
the flare.

Hydrogen sulfide removal systems are most
often located at several unit areas within a
refinery. Sometimes the regeneration part of
the facility is located in a chemical company
near the refinery. The chemical company
pipes lean amine solution to one or more re-
finery units where H.S is removed, and the
rich amine is piped back to the chemical com-
pany. Acid gas is used by the chemical com-
pany to manufacture sulfur.

The Claus process (developed about 1890)




is the most widely used method of producing
sulfur from refinery H.S.2* The modified
Claus process (developed about 1937) is
based on producing elemental sulfur by first
converting one-third of the H.S feed by pre-
¢ise combustion with air to achieve the fol-
lowing reaction:
2H.84+38 0.—=2 80,+2 H.O

The above products of combustion are then
further reacted with the two-thirds unre-
acted H.S feed in the presence of a suitable
catalyst to form sulfur vapor:

catalyst
2 H,S+80,———=aS, +bS; + ¢S« +2 H.,O

The letters a, b, and ¢ represent the number
of mols of the various possible molecular
forms of sulfur vapor.=
Sulfur vapor is formed in both the combus-

tion reaction and in the catalytic conversion
reaction; however, regardless of how much
sulfur is formed in the combustion reaction,
it can be shown stoichiometrically that the
required amount of oxygen is that quantity
which will react with one-third of the H.S
in the acid gas feed and convert it to 30,.22

DESULFURIZED GAS

TO PROCESS OR FUEL GAS

RELIEF VALVE

TO FLARE
f (upset)

F‘_

After each reaction, the sulfur vapor is con-
densed to liquid sulfur and allowed to drain
to sulfur storage.

Figure 5-3 shows a typical process flow
chart for one type of modified Claus sulfur
plant, The total acid gas stream enters a
waste heat and reaction furnace where one-
third of the acid gas is burned with a con-
trolled amount of air. The exotherime reac-
tion in the waste heat and reaction furnace is
used to produce steam. Sulfur vapor formed
in the primary reaction is condensed in the
No. 1 condenser and drained to liquid sulfur
storage. The uncondensed gases leaving the
condenser go to the No. 1 converter where,
with the use of a catalyst at a controlled
temperature, some of the H.S is converted to
more sulfur vapor. The temperature of the
converter inlet gas stream is elevated to the
optimum conversion temperature (475°F) by
combining with a slip stream of about 900°F
from the hot gas stream of the reaction fur-
nace. The sulfur vapor, formed by the No. 1
converter, is condensed by the No. 2 con-
denser. Uncondensed vapors, before entering
the No. 2 converter, mix with a hot-gas slip

ACID GAS TO
SULFUR PLANT

RELIEF VALVE

T A
(?p':;) RE TO FLARE
(upzet)
ABSORBER
REGENERATOR
LEAN AMINE
il
RICH AMINE
SOUR
GAS

Figure 5-2. Flow chart for HpS removal by amine solutions.
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stream from the reaction furnace. Converter
No. 2 vapor passes to No. 3 condenser and
then enters a coalescer for the removal of any
entrained sulfur droplets. From the coalescer
the gases go to an incinerator where the re-
sidual tail gas, containing sulfur compounds,
is converted to SO. and diluted with air be-
fore the effluent gases are discharged into the
atmosphere.

Several types of catalysts have been used,
but bauxite appears to be the most desirable
because of low cost, durability, and high ac-
tivity.”* The catalyst-bed thickness is limited
- since the reaction is exothermic and low
temperatures favor the conversion. It has
been shown that a one-stage plant (one con-
verter) with an excessively thick catalyst
bed is not feasible for quaranteed high con-
version efficiencies.*® A one-stage converter
plant can operate with efficiencies up to 85
percent. With two stages, efficiencies have
been reported as high as 95 percent. From an
air pollution point of view, it is imperative
that all plants be designed with at least two
and possibly three catalytic converter stages,

For a minimum discharge of sulfur com-
pounds to the atmosphere, and a maximum
conversion to sulfur, the initial ratio of H.S
to SO, should be maintained at the stoichio-
metrie ratio of 2 mols of HyS to 1 mol of
S0,. To maintain this ratio, the correct

HYDROGEN SULFIDE
FEED GAS

amount of air must be metered into the reac-
tion furnace. Figure 5—4 shows what happens
when the correct amount of air is not sup-
plied.?* For example, if the initial ratio of
H.S to SO, is not at the desired ratio of 2 and
is instead 1.3, then the initial ratio will be-
come lower from point to point in the plant
as the conversion increases until it theoretic-
ally approaches zero at 84.8 percent maxi-
mum conversion.®?

Recently, there has been introduced on the
market a costly and sophisticated instru-
mentation svstem that will automatically ad-
just the flow of air to maintain optimum op-
erating conditions. For larger sulfur plants,
it has been stated that the amount of addi-
tional sulfur manufactured by the use of this
instrumentation will result in a payoff of the
instrumentation in a few years.*t

A sulfur plant should be designed to pre-
vent as many operating difficulties and shut-
downs as possible, and standby equipment
should be installed. For example, one refinery
on the East Coast built a sulfur plant with
two reaction furnaces to provide for a range
of practical operating flexibility. This ar-
rangement also allows periodic servicing of
one reaction furnace while the other unit re-
mains in operation.

5.2.5 Sulfur Plant Costs
Large sulfur plants operate more economi

I
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Figure 5-3. Sulfur recovery plant (flow chart),
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cally than small ones. Table 5-6 shows that
‘there is a large potential source of sulfur,
either from desulfurizing the fuel oil or from
‘converting it to distillate fuel oil. Table 5-7
shows new construction in the United States
and other areas to recover this sulfur from
0l refineries and natural gas producing

areas.” Costs, as shown, do not indicate
whether the H.S removal facility is included
with the sulfur recovery plant.

In the last 10 vears, the recovery of sulfur
in the United States has grown very rapidly
and has reached 25 percent of the free-world
production.

CONVERSION, %

possible at specified ratio.
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- Figure 5-4. Variation of Ho$ to $0o ratio with conversion and maximum theoretical conversion

Table 5-6. DISPOSITION OF SULFUR IN NET PRODUCTS CONSUMED IN UNITED STATES—1962
[Excluding Rocky Niountain Region]

Net Approximate
product Sulfur percent total
congumed, content, Sulfur, sulfur
1000 bbl percent tons/day burned
Gasoline ... 4,166 0.043 228 5.0
: Kerosene (including commercial jet) ... 439 0.079 49 1.2
"Military jet fuel 291 0.067 27 0.6
Distillate fuel oil 1,909 0.213 599 13.2
Residual fuel oil 1,456 1.428 3,625 80.0
"Asphalt ... 297
All other ... e 798
Totals 9,356 4,628 100.0
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Table 5-7. NEW SULFUR PLANTS COMPLETED OR UNDER CONSTRUCTION
AS OF FEBRUARY, 1968 =

Daily Probable Cost
Company Plant site capacity, completion Source dollars
tons
UNITED STATES
Ashland Oil and Refining___ Buffalo, N.Y. 50 Early 1969
Canton, Ohio 50 Mid. 1969
Cities Service_ .. ______..._ Myrtle Springs, Texas Summer 1968
Van Zandt County, Texas 300 Sept. 1968 Natural gas
Roosevelt County, N.M, 30 Complete Natural gas
Continental Oil__________. Denver, Colo. 18 Complete 500,000 with
. amine unit
Farmers Union Central Laurel, Mont. 28 Early 1969 Petroleum 1,000,000
Exchange refining
Humble 0il and Refining.__ Linden, N.J. 270 Late 1968 Petroleurn 1,500,000
refining
Benicia, Calif. 135 1968 Petroleum
refining
Marathon Oil________.____ Detroit, Mich. — — Petroleum
refining
Iraan, Texas 11 Complete
Northwestern Refining_____ St. Paul, Minn. 40 Complete Petroleum
refining
Fhillips Petroleum____.__ __ Kansas City, Mo. 22 1968 Petroleum
refining
Powerine Oil ______________ Santa Fe Springs, Calif. — 1968 Petroleum
refining
Union 0il Co. of California_ Lemont, IlL. 25 Early 1970
CANADA
Hudson’s Bay Oil and Gas.. Carstairs, Alberta Expanding Early 1969
to 195
Caroline, Alberta 18 July 1968
Kaybob, Alberta 1170 Nov. 1968
Brazeau River, Alberta 35.6 Nov. 1968
Garrington, Alberta —_ Aug. 1968
Imperial Oil_____. __._____ Sarnia, Ontario 60 Complete 500,000
Pan American Petroleum___ Fast Crossfield, Alberta 1660 Under
construetion
Bigstone, Alberta — Under
construction
Shell Canada____________.._ Waterton, Alberta Expanding Early 1968
to 1200
N. Burnaby, 16 1968 600,000
British Columbiad
Jumping Pcnd, Alberta S — Under
construction
LATIN AMERICA
Petroleo Brasileiro_._______ Rio de Janeiro, Brazil 33 1968 Petroleum 350,000
refining
Sao Mateus do Sul, Brazil 50 Petroleum
refining
Petroleos____ __ ... _____. Veracruz, Mex. 120 Mar. 1970 Petroleum
refining
Madero, Mex. 55 Complete Petroleum
refining
Shell Curacao. .- __..-- Curacao 50 Under Petroleum 300.000
: construction refining
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The smallest sulfur plant that is justified
by the economics of sulfur recovery depends
on a number of variables, Units have been
built and operated economically with as small
a capacity as 4 tons per day.’ In areas where
local air pollution regulations limit the
amount of sulfurous gas emissions to the
atmosphere, the least expensive air pollution
control method may be a low-capacity sulfur
plant. Fortunately, even the smallest modern
vefineries are capable of producing enough
.S to support an economically operated sul-
fur plant.

Typical sulfur plant costs are shown in
Table 5-8 for 20- and 40-ton plants. These
estimates are not firm since costs vary with
plant location and existing facilities.

Table 5-8. TYPICAL TWO-STAGE SULFUR
PLANT COSTS

Plant size:

Capacity, long tons/day ...... 20 40
Production, long tons/yr. ... 6,570 13,140
Investment:
Plant cost ... [T $287,000 $330,000
Working capital, 15 per-
cent ... R $ 43,000 $ 50,000
Total investments ... $330,000 $380,000
Operating costs, $/long ton sulfur
Depreciation, 10 per cent of
ecost . . 4.30 2.52
Taxes and insurance, 3.0
percent ... 1.29 0.75
Total fixed costs . 5.59 3.27
Operating labor ... 4.68 3.08
Supervision and clerical ... . 3.72 2.16
Maintenance ... 4.02 2.86
Supplies, estimated ... 0.54 0.54
Payroll, overhead ... 1.56 1.02
Water ... 042 0.42
Power and fuel ... 0.75 0.75
Total direct costs 15.69 10.83
Total cost at plant, §/long ton ... 21.28 14.00
Credit for steam, $/long ton...... 1.00 1.00
Net cost at plant, $/long ton
of sulfur ... 20.28 13.00

The estimated costs of two-stage sulfur
plants operated on an H.S-rich stream are
indicated on the curve in Figure 5-5.2¢ A two-
stage plant is ordinarily capable of operat-
ing with an H.S-to-sulfur conversion efficien-
cy of 90 percent.

3.3 SULFURIC ACID PLANTS

5.3.1

Sulfuric aeid production has grown rapidly
in the past few wvears. as shown Table 5-9.
The 1967 production of over 28 million tons
of sulfuric acid (largest mineral acid indus-
trv in the United States) resulted in the
atmospheric emission of approximately 600,-
000 tons of SO..

Introduction

Table 5-9. SULFURIC ACID PRODUCTION
(100 percent basis)

[10° tons]

1963 1964 1965 1966 1967 (est.)

Contact process ... 19.4 21.4 23.6 27.5 27.3
Chamber process ... 1.5 1.5 1.3 1.2 0.9
Total ... 20,9 22.9 24.8 28.7 28.2

Tight sulfur supply may, however, limit
the production of sulfuric acid in the future.
The modern trend is toward construction of
giant plants. A 2000-ton-per-day, single-train
sulfuric acid plant has recently been built.*
Several others, each of which will produce
more than 1500 tons of acid per day, are
under construction.

5.3.2 Sulfuric Acid Manufacturing

The principal raw materials used for the
manufacture of sulfuric acid are elemental
sulfur, sulfides (iron, copper, and zine), H.S
from sour gases, and spent sulfuric acid from
various chemical processes.* Elemental sulfur

10.0 C T TITTT T T T 1T

”~
”
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|
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Figure 5-5. Estimate of investment cost for two-

stage converter sulfur plant.
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ig the raw material from which about 70 per-
cent of all sulfuric acid produced in the
TUnited States is devived.

Two processes are currently used to pro-
duce sulfuric acid. the contact process and
the almost obsolete chamber process. Funda-
mentally, these processes are similay: both
initially burn sulfur, with a controlled
mount of excess air, producing SO. gas; both
catalytically oxidize the SO, to SOy; both must
control the heat balance of the reaction to
secure the desired equilibrium; and both use
an absorber as the final step before the tail
gases enter the atmosphere. The chamber
process produces weaker acid (77.7 percent)
and uses nitrogen oxide gas a catalyst; the
contact process, which uses a vanadium pent-
oxide catalyst, produces 98 to 100 percent
acid and various grades of oleum.

Since the chamber process is obsolete, no
plants of this type have been built for many
years. A flow chart of a typical sulfur-burn-
ing contact plant is shown in Figure 5-6.°
Dry air is used to burn sulfur to SO. with
a controlled amount of excess air. The SO,
at a concentration of 7 to 10 percent, passes
through a waste-heat boiler and gas filter be-
fore entering a four-stage converter. Each
stage of the converter consists of a fixed bed
of pelletized vanadium pentoxide catalyst.
When -the gas passes through this catalyst,
S0. reacts exothermically with excess air
to form SO, Heat exchangers are used to
lower the temperature of the gas to its opti-

mum conversion temperature before the gas
enters the outer catalvst stages. Rarely are
more than four stages used. Sulfur trioxide
gas mixture leaving the fourth stage of the
converter is cooled to approximately 475°F
and enters the absorber, where the 80; is al-
most all absorbed by counter-current contact
with 98 to 99 percent sulfuric acid. Sulfur
dioxide is not absorbed in this solution. The
tail gas from the absorber with unconverted
S0.. unabsorbed SO, and acid mist is nor-
mally discharged directly into the atmos-
phere.

When oleum is produced, the converter
cases containing 714 to 1014 percent SO, are
absorbed in 98 percent sulfuric acid circu-
lated through an oleum tower until the de-
sired acid strength is obtained. Because of
free 80, content of oleum, there is an in-
crease in SO, emissions to the atmosphere
when oleum is produced.

5.3.3 Emissions

The extent of SO. emissions in large meas-
ure depends upon efficient operation and a
plant design that ensures a high rate of con-
version of SO. to SO, and subsequent absorp-
tion. The heart of the contact plant is the
converter, where a number of factors deter-
mine the quantity and concentration
of SO. emissions. Some of these factors
are: (1) concentration of the entering
S0., (2) ratio of oxygen to -80., (3) num-
ber of catalyst converter stages, (4) arrange-
ment and volume of catalyst, (5) catalyst
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TOWE
DRY AIR R
\ EXIT
GAS
MOL TEN Y ECONOMIZER A
SULFUR
+ e * T
DRYING
TOWER SULFUR H JIDIRIIINE gl
o y .| HoT :
>| BURNER [~ ™|BOILER[= > Gas BOILER [ >
FILTER TLIAXJIIYNTIIE
STEAM SUPER-HEATERS L l
CONVERTER
SULFURIC

ACID PRODUCT

Figure 5-6. Flow chartl of a typical sulfur-burning contact sulfuric acid plant.
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SC9 EMISSIONS,
Ib/ton 100% HoS0, produced
|

efficiency, (6) gas uniformity, (7) impurities
in the entering gas, and (8) temperature
control.* Normal operation will obtain an SO,
conversion efficiency of 96 to 98 percent in
a well designed, modern, contact plant, and
will result in emissions of from 25 to 40
pounds of SO, per ton of acid produced, as
shown in Figure 5-7. Exit gas concentrations
of S0, In well operated plants vary from
about 2000 to 3500 parts per million, as
shown in Figure 5-8." Under certain operat-

r—1— 71— T T T 1T 1
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CONTACT

40 PROCESS ]
0 | | | |
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Figure 5-7. Sulfur dioxide emissions from con-

F
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tact plants at various conversion
efficiencies (per ton of equivalent

100% Ho804 produced).
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igure 5-8. Concentration of SO in exit gas at
various conversion efficiencies.

ing conditions, e.g., during startups, when
the catalyst has not been sufficiently pre-
heated, or under high-capacity operations or
plants upsets, these concentrations could ex-
ceed 5000 parts per million as shown in Fig-
ure 5—-8. Emissions from chamber plants vary
from 25 to 80 pounds of S0, per ton of acid
produced. Concentrations of sulfuric acid
mist in the exit gas range from 3 to 15 milli-
grams per standard cubic foot for a contact
plant, and 5 to 30 milligrams per standard
cubic foot for a chamber plant. The concen-
tration of unabsorbed SQ; in the exit gas
from a contact plant varies substantially, but
is usually about 0.5 milligram per standard
cubic foot. Sulfur trioxide mist, upon contact
with atmospheric moisture, is hydrated and
forms a visible, white, acid-mist plume.

5.3.4 Control Methods for Sulfur Oxides

Any factor that increases the conversion
of SO, to SO; will naturally reduce SO, emis-
sions. Conversion efficiencies greater than
99.7 percent have been claimed for the Bayer
double-contact process.”® This process is
based on the principle that the conversion of
S50. to SO; is improved if the equilibrium is
shifted by absorbing the SO; formed in the
early conversion stages and subjecting the
remaining SO.-bearing gas to a final conver-
sion. In this process, the typieal conversion
system is modified by adding an intermediate
absorbing tower just ahead of the fourth cat-
alyst conversion stage. An additional heat
exchanger also is required to cool the gases
before they enter the intermediate absorber,
The overall degree of conversion is improved
because the remaining S0O,, freed from most
of the SO;, encounters a very high degree of
conversion when once more reacted in the
final fourth stage.

Figure 5-9 is a flow chart of the double-
contact process.?® Several double-contact
plants have been in operation in Europe since
the first one was installed in 1964. The
double-contact system could be adapted to an
existing contact plant; however, installation
would be very expensive and has not yet
been done in this country.

A similar scheme, called the Burkhardt
S.A. process, also employs intermediate ahb-
sorption. Burkhardt S.A. claims efficiencies
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of 99.0 to 99.6 percent in plants using brim-
stone sulfur as raw material.?® This efficien-
cy range will result in exit SO. concentra-
tions of 500 to 1000 parts per million. No
known installations of this process are pres-
ently in operation.

The advantage of the double contact and
Burkhardt S.A. processes, beyond the reduc-
tion of SO. emissions, is that a greater con-
version capacity can be obtained. This is ac-
complished not only by the higher conversion
efficiency but also by allowing a higher con-
centration of SO. to enter the converter. The
double-contact plants used in Europe, instead
of operating with 6.5 to 7 percent SO from
pyrites, now operate with up to 10 percent
SO, inlet concentrations.*

Cost data show that the additional equip-
ment investment is compensated by smaller
equipment and higher sulfuric acid yields.*
Additional capital expenditure of 10 to 15
percent is required to increase conversion ef-
ficiency from 98 percent in a typical new
contact plant to 99.5 percent in the double-
contact plant.* In evaluating the economics
of a double-contact plant versus a typical
contact plant, it is generally estimated that
the additional revenue obtained from in-
creased production achieved through higher
yields will provide a payout period of about 5

AIR FOR SULFUR BURNING

years for the additional capital expenditure
required for a duoble-contact plant. The pay-
out period would be further decreased if a
higher initial SO. concentration were used.
For instance, a 140,000-ton-per-year sulfuric
acid plant operating at a conversion rate of
98 percent would emit about 1750 tons of SO.
per vear; with double-contact conversion of
99.5 percent the plant would emit about 420
tons of SO. per year and produce more than
2000 additional tons of sulfuric acid.

A number of gas scrubbing systems are
also available for removing SO.. The am-
monium sulfite-bisulfite scrubbing system
pioneered years ago at Trail, British Colum-
bia, has reduced SO. in the tail gas from as
high as 0.9 percent to 0.03 percent. Recently,
Duteh State Mines has spent $420,000 on a
similar plant for the purification of tail gases
resulting from the production of sulfuric acid
and oleumn. The DSM control system consists
of passing the tail gases through an ammenia
solution that retains 95 percent of the SO..
The resulting ammonium bisulfite solution is
used for the preparation of caprolactam.®
Scrubbing systems reduce plume bouyancy
and may cause a visible plume due to water
vapor. '

Sulfur trioxide, sulfuric acid mist, and
spray in the exit gas can be controlled by a
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Figure 5-9. Flow chart for sulfur-burning double-contact plant with intermediate 503 absorption.
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number of devices of varying costs and ef-
ficiencies. Some of these are wire-mesh mist
eliminators, fiber mist eliminators, electro-
static precipitators, and packed bed separa-
tors. For a description of mist eliminators,
refer to Control Techniques for Particulate
Air Pollutants.

5.4 STEEL MANUFACTURING

5.4.1 Introduction

An integrated steel plant has coke manu-
facturing, blast furnace, and steel furnace
facilities. Iron ore, which is received in the
form of impure iron oxide, is reduced in the
blast furnace to form metallic iron. Combus-
tion of coke provides the reducing atmos-
phere in the furnace. The metallic iron (pig
iron) is further refined to steel by reducing
the impurities and adjusting the alloy con-
tent to specified levels. Pig iron is usually
refined to steel in open-hearth furnaces (oxy-
gen lanced and non-oxygen lanced), basic
oxygen furnaces, and electric arc furnaces.
In both blast furnaces and steel making
furnaces, a slag is formed which floats on
the molten metal and removes the impurities.

Sulfur dioxide emissions from steel plants
are produced primarily from sintering, coke
manufacture, and combustion operations.

5.4.2 Sintering

Agglomerating processes are used on blast-
furnace feed for beneficiating ore and salvag-
ing recovered dust. The primary purpose of
agglomeration is to improve the permeability
of the blast-furnace burden, hence improv-
ing the gas-solid contact and rate of reaction,
and reducing the coke consumption. A sec-
ondary purpose is to improve the movement
of the burden in the blast furnace as melting
progresses and, thus, reduce the quantity of
dust emitted from the furnace. Sintering and
pelletizing are the primary types of agglom-
erating processes used on iron ore. Sintered
materials include iron oxide fines from cy-
clones and electrostatic precipitators, mill
scale from metal working operations, metal
turnings, and light scrap. Fluxes are some-
times added for better control of the prop-
erties of the sinter.s* Adding limestone flux
to the sinter increases hot metal production

and decreases coke consumption; raw lime-
stone fed to the blast furnace is, of course,
correspondingly decreased.®®

Sintering is done on a belt of perforated
pallets moved by sprockets about 100 feet
apart.®* Iron ore fines and coke breeze, or
coal, are placed on the pallets, and the charge
is ignited as it passes through a short ignition
section of the furnace. Combustion air is
pulied downward by a fan, through the burn-
ing charge, through the perforations in the
steel pallets, into the windbox, and in most
cases out the stack. The coke burns out of the
charge, and the hot clinker is removed from
the belt and used for blast-furnace feed.

Sulfur emissions from sintering come from
the iron ore and the coke. Iron ores used in
the United States are quite low in sulfur,
usually under 0.03 percent. Coking coals
usually contain less than 1 percent sulfur,
about 30 percent of which is liberated by
by coking. The sintering operations may re-
move as much as 70 percent of the sulfur in
the total charge.®® Within limits sintering is a
good blast-furnace feed-desulfurizing proce-
dure, especially for high-sulfur charges. Most
of the sulfur entering the blast furnace is
reduced to sulfide and combines with the
slag. The blast furnace is operated to min-
imize the sulfur content of pig iron. Hydro-
gen sulfide is liberated from the slag, and
some of the slag sulfide content is gradually
oxidized to SO, by ambient oxygen.

5.4.3 Coke Ovens

Iron and several other important metals
are recovered from their ores by high-tem-
perature reduction. Wood charcoal was once
used as the reducing agent, but it has long
since been replaced by coke, which is now the
main metallurgical reducing agent. Produc-
tion of a ton of pig iron from a blast furnace
requires about 0.7 ton of coke.*® About 90 per-
cent of the United States coke output is used
in metallurgical operations.®

Coke is the solid material remaining after
distillation of certain bituminous coals in the
absence of air. Because sulfur is very delete-
rious to the quality of steel and is difficult to
remove in blast furnace or refining opera-
tions, low-sulfur coals are used whenever
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available and, indeed, command a premium
price for metallurgical purposes.

Conventional coking is done in long rows
of slot-tvpe coke ovens into which coal is
charged through holes in the top of the
ovens.* Coke oven gas or other suitable fuel
is burned in the flues surrounding the ovens.
to furnish heat for coking. Flue temperature
is about 2600°F and the coking period aver-
ages 17 to 18 hours.”” At the end of the cok-
ing period, incandescent coke is pushed out of
the furnace into quenching cars and carried
to a quenching station, where it is cooled with
water sprays.

Volatile matter from the distillation con-
tains materials ranging from hydrogen and
methane to high-molecular-weight materials
such as tars. In addition to hydrocarbons,
organic compounds of sulfur and nitrogen
are present. Because the coke oven environ-
ment contains strong reducing agents, sulfur
is present as H.S and in other reduced forms,
as carbon disulfide. Tars are separated from
the hot coke-oven-gas stream by condensa-
tion. Ammonia and organic gases are re-
moved by water sprays and by absorption in
sulfuric acid. Benzene homologues are re-
moved by absorption in straw oil. After re-
moval of by-products, the resulting coke-oven
flue gas consists mainly of hydrogen, meth-
ane, and carbon monoxide. Up to 50 percent
of the sulfur in the original coal is volatilized,
and much of it remains in the coke-oven-flue
gas unless removed by special treatment.

The usual distribution of the sulfur from
the original coal to coke oven products is
shown in Table 5-10.* The debenzolized
coke-gas may contain as much as 0.7 percent
H.S by volume, and this gas will generate
SO, when used as fuel.

Table 5-10. DISTRIBUTION OF SULFUR IN
COKE OVEN PRODUCTS *

Percent of original

Coke oven products sulfur in coal

COKE oot 50-65
Gas (as H.8) .. 256-30
C8., thiophene, and other organic

COMPOUNAS ..o 1-1.5
Tar and ammonia liquor ... 2.4-3.5
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Pyvritic sulfur in coal is reduced in the
coke oven to form H.3:

FeS. - organic heat—>FeS + H.S

Therefore, pyrite removal from coal is an aid
to reduction in emissions of sulfur oxides
from subsequent combustion of coke-oven
oas.

In a coke plant. SO. emissions originate
from the fuels burned to heat coke ovens (in-
cluding coke-oven gas) and from leaks
around the ovens. Oven leaks release gases
containing sulfur compounds. The leaking
gases are at high temperatures so that when
they issue into the air, they burn immediately
to form SO. from any sulfur compounds
present. SO, is also emitted when the incan-
descent coke is pushed from the oven and is
transported to the quenching tower. Most of
the sulfur in the coke is released into the slag
when the coke is subsequently:used in the
blast furnace.

Escape of gas from coke ovens is caused by
charging coal, removing coke (“pushing”),
and by leaks at many points around the ovens.
Control of gaseous emissions, therefore de-
pends upon speed, organization, and main-
tenance relative to oven operations, and coke-
oven-gas treatment to remove sulfur com-
pounds before using the gas as fuel.

Coke oven gas contains 300 to 500 grains
of sulfur per 100 cubic feet of gas, or 0.5 to
0.8 percent sulfur by volume, mainly as H.S.
Combustion of this gas results in SO. emis-
sions. Various methods have been used to
remove H.S from coke-oven gas. One method
involves passing the coke-oven gas through
a sodium carbonate absorber.® The resulting
solution is regenerated by passing through a
heated vacuum tower. The sulfur content of
the gas can be reduced to about 50 grains per
100 standard cubic feet by this method if the
CO. content for the coke-oven gas is relative-
ly low. In the past, stripped H.S was often
vented, or burned to SO,. Another method for
disposing of the stripped H.S is to utilize
the burned gas for feed to a sulfuric acid
plant, or to add it to the main gas feed of a
sulfuric acid plant.#* Preliminary treatment
is generally necessary to remove impurities
such as hydrogen cyanide.



A second coke-oven-gas treating process
removes H.S by absorption in sodium thio-
arsenate.’ The rich thioarsenate solution is
then heated and sent to a second tower, where
the solution is regenerated with air and ele-
mental sulfur is eliminated. Another process
for H.S removal involves scrubbing the gas
with an alkaline solution of anthraquinone
and sodium vanadate.*> The H.S is oxidized
to elemental sulfur, and the solution is re-
generated by oxidation with air. No cost data
were found pertaining to coke-oven operation
or gas cleaning.

Slot-type coke ovens currently being de-
signed include the following features de-
signed to speed operations and minimize
leaks:

1. Better designed and thinner-walled
heating flues to improve heat trans-
fer and .minimize cool spots and
undercoking. This results in a cleaner
pushing operation.

2. Improved refractories with less spal-
ling and cracking, These refractory
defects cause warping of metal fur-
nace parts, gas leaks into flue systems
and c¢himneys, and voids, which fil]
with undercoked coal and cause
smoke during pushing.

3. Gas-tight, self-sealing oven doors,
which no longer require manual seal-
ing with clay.

4. Mechanical cleaners or self-sealers
for doors and for top-charging hole
covers. A few grains of sand on a
metal seat can cause appreciable leak-
age of hot gases.

5. Sealing sleeves for levelling bars.
Levelling bars are used to even out
the oven charge to allow free passage
of gas over the charge into the gas
collector main.

6. Mechanical removal of top coal-charg-
ing lids and means to charge all three
holes of an individual oven rapidly
and simultaneously, with gas recovery
mains in operation.

A method for enclosed pipeline charging of
preheated coal is also being deveolped. An
enclosed system eliminates the possibility of
emission during charging.

It is evident that emissions from coke
ovens can actually be reduced by good organi-
zation and planning of operations, proper
scheduling, careful training of operators in
battery cleanliness and attention to detail,
and incentives for smokeless operation.

Efforts have been made to develop a sati-
factory continuous coking operation because
continuous operations are inherently tighter
and more easily controlled. One process in-
vestigated is fluid-bed pyrolysis designed to
upgrade sub-bituminuous coals.** The char
produced might be briquetted for blast fur-
nace feed, Continuous coking has been car-
ried out to a limited extent in a manner simi-
lar to belt sintering, in which the amount of
air passed through the coal is sufficient to
cause combustion of the volatile matter with-
out undue combustion losses of coke. Current-
ly, however, no practical substitute for the
slot coke oven exists.

Coke is still produced in beehive-type ovens
in the United States on a very limited scale.
Because this obsolete process does. not recover
any of the volatile gases generated in the
coking process, it causes considerable air pol-
lution. The only practial control method is to
replace the ovens with well-designed slot-type
ovens with by-product gas recovery systems.

5.5 PULP AND PAPER MILLS

5.5.1 Introduction

Pulp and paper production is one of the ten
largest industries in our country.*t Per capita
demand for paper products is nearly 530
pounds per year.+* The manufacture of paper
and related products can be divided into two
phases, f)ulping of wood and production of
paper from pulp.

The manufacture of paper from pulp or-
dinarily results in only small quantities of
atmospheric pollutants.

In the pulping process, wood of various
types is reduced to fiber, sometimes bleached,
and then dried in preparation for making the
final product at the paper mill. Most pulp
mill processes use some type of cooking liquor
to dissolve lignins in the wood and free the
wood fibers. In many cases, to make this proce-
€ss economical, spent cooking liquor is re-
covered, usually by some process involving
combustion. It is mainly in recovery proc-
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esses that potential air pollutants are gen-
erated. The major pollutants from pulp mills
are particulates, odorous sulfur compounds
(H.S, methyl mercaptan, dimethyl sulfide,
dimethy! disulfide, and other organic-sulfur
compounds), and SO.. Which pollutants are
emitted in significant amounts depends on
the type of recovery process employed and
the degree to which control equipment 1is
used.

There are three major pulping and re-
covery processes used in the United States
(sulfate, sulfite, and semichemical), and they
account for nearly 80 percent of the pulp
produced in this country. The remaining 20
percent of the pulp is produced by a number
of small mills using various specialized proc-
esses. Table 5-11 lists these processes, the
quantity of pulp produced by each, and their
potential atmospheric emissions.

The sulfate or kraft process has created
the greatest pulp manufacturing air pollu-
tion problem, mainly because of the large
quantity of visible particulate and the highly
odorous nature of the sulfur compounds emit-
ted. Sulfur dioxide emissions from the sulfate
process are minor, but those from the sulfite
and semichemical processes are potentially
major. Sulfur dioxide emissions can be con-
trolled and, in the case of the sulfite and
semichemical processes, provide an economic
benefit from sulfur recovery.

5.5.2 Sulfate (Kraft) Process SO:
Emissions and Control

Sulfate pulping involves cooking wood
chips in a caustic soda and sodium sulfide

solution. The process name comes from the
fact that sodium sulfate is used as the make-
up chemical. A flow chart for a typical diges-
tion and chemical recovery process is shown
in Figure 5-10.*

Sulfur dioxide emissions from the sulfate
recovery process are not great. The signifi-
cant sources of SO. are the recovery furnace,
lime kiln, and smelt dissolving tank. Table
5-12 shows the range of SO, emissions en-
countered in various sulfate mills.

Table 5-12. RANGES OF S0. CONCENTRATIONS
IN STACK GAS FROM TWO KRAFT MILLS*

50. per

ton of
Source 30., ppm air dried
pulp, 1b
Recovery furnace ... 4-798 2.4-13.4
Lime Kiln ... 0-169 0.1- 0.3
Dissolving tank ... 0.5-70 0.0-0.14

Control devices specifically for SO, are not
used at sulfate mills because of the relatively
small SO. concentrations and the greater
need to control other pollutants.

Sulfur dioxide emissions are, however, con-
trolled as a secondary effect of controlling
odorous and particulate emissions. One recent
study of recovery furnace operation has
shown that sufficient secondary air, turbu-
lence in the secondary zone, and liquor spray-
pattern can substantially reduce emissions of
odorous sulfur compounds and SO,.*" Tables
5-13 through 5-15 show the effects of operat-
ing variables on SO, emissions. Most.recovery

Table 5-11. PULP MILL PROCESSES AND POTENTIAL ATMOSPHERIC EMISSIONS IN 1966

Number Total annual Air pollutant emissions
Type of of mills pulp production,
pulp mill in U.S. 10° tons Major Minor
Sulfate (kraft) ... 111 23.6 Particulate, odorous sul- Sulfur dioxide
fur compounds (sul-
fides and mercaptans)
Sulfite ... 50 2.7 Sulfur dioxide Particulates =
Semichemical ........... 42 3.1 Hydrogen sulfide Particulates =
Other?® ... 173 6.2 No significant No significant

emissions emissions

2 May be major source once other pollutants are controlled.
b Includes ground wood, soda pulp, and roofing pulp mills.
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Table 5-13. EFFECTS OF FURNACE SECONDARY
AIR ON S80. AND OTHER SULFUR
COMPOUND EMISSIONS ~

Secondary air, Excess

percent O, percent SO.ppm H.5, ppm
28.5 1.4 96.7 246
30.0 1.2 53.0 12.6
36.5 2.6 0.1 0.007
41.0 3.4 0.2 0.012

Table 5-14. EFFECTS OF TURBULENCE OXN
FURNACE GASEOUS EMISSIONS *

Velocity at secondary

airport outlet. ft/sec  SO., ppm H.E, ppm
180 0.2 0.012
65 47.1 84.5

furnaces do not, however, operate at optimum
conditions from an air pollution standpoint,
and odorous emissions continue to be a prob-
lem at many mills.

Table 5-15. EFFECTS OF LIQUOR SPRAY
PATTERN ON FURNACE GASEOUS EMISSIONS *

Type spray S50, ppm H.S, ppm
Coarse 0.08 0.0
Fine 9.8 0.37

Scrubbers are normally used on lime kilns
and dissolving tanks to control particulate
matter and some odorous emissions. These
control devices also reduce SOQ. emissions.

5.5.3 Sulfite Process SO, Emissions and
Control

Sulfite pulping is an acid-base process for
dissolving the lignin bonding material from
wood chips. The cooking liquor is produced by
reacting SO, with one of four bases (am-
monium, calcium, magnesium, or sodium) in
an absorption device. The bisulfite solution
that forms is used as cooking liquor for wood
chips in a digester.

A sulfur burner is the usual source of SO,
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for the calcium-, sodium-, and ammonia-base
sulfite processes. Methods for absorption of
relatively strong SO. gas in the appropriate
base are fairly well established. Sulfur di-
oxide emissions from absorption systems can,
however, be significant unless proper proc-
ess control and maintenance are practiced.
It is imperative that proper flow-rates, tem-
peratures, and concentrations of the S0. gas
and absorption solution be maintained to
minimize atmospheric emissions. Keeping the
absorption system operating at optimum con-
ditions may require some added expenditure
in the form of extra operating and main-
tenance personnel.

Gases from the digester and blow tank are
another source of SO.. The sulfur content of
these gases can be controlled by passing them
through condensers and absorption towers or
caustic serubbers. One mill has reported a net
saving of over $250,000 per year from re-
covery of sulfur by installation of a condens-
er and absorber to control SO. emissions
from blow tanks.*®

Much of the spent sulfite cooking liquor has
been sewered in the past, but greater em-
phasis is being placed on burning the liquor
to reduce stream pollution, recover chemicals,
and generate steam. The spent sulfite cooking
liquor, being relatively high in organic sulfur
compound, is potentially a large combustion
source of SO0.. Control of such emissions is
possible and practical since recovered SO.
in the form of H.S0, can be used as make-up
chemical in the process. The magnesium-base
sulfite liquor is most suitable for burning
since the magnesium and SO. can be efficient-
ly recovered. Most new sulfite mills in this
country are of the magnesium-base type for
this reason. Spent ammonium-, calcium-, and
sodium-base liquors can be burned, but only
S0, can be efficiently recovered, since the
spent liquor is either destroyed or changed in
the combustion process.

Economical operation of the sulfite process
requires efficient recovery of SO, from the
combustion gases, since concentrations of
over 1 percent SO, (10,000 parts per million)
result from liquor combustion. With relative-
ly poor recovery (less than 90 percent), SO.
emissions can be as high as 60 pounds per
ton of pulp. With 90 percent recovery, 50,
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emissions can be reduced to approximately
1000 parts per million, or 20 pounds per ton
of pulp.** Another study states that over 98
percent recovery is possible with three-stage
venturi absorption, resulting in stack emis-
sions of about 300 parts per million SO, or
3 pounds per ton of pulp.”™

Figure 5-11 shows a typical magnesium-
base, chemical-digestion-and-recovery system
with air pollution control devices instalied to
control 80. and odorous sulfur compound
emissions from the blow tank, multiple-effect
evaporators, and recovery furnace. Sulfur
dioxide emissions from the combustion proc-
ess are recovered by efficient absorption in
the serubber and the three absoprtion towers.

5.5.4 Neutral Sulfite Semichemical SO,
Emissions and Control

The neutral sulfite semichemical pulp proc-
ess, the most widely used semichemical proc-
ess, normally uses sodium sulfite and sodium
bicarbonate as a cooking liquor. The spent
cooking liquor can be burned with chemical
recovery.

Large quantities of SO are generated in
the combustion of the spent liquor. Figure
5-12 shows how SO. can be used to convert
the smelt from the combustion process to
fresh cooking liquor. With the proper opera-
tion of this system, little SO. or H.S will be
emitted to the atmosphere.

Small amounts of SO. and odorous sulfur
compounds are released from the digester
blow gases and multiple-effect evaporators
used to concentrate spent liquor prior to
burning. These emissions can be effectively
controlled by scrubbing.

5.5.5 Steam and Power Boiler Atmospheric
Emissions

Many pulp and paper mills have auxiliary
power boilers to produce process steam.
When these units are fired by coal or residual
oil, SO. emissions can be quite large, larger in
fact than any SO. emissions from chemical
Yecovery processes.

Omne unique control method for SO emis-
gions from boilers at a kraft mill has been
proposed.”* The method involves scrubbing
power-boiler flue gases with black liquor
from the kraft process. The SO; absorbed in




the liquor adds sulfur to the cooking liguor.
Process makeup sulfur is reduced and SO.
1s removed from stack gases by a process that
could provide an economic return. A sodium
carbonate scrubbing system has also been
proposed.™

5.6 WASTE DISPOSAL

5.6.1 Coal Refuse

5.6.1.1 Introduction—Coal refuse is waste
coal, rock, shale, culm, boney, slate, clay, and
related materials associated with a coal seam,
which are removed from the mine in the
process of mining coal or which are separated
from coal during cleaning and preparation.
Coal refuse is often deposited in large piles
near mines and coal cleaning plants. These
materials usually contain large quantities of
sulfur, in the form of “pyrites.”s3.54

Coal refuse may be fired intentionally, ac-
cidentally, or by spontaneous ignition. Igni-
tion is more likely to occur if the waste pile
contains extraneous organic material like
wood or garbage. Camp fires or brush fires

often furnish the ignition. Spontaneous firing
occurs by slow oxidation of the coal. Water
may contribute to ignition by the heat of wet-
ting. depending on the physical nature of the
coal and on humidity.s

Sulfur dioxide is produced from the oxida-
tion pyrites in the coal:

FeS.+ 30, ——= FeS0O, + SO..

The actual reactions going on in the pile
are quite complex. Another reaction is:

2FeS, +2H,0 + 70, —> 2FeS0, + 2H.S0,.

The sulfuric acid produced may liberate H.S
from the pyrites. This H.S may further
react:

2H.S+ 80, —=> 38+ 2H.0.

Sulfur is often observed on burning waste
piles, and the odor of H.S is often noticeable.

Air samples taken in a community ad-
jacent to a burning coal waste pile showed
average hourly SO, levels ranging from 0.4
to 8.0 parts per million with peak levels from
0.6 to over 4.5 parts per million, depending
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on meteorological conditions.’® Levels of H.S,
measured at another time, varied from 0.1 to
0.4 part per million.

5.6.1.2 Control Methods and Costs—Methods
of air pollution control for coal waste piles
consist of preventing or extinguishing fires.
The method used should be designed for the
particular problem at hand and will vary
from one situation to another.

Among many methods investigated for
extinguishing coal refuse fires are: cooling
and repiling the refuse; sealing with im-
pervious material (such as a blanket of well-
compacted waste and a layer of clay); inject-
ing a slurry of limestone or other noncom-
bustible; and sealing top and sides with coal
cleaning plant sludge. If the voids within the
pile can be filled with inert materials, com-
bustion will cease.

Prevention of coal waste pile fires is fos-
tered by proper site selection and piling, and

by ensuring the absence of wood, under-
brush, paper, and other such combustibles.
Trespassers should be kept away from the
piles.

Among methods for handling new waste
and non-burning waste piles are: coal re-
covery (reducing the amount of combusti-
bles) *; weathering for initial oxidation fol-
lowed by layering and compaction; and de-
sign of the waste piling to fit topography and
the material so that future ignition is mini-
mized. The following processes are examples
of this last method:

1. Contouring the disposal valley and
using earth to seal the down-valley
face of the deposited waste.’

9. Crushing large rocks, so that there
will be the proper distribution of
intermediate- and small-sized parti-
cles for compaction into an imper-
vious pile.
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8. Terracing of waste piles and filling in
the terraces with sealing material
such as clay to form a thick seal all
around the pile.””

4. Contouring deep trenches around dis-
posal hills in hilly terrain. Waste is
dumped and compacted by trucks op-
erating on it. When the first trench is
filled, a second is superimposed by
hill-side excavation on a contour just
above it, and so on. One variant
of this procedure uses excavated soil
to cover the outside face of the pile
as the work progresses uphill.

Demonstration projects cosponsored by the
National Air Pollution Control Administra-
tion have indicated that costs of extinguish-
ing coal waste pile fires can be expected to
range between $0.25 and $1.25 per cubic
vard.’*%® Cost of preventing these fires by
compacting, layering, and contouring would
be about $1.00 per ton of refuse, based on the
cost of sanitary landfills. A rough estimate,
based on the dimensions of burning coal-mine
refuse banks, indicates a total of over 1 bil-
lion cubic yards of such burning banks in the
United States.®

5.6.1.8 Future Plans and Research—The Na-
tional Air Pollution Control Administration
has recently cosponsored 15 demonstration
projects on extinguishing culm-pile fires.
Fourteen of these projects are State-spon-
sored, mostly by Pennsylvania, and one pro-
ject is sponsored by a non-profit corporation.
Seven projects are complete at this writing;
however, a summary report must await com-
pletion of the remaining projects. The 1.S.
Bureau of Mines is expected to continue ef-
forts in this field.

These demonstration projects have in-
cluded, or will include:

1. Exclusion of air from a burning culm
pile, using polyurethane foam. After
an apparently successful extinguish-
ment, the burning resumed. Cost was
about $1.00 per cubic yard.

2. A project similar to the one described
above, involving tests with several
kinds of plastic coatings to exclude
air from the pile, giving special at-
tention to bitumastic coating.

3. Removal of culm bank material by
drag line, dumping into a lagoon, re-
moval, repiling and compacting by
bulldozers. - Cost was about $1.24 per
cubic yard.

4. Treatment of a culm pile by injection
of a slurry of vermiculite, limestone,
and sodium bicarbonate into drill
holes sunk into the pile. Results are
not announced.

5. Injection of sludge resulting from
neutralizing acid mine water with
limestone into a burning refuse bank.
This treatment, it is hoped, will ex-
tinguish the fire and seal the bank.

6. Covering a pile with fine waste dust
from cement plants. The following
part of the work will involve use of
fine limestone dust on the top of the
pile.

7. A huge water nozzle that breaks up
and extinguishes a burning culm
bank. The waste was carried to a
water pool and removed with a clam
shell for distribution and compaction
by carry-alls and bulldozers. The cost
was about $0.75 per-cubic yard.

5.6.2

The average sulfur content of municipal
refuse has been found to be about 0.1 per-
cent.®® Tests made on incinerator stack gases
showed SO, concentrations generally in the
10- to 30-parts-per-million range.® Because
of these fairly low values, SO. emissions
from municipal refuse incinerators are not a
major problems and are not usually control-
led. Incineration of some high-sulfur chemi-
cal wastes is a special problem that should
be considered for control along with other ele-
ments of the process involved,

Incineration

5.6.3 Sewage Treatment

Many sewage treatment operations cause
odors; however, there are only two sources of
S0. emissions, sludge-digester-gas combus-
tion and sludge incineration.

S ewa g e-sludge-digester gas, containing
H.S, is corrosive, which limits its use in in-
ternal combustion engines. Hydrogen sulfide
concentration at most treatment plants is not
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above 1 grain per cubic foot of gas,® but con-
centrations have been reported as high as 6
grains per cubic foot® where high-sulfate
water has entered the sewers, Combustion of
H.S produces SO. emissions. Control tech-
nology concentrates on removing the H.S in
order to eliminate corrosion. Scrubbing with
water or sewage effluent, augmented by add-
ing chlorine to the sewage gas, can reduce
H.S concentrations from over 2 grains per
cubic foot to 0.5 grain or less per cubic foot
of gas.' Treatment of the resulting solution
would usually be required before disposal.
Another method is the absorption of H.S on
“iron sponge,” a mixture of ferric oxide and
hardwood shavings.®#2 The iron sponge is re-
generated by exposure to air, releasing the
sulfur as SO.. This has generally been emit-
ted to the atmosphere, but it could be ab-
sorbed by alkali solutions.

Sewage sludge is disposed of by various
procedures, including lagooning, land filling,
using as a fertilizer or a fertilizer base,
dumping into the sea, and burning. Since dry
digested sludge contains 1 percent sulfur,
incineration may produce SO, emissions.®

A wet oxidation method for sewage sludge,
used on a large scale at Chicago, develops
SO. control as in incidental benefit. In this
process, a 3-percent aqueous suspension of
ground sludge from the primary settlers is
pumped into a heated system where the pres-
sure is about 1800 pounds per square inch
and the temperature is about 525°F & Air is
injected into the aqueous sludge and “wet
combustion” or oxidation occurs. Organics
are oxidized to CO, and water, or to low-
molecular-weight acids such as acetic aecid.
The sulfur compounds are oxidized to sul-
fates. Solid residue is about 90 percent in-
organic and settles easily from the liquid
portion. This liquid portion, which may be
only about 1 percent of the total sewage flow,
is recombined with the main aqueous flow,
and sent to secondary treatment. The heat
of oxidation of the sludge is sufficient to make
the process thermally self-supporting.

5.7 MISCELLANEOUS SOURCES

5.7.1 Introduction

There are several manufacturing opera-
tions, very limited in geographical distribu-
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tion and scale of production, which are actual
or potential sources of SO. emissions. There
is little published information from which
to estimate quantitative emissions for these
industries. In most cases, the emissions are
relatively minor; however, they may consti-
tute local nuisances.

Sulfur oxide emissions discussed for the
following miscellaneous sources are in addi-
tion to emissions from fuel combustion.

5.7.2 Glass Manufacture %

The glass industry, though large and im-
portant, operates in relatively few places.

Sulfur dioxide emissions may occur from
the use of salt cake (Na.,S0,) in the glass
tank charge. This material and powdered coal
are among the substances charged. The fol-
lowing reaction takes places:

Na.,S0, +nSi0.+ C——-72
Na.O nSi0;+50.+CO

No control of gaseous emissions is prac-
ticed.

5.7.3 Corn Starch Production

In a typical wet-milling process, corn ker-
nels are steeped in water containing 0.2 per-
cent SO. at a temperature of 120°F for 48
hours. This steeping prepares the kernels for
separation into starech, gluten, and fibers. Sul-
fur dioxide is the most effective and most
widely used reagent for this purpose. No con-
trol of emissions is usually practiced.

5.7.4 Sugar Manufactire

Lime is added to syrup during the sugar
manufacturing process to precipitate certain
undesirable impurities. Calcium ions in the
remaining solution are precipitated by bubbl-
ing S0, through the syrup to form calcium
sulfite. Minor emissions of SO, can occur, de-
pending on factors of design and plant opera-
tion.

5.7.5 Sulfur Fusion Processes

Processing of batches of sulfur by fusion
can emit sulfur oxides at low levels whenever
the fusion vessel or kiln is opened. An ex-
ample is the manufacture of ultramarine,
which is made by fusing kaolin, charcoal,
sodium carbonate, sulfur, quartz, sodium
sulfate, and resin. The melt is removed from




the kiln, cooled, ground, and washed. The in-
soluble compounds are then heated with more
sulfur to 950°F until the blue color develops.

5.7.6 Liquid Sulfur Dioxide

The national output of liquid SO, in 1964
was 64,237 tons.®® The gas is produced by
burning sulfur or by roasting metal sulfides.
The cooled gases, containing up to 18 percent
50., are sent to a water absorber.5® The SO.
is stripped from the water, cooled, dried,
compressed, and liquefied. About 0.02 percent
of the total SO, is lost into the atmosphere.

5.7.7 Silicon Carbide

Silicon carbide, an important abrasive, is
made in an electric furnace at temperatures
of 2200°C using sand and coke as raw ma-
terials.®s The furnace has no fop, and the
walls are temporary so that they can be torn
away from the charge after completion of
heating. Any gases generated go directly to
the atmosphere. The unreacted materials are
later separated from the product and recycled
as fresh furnace charge.

Any 80, evolved in this process will be
from the oxidation of sulfur contained in
the coke. About 1.4 tons of coke is charged
per ton of carbide produced.

5.7.8 Titanium Dioxide

In the manufacture of titanium dioxide,
sulfuric acid is added in batches to titanium

ore in a digester, yielding primarily titanium -

sulfate and ferrous sulfate. The digester
products are washed and separated, and the
ferrous sulfate goes to waste. The titanium
compounds enfer a calciner where they are
heated and converted to titanium dioxide.
Sulfur trioxide and sulfuric acid mist are
emitted from the calciner. On the basis of
field test date, it is estimated that 40 pounds
of SO, are emitted per ton of titanium oxide
calcined.’” Caustic scrubbers could be used
to decrease these emissions by more than 50
percent.
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6. DISPERSION FROM STACKS

6.1 INTRODUCTION

This brief discussion of dispersion from
stacks is followed by a bibliography of se-
lected references that provide more complete
information.

In general, stacks are used to provide for a
reduction of ground-level concentration by
giving natural atmospheric turbulence an op-
portunity to dilute the pollutant before it
reaches ground-level receptors. Along with
control of emissions, it may be useful to use
the natural dilution provided by stacks to
obtain desired air quality.

Assuming the same emission rate, ground-
level concentration is less with a tall stack
than with a short one. Although a stack of
any height usually reduces the ground-level
concentration, it does not provide a reduction
in the amount of material released into the
atmosphere nor does it preclude significant
concentrations at ground-level under all
meteorological conditions. An individual
stack may be theoretically high enough to re-
duce ground-level concentrations to a satis-
factory level (if it were the only source);
however, it may add its emissions to those
from other sources, resulting in undesirable
concentration levels. Because the contami-
nant emission is not reduced, all of it must
eventually be removed through natural proc-
esses such as washout. The effectiveness of
stacks may in some instances be limited by
unfavorable terrain.

Current trends are toward larger power
plants and higher stacks. These higher stacks
are designed to restrict ground-level con-
centrations to about the same levels as those
produced by smaller installations. The pos-
sibility of overloading the atmosphere by the
sheer size of the installation presents an un-
answered question as to the adequacy of even
very tall stacks.
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6.2 PLUME RISE

In simplifying mathematical treatments of
atmospheric dispersion, it is realistic to as-
sume that dispersion begins above the actual
stack top at an elevation called the “effective
stack height.” A number of theoretical and
empirical equations have been developed to
estimate the magnitude of the plume rise.
Since there is no one means of computation
that has been generally accepted for all cir-
cumstances, professional judgment and ex-
perience are required to make the proper
choice in a given situation.

When a stack plume is emitted in a dis-
turbed air flow, caused by wind blowing over
structures or irregular terrain, standard
plume rise and diffusion equations may not
apply. Wind tunnel studies with models of
stacks, buildings, and other objects are,
therefore, used to estimate aerodynamic ef-
fects.

6.3 DIFFUSION PROCESSES

For a given set of emission and metero-
logical conditions the expected maximum
ground-level concentrations can be estimated
as a function of the effective stack height.
The important meteorological variables are
atmospheric stability and wind direction and
speed.

An unstable atmospheric condition occurs
when the temperature in the air decreases
rapidly with height, as would be expected to
happen near the ground during a cloudless
day. Conversely, a stable condition exists
within a temperature inversion layer, where
temperature increases with height. Inversion
layers at the ground are most likely to form
in rural areas during a night when the sky
is clear and winds are light. Within such a
layer there is virtually no vertical stack
plume diffusion. The effluent trail may be nar-



row, widening gradually on a straight line
from the stack, or it may resemble a mean-
dering river. Plumes from large modern
power plants with high stacks generally rise
above surface inversion lavers into a region
of less stability.

Whenever the plume is trapped within the
inversion layer, and depending on the dura-
tion of the stable period and the wind speed
at the effective stack height, the effluent may
travel aloft for many miles with relatively
slow dilution. However, during the follow-
ing morning, after the ground has been
heated by the sun, air near the ground will
be warmed and become turbulent so that
parts of the plume are often carried to the
ground. This condition, which occurs during
the breakup of an inversion layer, is called
“fumigation.”

Inversion-breakup fumigations are of par-
ticular interest with respect to the tall stacks
of modern power plants, the plumes of which
may reach 1,000 to 2,000 feet. It is generally
recognized that fumigation does occur, but
its magnitude, extent, and frequency are cur-
rently under investigation, and plants gen-
erating over 1000 megawatts and utilizing
tall stacks are individual cases which require
special study.

“The experience of the TVA with their
many steam-generating plants illustrates
some of these situations. As plants of in-
creasingly larger capacity have been built,
with correspondingly taller stacks, the maxi-
mum fumigations have shifted from the high-
wind type, with which many people are fami-
liar, to the light-wind type. Although tall
stacks can be built to minimize the high-wind
and inversion-breakup fumigations, the total
pollution discharge of the larger plants be-
comes a problem when the limited capacity
of the mixing layer prevents adequate dilu-
tion. Thus, the other element that determines
concentrations, the pollutant source strength,
may require control if such large plants are
to be built in parts of the country where this
type of fumigation occurs with any appreci-
able frequency.”*

*PHS Publication No. 999—AP-16, Potential disper-
sion of plumes from large power plants.

6.4 USE OF MATHEMATICAL-
METEOROLOGICAL MODELS

Tt is necessary to use electronic computers
for the large number of dispersion calcula-
tions required for estimating air pollution
concentrations for an area the size of a city
or an air quality control region. In cases
where the impact of many sources on nu-
merous receptors is being assessed, even
though the interest is primarily in a single
source, the analysis is handled best through
the implementation of a validated mathe-
matical-meteorological model. By means of
such a model, it is relatively easy to consider
a change in source conditions (that is, to as-
gsume a different sulfur content in fuel, a new
stack height, or a different location), and ob-
tain an estimate of the effect. However, the
actual value of the result depends upon
whether the model has been verified by field
observations of concentrations under condi-
tions similar to those assumed in the model.

6.5 METEOROLOGICAL ASPECTS OF
SITE SELECTION

A meteorological analysis should be part
of the preparation for site selection for an
emission source, or for an increase in emis-
sion at an established-site. The thoroughnesa
of such analyses will vary widely depending
on the emission rate of the source and on the
nature and number of potential receptors.

6.6 FACTORS FOR SITE EVALUATION

The following list of factors is usually con-
sidered when locating a large potential source
of air pollution that will use the stack as a
means of dispersion.

1. Source Description

a. Elevation of stack base.

b. Stack height (physical and effec-
tive).

¢. Inside diameter of stack at top.

d. Stack gas velocity ( at top of stack)
normally and during slack periods
of significant duration.

e. Stack gas temperature (at top of
stack).

f. Peak, average, seasonal, and diurn-
al emission rates of SO, (grams
per second).
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2. Climatological

Affecting

Factors

Plume Rise

a.

b.

Air temperature.

Air pressure (for effective stack
height computations).

Wind speeds at effective stack
height for stability conditions of
interest.

. Stability conditions in the environ-

ment through which the plume is
rising. In some cases the frequency
of occurrence of each stability type
maybe required.

3. Aerodynamic Considerations

a.

b.

Building shapes, dimensions, etc at
source.

Nearby large buildings and signi-
ficant terrain features affecting
airflow,

Results of wind tunnel studies, if
any.

4. Geography

a.

Description of important terrain
features affecting diffusion (using
maps, cross sections, etc.)

. Locations of populations, present

and future, with respect to the
source, considering particularly
sensitive receptor locations such as
hospitals and schools.

. Locations of sensitive vegetation or

animals, if any.

Adjacent industries that could
significantly affect, or be affected
by, the source or mutually add to
the problems of the area.

5. Other Climatological Factors Affect-
ing Dispersion

a.

Wind direction frequencies at ef-
fective stack heights, with con-
sideration of significant seasonal
and diurnal variations.

. Frequency and duration of light

winds and calms.
Local wind circulations
winds, sea breezes, etc.)

(valley

. Stability conditions (frequency of

occurrences of stability catego-
ries). Consideration should be
given to time of day, seasons,
and wind direction.
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e. Occurrence of special weather phe-
nomena such as fog.

f. Precipitation frequency and in-
tensity. '

¢. Diurnal and seasonal variation in
mixing layer depth, especially in
relation to effective stack height.

6. Potential for Increased Emissions
a. Possible future expansion of exist-
ing site.
b. Possible future construction of
other sites.
c. Effect of expansion and new con-
struction on total emissions.

6.7 OTHER CONSIDERATIONS FOR
SITE OR STACK EVALUATION

In some situations where representative
meteorological observations are lacking or
questionable, a field-observation program
may be conducted to obtain on-site data, or
to test the representativeness of observations
from the nearest weather station.

Effective stack height becomes lower as
the wind speed increases, but increased wind
speed causes more dilution. Consequently, for
a given stability condition there is a critical
wind speed for each emission condition at
which maximum ground-leve] concentrations
occur. The determination of a critical wind
speed simplifies stack design and estimation
of a maximum permissible rate of emission,
in simple situations where only the maxi-
mum concentrations under certain stability
conditions are desired.

However, this procedure, if applied alone,
neglects the additive effect of the source on
the existing background or other emitters
in the area. When it is applied, allowance
should be made for existing air quality and
the possibility of fumigation.

Meteorological assistance with respect to
industrial site selection problems may be ob-
tained from professional meteorologists who
advertise their services in the Professional
Directory section of the Bulletin of the
American Meteorological Society. The Exec-
utive Director of the Society, (45 Beacon
Street, Boston, Mass. 02108) can provide a
current list of certified consulting meteoro-
logists.



6.8 STATUS OF POWER PLANT
PLUME DISPERSION AND
METEOROLOGICAL STUDIES

In order to clarify questions on the disper-
sion of S0. from stacks and the resulting
ground-level concentrations and effects, the
National Air Pollution Control Administra-
tion (NAPCA) is supporting five investiga-
tions, in addition to conducting related re-
search through its Meteorology Program.

1. The TVA has been conducting studies
of plume rise, inversion breakup,
limited mixing layers, and primary
and secondary emissions. About 1700
plume rise observations have been
taken at six steam plants with stacks
ranging from 170 to 800 feet. A
tentative conclusgion is that with large
units and high stacks, maximum
ground-level concentration occurs
during fumigation associated with a
limited mixing layer.

NAPCA investigators, in cooperation
with the Pennsylvania Electric Com-
pany and the Division of Air Pollu-
tion Control of the Pennsylvania
State Department of Health, are
studying stack plume behavior, SO.
concentrations in the air and on the
ground, and effects on flora in the
vicinity of three coal-burning elec-
tric power generating stations. The
first phase of the study is being con-
ducted at the Keystone Power Sta-
tion, near Indiana, Pennsylvania;
subsequent studies will involve the
Homer City Station, Homer City,
Pennsylvania, and the Conemaugh
Power Station, northwest of Johns-
town, Pennsylvania. The Keystone
Station has twin 800-foot stacks and
the Conemaugh Station will have
1000-foot stacks. Observations are
being made by means of portable sta-
tions, instrumented helicopters, and a
laser beam.

The GCA Corporation, in a joint
study involving Bituminous Coal Re-
search Incorporated, the Edison Elec-
tric Institute, and American Petrole-
um Institute, is investigating the

reactions of sulfur compounds in
power plant plumes. Quantitative in-
formation on reaction rates and prod-
ucts formed will allow the incorpora-
tion of SO. decay rates into mathe-
matical atmospheric diffusion models.
Hopefully it will allow the incorpora-
tion of the formation of sulfuric acid
mist and inorganic sulfate production
into these models.

. The Argonne National Laboratory,
U.S. Atomic Energy Commission, is
developing a computer program that
will predict the dispersion of SO, in
the Chicago area. This study consid-
ers the requirements of a pollution
warning system, measures to be taken
to minimize the severity of pollution
incidents, and long-ranged city plan-
ning.

5. The Brookhaven National Labora-
tory seeks to determine the feasibility
of using the $32/8% ratio of fossil
fuels to identify individual sources in
urban areas, and determine the decay
process of SO. to the final end prod-
uct.

6.9 STACK COSTS

The cost of a stack depends on many fac-
tors including size, material and labor costs,
and the necessary foundations. Because these
costs vary widely, depending on the specific
local conditions, only approximate costs can
be presented.

Figure 6-1 shows the estimated cost ranges
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Figure 6-1. Approximate installed costs of
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for stacks of various sizes. These data include
only costs directly associated with the stack
and not the costs of fans, ducts, or dust col-
lectors.

Operating costs of stacks of various sizes
must also be considered. High exit velocities
will allow a smaller stack diameter, but also
result in higher fan power requirements. Tall
stacks today are usually constructed of con-
crete with low-alloy corrosion-resistant steel
liners. This tvpe of stack has proved reliable
to date, but long-range maintenance costs
are not available, due to the relative newness
of these stacks.
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7. EVALUATION OF SULFUR OXIDE EMISSIONS

7.1 COMPILATION OF SULFUR OXIDE
EMISSION FACTORS

To determine emission rates, a stack gas
analysis of all sources of interest would be
necessary. This is, of course, impossible
when an air pollution survey covers a large
area that might contain many thousands of
individual sources. It is often necessary,
therefore, to estimate emissions from sources
for which accurate stack gas analyses are
unavailable. In some cases, the proper use
of a good emission factor will yield better
results than those based on a single series of
stack gas tests. Emission factors are based
on past stack gas sampling data, material
balances, and engineering estimates for

sources that are similar to those in question.
Tables 7-1 through 7-3 are compilations
of available emission factors for sulfur com-
pounds from various types of sources. Most
of the sulfur emitted is in the form of SO.,
but smaller quantities of SO;, sulfuric acid
mist (usually reported as particulate mat-
ter), hydrogen sulfide, and various other
forms of sulfur are also emitted. The emis-
sion factors listed are for uncontrolled
sources and are reported as SO, unless other-
wise noted. For a specific source where con-
trol equipment is used the listed uncontrolled
emission rates must be multiplied by 1.0
minus the fractional efficiency of the control
equipment. Unless otherwise stated, these
factors are based on reference number 1.

Table 7-1. EMISSION FACTORS FOR SULFUR COMPOUNDS FROM FUEL COMBUSTION

Source Emission factor
- ib of SO, (assumes 5 percent of sulfur re-
Coal 888 ton mains in ash)
Natural gas 0.4 1b of SO- (assumes_ sulfur content of
10 CF 0.14 Brain of gas)
% joocr > B
Process gas 2.86Chb %}%O,
Fuel oil 158.88a 1b of SO, (includes $0,; based on fuel den-
1000 gal sity of 8.1 lb/gal)
Wood Negligible
Gasoline powered engine 9 1b of SO. (assumed sulfur content of 0.07
10* gal percent)
Diesel powered engine 40 1b of SO. (assumed sulfur content of 0.3
10° gal percent)
Aireraft Negligible

a8 =percent sulfur by weight.
bC =grains of sulfur/100 cubic feet of gas.
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Table 7-2. EMISSION FACTORS FOR SULFUR
COMPOUNDS FROM SOLID WASTE DISPOSAL

Emission factor,

Ib of SO. per
Source ton of refuse
charged
Open-burning dumps and
municipal incinerators 1.2-2.0
On-site commercial and industrial :
multiple-chamber incinerators 1
On-site commercial and industrial
single-chamber incinerators 2
On-site residential single-chamber
incinerators 0.4
On-site residential flue-fed
incinerators 0.2

7.2 SOURCE TESTING FOR SULFUR
OXIDES

Emission factors or material balance cal-
culations for sulfur oxides are methods for
estimating emissions. However, when it is
necessary to quantify the amount of sulfur
oxides emitted from a particular source, it is
often necessary to perform stack gas samp-
ling.

Many source tests are conducted to deter-
mine whether a particular source is comply-
ing with emission regulations. Testing for
compliance is especially applicable where the
theoretical source emission (calculated with

Table 7-3. EMISSION FACTORS FOR SULFUR COMPOUNDS FROM INDUSTRIAL PROCESSES @ 4.5

Petroleum refineries See reference 2

Catalyst regenerators:

Fluid 0.525 1b/bbla
Thermofor 0.06 1b/bbla
. 1b of SO.
i : 2070 =
Sulfuric acid manufacture Range: 2 ton of 100% acid produced
. . 1b of 8O-
. 1250 -
Copper smelting—primaty ton of concentrated ore
Lead smelting—primary 660 1b of SO.
ton of concentrated ore
Lead smelting—secondary cupola gq b of sulfur compounds

ton of metal charged

1b of sulfur compounds

Lead smelting—secondary reverbatory 149
and sweat furnaces ton of metal charged
Zinc smelting—primary 530 1b of SO.
ton of concentrated ore
.Iron and steel mill sinter machine 0.3 1b of SO. (assumes ore content of (_).01 percent with
ton of ore 71 percent of sulfur going up stack)
Ammonia purification at coking plant 8.7 1b of SO.
P gp ton of NH; solution
Pulp and paper mills:
1b of 80.
Kraft type—recovery furnace 24-134 - : -
ton of air dried pulp
Sulfite type—recovery furnace 40 1b _Of SQ’
ton of air dried pulp (assumes 90-percent recovery of
50.)
Caleium carbide manufacturing—main 254 100fS0:. (includes S0.)
stack with impingement scrubber ton of product
Coke dryer 0.25 1b of SO. (includes S0;)

ton of product

aBased on data from Los Angeles. Could be considerably different in other areas, depending on sulfur con-

tent of the feed stocks.
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emission factors or by material balance)
approximates the code limitation. Source
tests are also performed to determine the
true efficiency of emission control devices,
especially where the theoretical collection
efficiency would result in a narrow margin of
compliance. Where alterations in a process
design may be needed to correct pollution,
source test results are often used as a basis
for suggesting changes and to identify those
changes which will be most effective. Another
use of gsource test data would be in the deter-
mination of how great a theoretical reduc-
tion in pollution could be expected from the
initiation of a proposed code.

The following methods are most commonly
used in source testing:

1. Shell Development Company Meth-
od.s 7

2. Los Angeles County Air Pollution
Control District Method.®

8. Total sulfur oxides, API Method 774-
54.°

4. Retch Test for sulfur dioxide.™®

5. Bureau of Mines Method No. 4618 for
sulfur dioxide and sulfur trioxide.*

6. Determination of sulfuric acid mist,
sulfur dioxide, and sulfur trioxide.*
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Appendix—Chemical Coal Processing

1. INTRODUCTION

A brief summary of chemical coal proces-
sing was presented in Section 4.4.1. This
appendix presents more detailed information
on these processes.

2. LIQUEFACTION OF COAL

The Pemco Process of solvent refining of
coal yields a low-sulfur, low-ash fuel. At
room temperature, the fuel is a shiny black
solid which is hard and brittle and can be

readily ground into an extremely fine pow-
der. Since this fuel liquifies as approximately
430°F, it can be burned as either a solid or
a liquid.

The solvent refining process, while strictly
speaking not a coal liquefaction process, is
shown in Figure A-1. In this process, finely
ground coal and anthracene oil are slurried,
hydrogen is added to prevent repolymeriza-
tion, and the mixture is heated to 840°F. The
dissolved coal is filtered to remove the ash
residue containing pyritic sulfur mixed with
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other separated minerals. Unused hydrogen
is recycled. The filtered coal solution is flash-
evaporated to remove the light fraction. This
process allows the solvent to be vecovered
after distillation and yields some light oil.
The hot liguid residue from the evaporator
is discharged and cooled to yield a unique
fuel product.

Final product properties depend on the
raw coal. Typical feed and product yields are
shown in Table A-1.

Table A-1. SOLVENT REFINED COAL PRODUCT!

Raw coal
(Kentucky #11) Refined product
Ash, percent by weight ... 6.91 0.14
Sulfur, percent by weight ... 3.27 0.95
Heat content, Btu/lb ............ 13,978 15,956

Coal containing predominantly pyritic sul-
fur can be converted by this process to a re-
fined fuel with a low sulfur content because
the pyritic sulfur is removed with the ash
in the filtration step. Up to 70 percent of the
organic sulfur may be removed by hydrogen-
ation to H.S in the dissolving step. More
solvent is generated than is used, so this step
is economically attractive and also adds flexi-
bility to the final product by allowing admix-
- ture with the solvent,

Considerable market development is re-
quired to establish uses for this fuel. Proces-
sing costs have been estimated at about 19
cents per million Btu, and total cost at 27 to
32 cents per million Btu.?

A 100-pound-per-hour pilot plant has been
completed and a large installation is planned
for Tacoma, Washington, for 1969.

FMC Corporation’s Project COED (char-
oil-energy development), the Office of Coal
Research’s oldest coal liquefaction project,
began work in May 1962. This process, which
begins with a carbonization step, produces a
liquid, some gas, and char as shown in Table
A-2,

In the COED process, diagramed in Figure
A-2, crushed coal is heated to progressively
higher temperatures in a series of four fluid-
ized bed reactors. From 1 to 5 percent of the
charge is volatilized in the first stage, and 50
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Table A-2. TYPICAL PRODUCT YIELDS FOR
COED PROCESS

(Based on Utah A Seam King Coal)

Produet Weight percent
CRAT . 54.3
011 . . o TR 23.6
GRS ... o S 15.0
Tar liquor . .. .. 7.0

percent of the oil vield is derived from the
second stage. Burning a portion of the char
with oxygen in the last stage supplies process
heat. All the volatile products from the coal
produced by the last three stages exit from
the second stage to the product recovery sys-
tem. The gas, containing 40 to 50 percent
hydrogen, can be processed further to pro-
duce methane or hydrogen. Qil processing
vields conventional gasoline and fuel oil pro-
ducts.

Technology has progressed through the
operation of a 100-pound-per-hour process
development unit. Design of a 36-ton-per-day
prototype plant is underway, and operation
is scheduled for 1970.

0il yields are relatively high, from 1 to 1.5
barrels per ton of coal. The problem of effec-
tive use of the large amount of char has led
FMC to develop a process for removal of
sulfur from the char so that it might be used
as a low-sulfur boiler fuel in power plants.

The essential elements of this desulfuriza-
tion process are shown in Figure A-3. The
key part of the process is the use of calcined
dolomite (Ca0O+MgQ) as an “acceptor” to
absorb sulfur from the liberated H.S. Char
and acceptor are easily separated because of
the large particle size of the acceptor. Sulfur
is desorbed from the acceptor at 800°F by
reaction with steam and CO.:

(CaS+MgQ) + H.O + COs—>>(CaCOy
+MgO) + H.S.

Hydrogen sulfide is converted to elemental
sulfur in a Claus system, and the acceptor
regenerated by calcining at 1600°F.

FMC has estimated that the cost for reduc-
tion of sulfur level in char from 3 percent
to 0.3 precent is about 10 cents per ton of
char, or about 0.4 cents per million Btu.?
These figures allow substantial credit for
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sulfur recovery (60 cents for each ton of
char processed).

The major disadvantage of the process is
the present lack of use for the char product.
Considerable market development will be re-
quired to establish its usefulness.

The H-Coal process, developed by Hydro-
carbon Research, Inc., uses hydrogenation to
recover a light erude oil which can be con-
ventionally refined to gasoline. Coal conver-
sion rate is higher than for other methods,
as shown in Table A-3 for Illinois #6 coal
on a moisture- and ash-free basis.

Table A-3. PRODUCT YIELD FOR H-COAL
PROCESS

(Illinois #6 coal)

Percent of original

Product coal by weight 2
Light gas ..o 10.2
Liquid product ............................ 71.0
Char ... 10.7
H.S, NH;, H.O . .o 8.1

& Moisture and ash free basis.

This shows that about 90 precent by
weight of the moisture- and ash-free coal ig
converted in the reactor.

In the H-Coal process, diagrammed in
Figure A-4, coal is dried, pulverized, slurried
with coal-derived oil, and charged continu-
ously with hydrogen to a reactor containing
a bed of ebullating catalyst (fluidized bed
where the liquid is the fluidizing medium).
The coal is hydrogenated and converted to
gaseous and liquid products: refinery gases,
naptha, middle distillate, and heavy gas oil.
The unconverted coal residue and the heavy
liquid product are sent to the carbonization
section. Recovered heavy gas oil is catalyti-
cally hydrocracked to middie distillate, nap-
tha, and refinery gas. The naptha is further
treated and reformed to gasoline.

Ammonia, and a portion of the hydrogen
sulfide produced in the coal and heavy-gas-
oil hydrogenation steps, are recovered as an
aqueous solution of ammonium sulfides. This
solution, together with the H.S recovered
from the refinery gases, is treated to convert
the ammonium sulfides into ammonia and
H.S. The H.S may be further processed to
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sulfuric acid. The ammonia is converted with
a portion of the sulfuric acid to ammonium
sulfate.

Although this process does produce low-
sulfur products, the economics of the process
are very sensitive to the price of light fuel
oil and gasoline. Recent estimates place the
cost of the oil between 12.1 and 14.3 cents
per gallon, depending on the size of the
plant.¢

Bench-scale work with a reactor process-
ing 15 to 25 pounds per day of coal has been
completed. A 3-ton-of-coal-per-day pilot plant
has been in operation since February 1966,
and the next step will be a demonstration
unit, using 250 to 500 tons of coal per day,
located in a coal producing area.

The most extensive effort of the Office of
Coal Research (OCR) to liquefy coal is the
Consol (CSF) process, developed by Consoli-
dation Coal Company to enable gasoline from
coal to compete with its petroleum counter-
part in coal producing areas. In this process,
diagrammed in Figure A-5, coal is dissolved
in a process-generated liquid, and ash and
other non-reactive parts are filtered out.
Solids go to a low-temperature carbonization
step, which recovers solvent and produces
char. Liquids are first distilled to recover sol-
vent, light distillate, and a heavier fraction.
The heavier fraction is hydrogenated and dis-
tilled to form the major crude-oil portion.
The crude oil is sent to the gasoline-making
step.

OCR feels that for a large commercial
plant (30,000 to 100,000 barrels of gasoline
per day) a projected product cost of 11 cents
per gallon is realistic. Uses for the char and
availability of low-cost hydrogen are major
considerations. These considerations make
the building of such gasoline plant next to a
Consol coal-gasification plant attractive, be-
cause this would allow some char use and
provide a source of low-cost hydrogen.

The CSF process is the biggest OCR lique-
faction process and the most technologically
advanced. A pilot plant, in operation since
May 1967, at Cresap, West Virginia, is cap-
able of processing 1 ton of coal per hour, re-
sulting in a liquid output of 60 barrels daily.
Design of a commercial plant may start in
the early 1970's if all goes well at Cresap.
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GASIFICATION OF COAL

Hydrogasification, diagrammed in Figure
A-6, is essentially a two-stage, high-pressure,
direct reaction of treated coal with hydrogen
to form methane. The coal is ground in a
hammer mill before being partially oxidized.
This partial oxidation overcomes the tend-
ency of the coal to agglomerate during hydro-
gasification. The high pressure (1100 psig)
hydrogasification is divided into two distinet
reaction zones. The pretreated coal first ent-
ers a free-fall, low-temperature (900°F to
1300°F) zone; then, by moving-bed, the un-
reacted portion of the coal enters the high-
temperature (1700°F) zone where further
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gasification occurs. The lower temperature
zone favors formation of methane from the
volatile portion of the coal, and the higher
temperature zone favors the formation of
hydrogen and carbon monoxide.

Gas produced in the low-temperature zone
of the hvdrogasifier passes through purifying
steps for removal of carbon dioxide, hydro-
gen sulfide, and traces of organic sulfur. The
purified gas is then enriched to pipeline qual-
ity by methanation using carbon monoxide
and hydrogen from the hydrogasifier. After
excess water vapor is removed, the resultant
gas is ready for distribution to consumers.

The Institute of Gas Technology has car-
ried out developmental work on hydrogasifi-
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Figure A-6. Hydrogasification (simplified flow chart).
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cation, and has completed a pilot-plant
study.”* A prototype plant is tentatively
scheduled for completion in 1970, and a com-
mercial plant by 1975. The work is supported
by the American Gas Association (AGA) and
the U.8. Government Office of Coal Research
(OCR).

Hydrogasification - is perhaps the most
promising method for obtaining pipeline
quality gas. Present cost estimates are based
on an overall thermal efficiency of about 75
percent. One of the major cost factors is the
requirement for hydrogen. Current develop-
ment by the Bureau of Mines of various
methods of using the spent char for hydro-
gen production could reduce overall costs.
Additional pilot-plant experience, and the
recovery value of the sulfur from gas purifi-

cation, should also reduce overall costs in the
future. Ultimately, QCR expects the gas to
cost between 35 and 50 cents per million Btu.

Consolidation Coal Company (Consol) is
advancing its CO. acceptor process to the
pilot-plant stage.”~ The Office of Coal Re-
search has sponsored the work since mid-
1964. Consol has subcontracted with the M.
W. Kellogg Co. for design of the pilot plant to
be built in Rapid City, South Dakota. Oper-
ations should begin within 114 years, with
an initial feed of lignite coal of 30 tons per
day.

In the CO, acceptor process, diagrammed
in Figure A-7, lignite coal is crushed, dried,
and preheated before entering a devolatilizer
operated at about 1400°F and 285 psig. The
coal is devolatilized by contact with the gasi-
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Figure A-7. CO, acceptor (simplified flow chart).
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fier off-gases and is mixed with the calcined-
dolomite CO. acceptor. Superheated steamd
carries the devolatilized char and dolomite
to the gasifier, where 60 percent of the car-
bon in the char is gasified at 1600°F. Heat
required for this gasification is supplied by
the dolomite’s acceptance of the CO. formed
during gasification. The dolomite (now in
the carbonate form) is returned to the re-
generator for calcining. Heat for regenera-
tion of the dolomite is supplied by combustion
of compressed air with the residual char
from the gasification stage.

After the gas from the devolatilizer is
purified, it requires some methanation to
bring it up to pipeline-gas quality. It should
be noted that the reaction of the lime with
the CO. makes gasification possible without
the presence of oxygen. The resulting gas
stream is further concentrated by removal
of the CO..

This process produces not only high-Btu
gas, but also low-sulfur fuel (char) and low-
cost, high-purity hydrogen. With nearby
markets for the major products, this process
could be commercially feasible in a few years.
It is especially attractive when combined
with a coal liquefaction plant requiring low-
cost, high-purity hydrogen.’

The M. W. Kellogg Company has carried
the molten salt process into bench-scale ex-
perimentation under a contract with the
Office of Coal Research.” Under a contract
awarded in June 1964, Kellogg is making a
concurrent engineering-cost evaluation. No
funds have been allocated in fiscal year 1968-
69 for this process.”

Like the CO. acceptor process, the molten
salt process eliminates the need for oxygen
or air in the gasifier unit, Dilution of the raw
gas by the non-reactive portion of air is un-
desirable since this leads to costly purifica-
tion. In this process, diagrammed in Figure
A-8, a molten salt such as sodium carbonate
supplies reaction heat and acts as a catalyst
for the gasification reaction.

The gasifier, operated at 1000°F and 430
psig at the coal inlet and 1700°F and 400
psig at the gas outlet, is divided into two sec-
tions by a vertical partition. The partition is
perforated below the surface level of the
molten salt so that the salt can circulate but
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the gas evolved on one side cannot be carried
over to the other. The coal and steam enter on
one side of the partition, and preheated air
enters on the other. The coal residue carried
through the partition by the molten salt is
oxidized by the air to supply heat for the
gasification reaction taking place in the other
half of the reaction vessel. The gasification
reaction is further enhanced by the catalytic
properties of the molten salt, which lowers
the required reaction temperature and opti-
mizes methane formation. Because of prob-
lems associated with the two-part gasifier,
it has been designed as twe separate units,
one for gasification and one for coal combus-
tion. In either design, the coal combustion
gases and gasification gases are separated,
but heat transfer is allowed.

The relatively high temperature requires
a system of heat recovery, as shown in Fig-
ure A-8. Effective removal of coal ash from
the molten salt requires more development,
as does most of this process. Work to date
does not provide a basis for estimation of the
extent of gas purification and enriching (fur-
ther methanation) that will be required.

Although the CO. acceptor and molten
salt processes eliminate the need for costly
high-purity oxygen or hydrogen, the capital
investment in either is quite high. Systems
for regeneration of the salt or dolomite and
for required auxiliary control need much re-
finement.

Bituminous Coal Research, Inc. (BCR) has
been moving toward refinement of the two-
stage superpressure coal gasification proc-
ess.” BCR's original contract with OCR,
awarded in December 1963, was extended
by 30 months in November 1966. The bench-
scale work has been completed, and a 100-
pounds-of-coal-per-hour process and equip-
ment development plant is under construc-
tion.

The process, diagrammed in Figure A-9,
is based on a high-pressure two-stage gasifier
in which most of the volatile portion of the
coal is converted directly to methane and the
residual char is reacted with oxygen and
steam to supply process heat. This gasifica-
tion process may require less investment in
equipment than either the CO. acceptor or
molten salt processes and requires less high-



purity oxyvgen than hydrogasification.

A high-volatile bituminous coal is injected
into stage 2 of the reactor vessel and there
heated rapidly to 1700°F and 1050 psig.
Methane formation is rapid, and the non-
volatile portion of the coal is returned to
stage 1, which is essentially a slagging gasi-
fier. High temperature and pressure optimize
formation of methane (about 23 percent in
the raw gas). The raw gas is cleaned by
passage through cyclones, and the entrained,
low volatile char is recycled to stage 1 of the
gasifier.

Since this process is in early stages of
development, evaluation of its feasibility is
difficult. However, because of the tempera-
ture involved, a system of heat recovery simi-

lar to that used in the molten salt process will
probably be necessarv. The main problem in
the operation of this superpressure process
will be to keep the pressures and tempera-
tures in various parts of the gasifier at opti-
mum operating values.
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